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1 Introduction

A central goal of solid-state physics is to understand the structural, electronic, and

magnetic properties of matter. Trying to grasp and model 1023 particles per cubic

centimeter of material that are correlated by the infinitely ranged Coulomb inter-

action seems an ambitious task, to say the least. Fortunately, it turns out that

the independent electron approximation [Ash76] and Landau’s ingenious concept of

independent quasiparticles [Lan57] work well for most semiconductors and metals.

In fact, solid-state physics has been considered mature – if not grazed – by many

researchers in the 1970s [Bir00]. Since then, however, a remarkable variety of ma-

terials and novel phenomena has been discovered that cannot be understood even

qualitatively within traditional concepts. In these systems, many-body correlations

may no longer be treated in a perturbative fashion but they rule the system proper-

ties. Today, some of the most intriguing and captivating topics of modern solid state

physics deal with the consequences of strong many-body correlations. Phenomena

as diverse as high temperature superconductivity, colossal magnetoresistance, and

metal-insulator transitions emanate from the field of strongly correlated electron ma-

terials [Osb00, Tok03, Kot04, Ful06]. Excitation with ultrashort optical pulses in

general results in the creation of correlated many-particle states. In particular, the

nonlinear optical response of semiconductors is dominated by many-body correlations

[Sha99, Che01]. The correlated dynamics in these prototype materials provides deep

insight into fundamental issues such as the energy-time uncertainty or the buildup

of screening [Hau96, Axt04].

A sound understanding of the influence of many-body interactions calls for inno-

vative experiments which directly access the pivotal microscopic degrees of freedom.

Time-resolved ultrabroadband THz spectroscopy is a most promising experimental

technique in this respect. Many of the relevant elementary excitations in systems with

strong many-body correlations are resonant to the far-infrared (FIR) to mid-infrared
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1 Introduction

(MIR) region of the electromagnetic spectrum, i.e. the frequency window between

0.1 THz and 100 THz. This includes single particle excitations such as transitions

across the energy gap in superconductors or in charge ordered materials, intersub-

band transitions in low dimensional materials and magnetic dipole transitions in cor-

related magnets, as well as collective modes such as phonons and plasmons. However,

the intricate coupling between several of these microscopic degrees of freedom often

complicates the interpretation of time-integrated experiments. As a matter of fact,

fundamental interactions between quasiparticles, phonons, spin-excitations and other

constituents of correlated materials occur on femtosecond timescales [Sha99, Ave02].

Understanding the microscopic nature of such processes and quantifying the dom-

inant contributions is crucial for unraveling basic operating principles behind the

unusual properties of systems with strong many-body correlations. Optical pump –

multi-THz spectroscopy provides simultaneously spectral selectivity and femtosecond

time-resolution in an energy regime of paramount importance to solid state physics.

It thus has the prospect of disentangling the various degrees of freedom, thereby

furthering our insight into their complex interplay.

In recent years the power and versatility of ultrabroadband THz spectroscopy has

been demonstrated in a number of studies investigating the dynamics of elementary

excitations in condensed matter [Hub01, Kai03, Kam05, Hub05a, Hub06]. The suc-

cess of these experiments is based on field-resolved detection of the single-cycle MIR

probes. In contrast to intensity sensitive methods, this technique allows for direct

observation of the absolute amplitude and phase of the probe pulse. By this means

the dynamics of both the real and imaginary part of the dielectric function, or any

other electromagnetic response function, becomes accessible at sub-cycle time resolu-

tion. However, the sensitivity at high THz frequencies and the bandwidth of conven-

tional electro-optic sensors or photo-conductive switches are fundamentally limited

[Küb05]. In Chapter 2 of this thesis, a novel method for field-resolved detection is

introduced that circumvents these shortcomings. Phase-matched electro-optic sam-

pling advances ultrabroadband THz technology towards near-infrared frequencies.

The field-resolved detection of phase-stable 28 fs MIR pulses with a 3dB bandwidth

of 41 THz and frequency components up to 120 THz marks a world-record both in

bandwidth and pulse duration [Küb04].

The objective of this thesis is to employ the high temporal resolution and broad

spectral bandwidth of multi-THz spectroscopy for illuminating elementary effects of

many-body correlations in complex condensed matter systems. Fundamental novel
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insights are gained by studying the extreme non-equilibrium regime after femtosecond

photoexcitation of the following two representative systems:

� The renormalization process that leads to a transition of an optical phonon

resonance to a coupled phonon-plasmon system is traced at the earliest times

after the femtosecond photogeneration of a dense electron-hole plasma in the

polar semiconductor indium phosphide.

� The interplay of the electronic and ionic degrees of freedom during the photoin-

duced femtosecond insulator-metal transition of the strongly correlated electron

material vanadium dioxide is monitored in real time.

Formation of electron-phonon correlations on ultrafast timescales

In most semiconductors and metals, the physical properties of conduction electrons

can be described, to a good approximation, by assuming an independent particle pic-

ture – despite the dominant Coulomb forces. This surprising fact can be attributed

to the renormalization of the Coulomb interaction due to dynamical screening. As a

consequence of screening each electron is surrounded by an electron-depleted, oppo-

sitely charged region known either as the Coulomb hole (because of its origin in the

electrostatic interaction) or the correlation hole (because of its origin in the correlated

motion of the electrons) together with which it forms a so-called quasi-particle. These

independent quasi-particles are the basis of Landau’s phenomenological Fermi liquid

theory [Lan57] which has become the standard model for transport in materials with

weakly correlated electrons. In this description, independent quasi-particles are ex-

cited states that exist in a one-to-one correspondence to states in a reference system

of noninteracting Fermi particles plus some additional collective modes [Pin66].

The above picture assumes the existence of quasi-particles at the outset. This

assumption no longer holds on ultrafast timescales. Consider, for example, the model

scenario of an electron-hole plasma photogenerated with a femtosecond light pulse

in an intrinsic polar semiconductor. Initially, the charges in this extreme nonequilib-

rium system should be found in a completely uncorrelated state. That is because the

duration of the scattering events which eventually lead to the formation of a correla-

tion hole is finite. The time for such an event is absolutely limited by the energy-time

uncertainty [Hau96, Axt04, Che01]. Hence, far from equilibrium the concept of inde-

pendent quasi-particles that interact in instantaneous scattering events is rendered

meaningless. Instead, memory effects are important and quantum kinetic considera-

tions that go beyond the Markov approximation come into play [Bán98, Vu00b]. The

3



1 Introduction

evolution of many-body correlations is best studied in the laboratory system repre-

sented by a plasma of bare, non-interacting charges. Time-resolved ultrabroadband

THz studies have already revealed the renormalization process that leads to the evo-

lution of dressed states and a collective plasma oscillation [Hub01]. The role of the

polar lattice, however, has remained completely unresolved in these measurements.

In Chapter 3 of this thesis, the ultrafast buildup of correlations between electronic

and lattice degrees of freedom is studied in indium phosphide (InP) [Hub05b]. To

this end, the plasmon frequency is varied around the point of degeneracy with the

longitudinal lattice mode. The dynamics of the consequential mixing and coherent

coupling between the two modes is monitored with femtosecond time resolution. The

experimental observation of the formation of the hybrid phonon-plasmon mode is

compared to the results of a state-of-the-art quantum kinetic simulation.

Real-time movie of a phase transition

After having obtained most vital insights into the elementary processes involved in

the dressing of bare charges and the formation of correlations between electronic

and lattice degrees of freedom, we move from a laboratory playground system whose

equilibrium state is perfectly well understood, to tackling the complexity of strongly

correlated materials. In contrast to the model case of a semiconductor, electrons in

transition metals and their oxides, for example, are spatially confined in narrow d

and f orbitals and experience strong Coulomb repulsion. Such strongly interacting

electrons can no longer be described as embedded in a static mean field generated by

other electrons. In fact, the many-body correlations dominate macroscopic proper-

ties. Due to the interplay of the electrons’ internal degrees of freedom, such as spin,

charge, and orbital momentum, and the additional influence of the lattice degrees

of freedom, even a small change in an external parameter (e.g. doping or pressure)

can have a dramatic effect on the system ground state [Osb00] – for example the

transition from a highly conductive metallic to an insulating phase. Such metal-

insulator transitions play a key role in the field of strongly correlated materials since

they visualize directly the competition between correlation energy and kinetic energy

[Geb97, Ima98]. The coexistence of both localized and itinerant tendencies exceeds

the capabilities of conventional approaches and is thus central to the problem of

modeling and predicting strongly correlated electron systems [Kot04].

In this context, vanadium dioxide (VO2) has become one of the most studied

compounds. Above the phase transition temperature of 340 K, VO2 is metallic and
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shows rutile crystal structure. During the first-order transition to the insulating

low-temperature phase, the crystalline symmetry is lowered to monoclinic due to

dimerization of vanadium atoms and unit cell doubling. The driving force of this

transition has been a topic of controversy. Both a structural Peierls instability with

a band-like energy gap in the insulating phase [Goo71, Wen94], as well as Coulomb

repulsion and charge localization typical of a Mott insulator [Zyl75, Paq80, Ric94a]

have been proposed.

Time-resolved studies, using femtosecond light pulses to trigger the insulator-

metal transition in VO2 have promised more insight into the microscopic dynamics

[Bec94, Cav01, Cav04, Cav05]. These experiments rely on the extreme sensitivity

of strongly correlated materials to external stimuli. Photo-excitation of electron-

hole pairs between specific bands, in qualitative analogy with the effect of chemical

doping, can drastically modify the potential energy landscape and re-direct the sys-

tem into a competing phase [Tom02, Iwa03]. Ultrafast optical excitation is thus

emerging as a new tool to control the collective phase of correlated electron systems

[Col03, Cho05, KG06]. So far ultrafast optical [Zei96, Iwa03, Cav04, Cho05], X-ray

[Cav01, Cav05], and photoemission [Per06] spectroscopies have been employed to

follow the pathways of photo-induced phase transitions. For the specific case of the

insulator-metal transition in VO2, sufficient temporal resolution to reveal the inher-

ent timescales has been reported only in femtosecond optical reflectivity data. They

suggest an intrinsic time of less than 100 fs for photo-switching, hinting at a potential

structural bottleneck [Cav04]. However, the microscopic dynamics remains elusive

for visible light pulses. In contrast, unraveling the interplay of crystal and electronic

structure requires direct and selective access to the various microscopic degrees of

freedom. Ultrabroadband THz pulses couple directly to lattice polarizability as well

as electronic conductivity, i.e. an order parameter of the insulator-metal transition,

on the femtosecond scale.

In Chapter 4, the first multi-THz measurements of VO2 monitoring a pho-

toinduced femtosecond insulator-metal transition are presented [Küb07]. The mid-

infrared conductivity simultaneously resolves the spectral signatures of electronic and

ionic degrees of freedom. The observed fundamentally different dynamics of the two

degrees of freedom indicates a decoupling of the electronic system from the lattice

motion and challenges the validity of the Born-Oppenheimer approximation in this

extreme non-equilibrium regime. The lattice polarizability is found to be strongly

influenced by the impulsively excited wave packet motion of V-V dimers. The co-

herent modulation of optical phonon resonances represents the first direct real-time
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observation of anharmonic coupling between lattice modes. Depending on the exci-

tation density, the electronic conductivity shows signatures of excitonic self-trapping

or an ultrafast crossover into a metallic phase. A novel qualitative model explaining

the intriguing dynamics is proposed.
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2 Ultrabroadband Terahertz

Technology

In the following sections, the experimental tool employed throughout this thesis for

studying many-body correlations on the femtosecond timescale is introduced. It will

be shown how ultrabroadband THz technology opens the door to time-resolved stud-

ies of low-lying collective modes in the MIR spectral region.

Ultrafast laser sources are an essential prerequisite for multi-THz technology. In

Section 2.1, the crucial specifications of a laser system employed in ultrabroadband

THz spectroscopy will be summarized, and their technical implementation in the

femtosecond sources utilized in this work will be pointed out.

Next, techniques for the generation and detection of ultrabroadband THz pulses

will be discussed. The combination of phase-matched optical rectification of ul-

trashort laser pulses with the innovative technology of phase-matched electro-optic

sampling developed within the work of this thesis, provides access to the amplitude

and phase of MIR femtosecond electric field transients. The spectra of these pulses

span several optical octaves, approaching near-infrared frequencies.

The capability of resolving the electric field of an ultrabroadband MIR pulse

that has been transmitted through a sample enables a completely new class of ex-

periments. Optical pump – multi-THz probe studies of condensed matter systems

facilitate the simultaneous measurement of the femtosecond dynamics of both real

and imaginary parts of the conductivity as well as any other complex response func-

tions. In contrast to all-optical methods that generally measure changes in the joint

density of states between occupied and unoccupied levels, which complicates the

interpretation of the dynamics, the multi-THz pulse directly probes the low-lying

electronic structure. Section 2.3 gives a detailed overview over the technique of two-

dimensional multi-THz spectroscopy, providing details about possible measurement

protocols, data acquisition and data analysis.
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2 Ultrabroadband Terahertz Technology

2.1 Femtosecond laser sources

The generation and detection of ultrabroadband THz pulses as well as anticipated

time-resolved experiments rely critically on the quality of the driving femtosecond

optical pulses. The technology of phase-matched optical rectification and electro-

optic sampling described in Section 2.2 imposes stringent requirements on suitable

laser systems:

Bandwidth Center frequencies in the MIR are only achievable if the spectral width

of the laser pulse is sufficient, i.e. lies in the range of several 10 THz. This

condition is intimately related with the next specification, the pulse duration.

Pulse duration 10-fs pulses naturally meet the bandwidth requirement. Such short

pulse durations are indispensable for resolving THz frequencies that approach

the near infrared. Furthermore, they guarantee the highest time resolution in

optical pump – multi-THz probe experiments.

Repetition rate The higher the repetition rate of the laser source, the better is the

obtained measurement statistic. The double modulation technique employed in

optical pump – multi-THz experiments [Section 2.3.3] pays off most at modula-

tion frequencies beyond 10 kHz, thereby setting a lower limit on the repetition

rate of the laser source.

Stability The fundamental shot noise limit of the detection scheme may only be

reached if the femtosecond laser does not introduce excessive noise. This re-

quirement puts a very severe restriction on the choice of pump light sources

and, for example, excludes pulsed pump lasers.

Pulse energy In an optical pump – multi-THz probe measurement [see Chapters 3

and 4] the near-infrared pulses need to drive three non-linearities simultaneously

(generation, detection, pump-probe interaction) which is beyond the reach of a

femtosecond oscillator in many experiments.

With these conditions in mind, we based our multi-THz setup on two low-noise

Ti:sapphire laser systems: An oscillator that emits light pulses with a duration of

only 10 fs [Section 2.1.1] and an amplifier system that generates pulses as short as

12 fs with an energy up to 210 nJ [Section 2.1.2], respectively.
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2.1 Femtosecond laser sources

2.1.1 10-fs Ti:sapphire oscillator

Sapphire doped with Ti3+ ions (Ti3+ : Al2O3) has become by far the most important

laser medium in the field of femtosecond laser technology [Bra00]. The crystal fea-

tures prime optical, mechanical and thermal properties. The major advantage arises

from its extremely broad fluorescence spectrum (ranging from 0.65 µm to 1 µm) –

an essential prerequisite for the generation of femtosecond pulses. The generation of

femtosecond laser pulses requires the superposition of a broad spectrum of Fourier

components with a fixed phase relation. The shortest realizable pulse duration is

fundamentally limited by the time-bandwidth product ∆t∆ν ≈ 1. The experimental

challenge is to create an oscillator that supports a large number of longitudinal modes

and which provides a mechanism for locking the relative phases of these modes. In

Ti:sapphire lasers, mode-locking is generally based on the Kerr-effect acting in the

laser crystal [Bra92]. This nonlinear optical effect results in an intensity-dependent

refractive index of the laser medium. In turn, an ultrashort laser pulse will be focused

more tightly inside the laser crystal than a low intensity continuous-wave (cw) mode.

In soft-aperture Kerr-lens mode locking, the reduced mode area in the gain medium

improves for a short time the overlap with the tightly focused pump beam and thus

increases the effective gain. The cw-operation is suppressed. Once the pulses are

formed, it is crucial to prevent their dispersive spreading by efficient management of

the group velocity dispersion. The simultaneous exploitation of a solitonlike inter-

play between negative intracavity group delay dispersion and self-phase modulation

induced by the nonresonant Kerr effect allows the generation of optical pulses in the

10-fs regime and below [Bra91].

The Ti:sapphire laser used for the generation and detection of the highest THz

frequencies approaching the near infrared [see Section 2.2] is schematically depicted

in Figure 2.1. The oscillator is derived from a commercial system [Xu98] and features

an astigmatically compensated, longitudinally pumped cavity. A frequency-doubled

neodym-yttrium-vanadate (Nd:YVO4) solid-state laser with excellent noise charac-

teristics cw-pumps the oscillator with 10.5 W at a wavelength of 532 nm. Negative

group velocity dispersion is provided in the Ti:sapphire resonator through nine re-

flections off chirped dielectric mirrors [Szi94]. The output coupler OC is wedged as

to avoid back-reflections into the oscillator from the backside surface. The wedge

shape causes a spectral splitting of the laser pulses which is compensated by a quartz

wedge CP positioned right after the OC. The additional dispersion that pulses collect

on the way to the experiment is pre-compensated by the pair of chirped mirrors CM

9



2 Ultrabroadband Terahertz Technology

M1

CM

CP OC

FM1 Ti:Sa FM2 L

M4

M3M2

Nd:YVO4, λ = 532 nm, 10.5 W

Figure 2.1: Setup of the Ti:sapphire oscillator [Xu98]. Ti:Sa: Ti:sapphire crystal, L:
pump lens, FM1 and FM2: folding mirrors, FM1, M1, M2, M3, M4: chirped mirrors, OC:
wedged output coupler with 35 % transmissivity, CP: compensating wedge, CM: external
compressor stage consisting of a pair of chirped mirrors.
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Figure 2.2: (a) Spectrum and (b) autocorrelation of the pulses delivered by the
Ti:sapphire oscillator. A Gaussian fit to the autocorrelation data determines the pulse
duration of 10 fs.
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2.1 Femtosecond laser sources

that provides excess negative group velocity dispersion. After this compressor stage,

the average power is 940 mW. At a repetition rate of 64 MHz, this power corresponds

to a pulse energy of 15 nJ.

The spectrum of the laser pulses [Figure 2.2(a)] ranges from 690 nm to 900 nm.

The FWHM is 103 nm, the center wavelength 780 nm. Figure 2.2(b) displays an

interferometric autocorrelation trace of the femtosecond pulses. Fitting a Gaussian

to the data yields a pulse duration of 10 fs.

2.1.2 High-repetition rate, 12-fs Ti:sapphire amplifier

Although the 10-fs oscillator provides excellent bandwidth, stability and time res-

olution, the pulse energy is not sufficient for many applications. In principle, a

Ti:sapphire amplifier system could easily provide sufficient pulse energies in the range

of several millijoules. However, in conventional amplifier designs the gain in pulse

energy comes at the cost of a very low repetition rate of only a few kilohertz and

pulse durations clearly exceeding the aspired 10-fs regime [Bac98]. For these reasons,

a home-built amplifier system has been developed in our group following a novel

approach that combines a cavity-dumped Ti:sapphire oscillator with a cw-pumped

double-pass amplifier. This system closes the gap between high-power amplifiers

and laser oscillators with respect to both repetition rate and pulse energy [Hub03].

Figure 2.3(a) schematically shows the setup of the amplifier. Ultrabroadband seed

pulses are generated in a cavity-dumped Ti:sapphire laser which follows the design

of Pshenichnikov et al. [Psh94]. Again, an extremely low-noise Nd:YVO4 solid-state

laser serves as the pump source. The highly doped laser crystal is cw-pumped at a

wavelength of 532 nm with 5 W of the 18.5 W total pump power available. A pair

of Brewster prisms introduces negative group velocity dispersion into the cavity. A

quartz acousto-optic modulator is placed in the center of a second folding located

in the shorter arm of the resonator. For the purpose of extracting pulses from the

cavity, an acoustic wave of only nanosecond duration is created in the modulator

by means of a radio frequency driver. After a double pass through the crystal, the

selected pulse is diffracted out of the resonator and directed to the amplifier stage of

the system. The pulse picking acoustic wave is synchronized with the repetition rate.

The dumping frequency is thus adjustable to a multiple integer of the repetition rate

between 10 kHz and 4 MHz. The bandwidth of the diffracted pulses is adjustable

from 50 nm to over 100 nm, with a center frequency of 785 nm. The energy of the

11
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Figure 2.3: (a) Cavity-dumped oscillator. The Ti:sapphire crystal is cw-pumped with
5 W at 532 nm. The acousto-optic modulator CD deflects pulses out of the oscillator cavity
at a variable repetition rate. (b) These pulses gain one order of magnitude in energy in
the double pass amplifier stage which is pumped with 13 W. Finally, the amplified pulses
are recompressed in a prism compressor that incorporates adaptive optics. (c) On the left,
spectrum of the amplified pulses at the compressor output. On the right, interferometric
autocorrelation of amplified pulses including compensation for higher-order chirp by the
deformable mirror. A Gaussian fit (dashed curve) is consistent with a pulse duration of
tp = 12 fs. CD: acousto-optic modulator, Ti:Sa: Ti:sapphire crystal, PBS: polarizing
beamsplitter, FR: Faraday rotator.

seed pulses which are directly dumped out of the cavity is already more than a factor

of two larger than the energy of the pulses of the 10 fs oscillator.

The pulse energy of the seed pulses is boosted in a double pass through a sec-

ond Ti:sapphire crystal that is cw-pumped with the remaining 13.5 W of the pump

laser. The returning amplified pulses are separated from the incoming seed pulses

by a Faraday isolator. The material dispersion of the isolator causes a temporal

spreading of the seed pulses which prevents excessive peak intensities in the ampli-

fier crystal. Efficient amplification in a double pass requires an extreme population

inversion and hence a very tight focusing of both pump and seed, from which several

technical challenges arise: (i) The short Raleigh lengths calls for a short crystal. The

consequential loss of interaction length is counterbalanced by the very high doping

density of the laser crystal. (ii) The stability of the overlap between seed and pump

12



2.1 Femtosecond laser sources

is of critical importance for the performance of the amplification stage and requires

feedback controlled steering of the seed beam. (iii) Cw-pumping together with the

tight focus puts severe thermal stress on the Ti:sapphire crystal. The temperature

dependence of the refractive index entails the formation of a thermal lens inside the

amplifier crystal which distorts the spatial modes of pump and seed. Also, at ele-

vated temperatures the upper state lifetime of the Ti3+-ion decreases. Both effects

are detrimental to the amplification efficiency. They are eliminated by cooling the

crystal with a high-power Peltier cascade to a temperature of 232 K which leads to

a dramatic rise in the amplification factor. A micro-flowbox operated with dry air

prevents water vapor from condensing on the crystal faces. The amplified pulses

are directed into a low-loss prism compressor. For compactness we use two pairs

of fused silica Brewster prisms to compensate for the lowest-order chirp [Pro92]. A

reflective telescope in front of the first prism focuses the spectrum onto a deformable

end mirror [Zee99, Bau02]. A horizontal array of 19 actuators allows us to electron-

ically control the spectral phase of the broadband light pulses in the Fourier plane

and to correct for the remaining higher-order chirp. The surface profile of the end

mirror is optimized by a genetic algorithm that maximizes, for instance, the second

harmonic of the output pulses generated in a β-barium borate crystal or the THz

field amplitude generated via optical rectification in GaSe.

After recompression, a pulse duration of tp = 12 fs is obtained [Fig 2.3(c)]. The

spectral bandwidth of the amplified pulses is not reduced compared to the seed pulses

and still amounts to more than 100 nm. The factors that influence the amplification

rate most are the temperature of the amplifier crystal, pump power and repetition

rate. The amplification factor steadily increases with decreasing repetition rate.

At 10 kHz amplification by a factor of 16 is observed. Values of 9.3 and 7.8 are

maintained at elevated rates as high as 2 and 4 MHz, respectively. Maximizing

the seed pulse energy at these repetition rates, pulse energies of 210 and 160 nJ,

respectively, are achieved after compression. These energies exceed the pulse energy

delivered by the 10-fs oscillator by more than an order of magnitude. The maximum

output power of the overall system increases with increasing repetition rate; at a

repetition rate of 4 MHz a stable output power of 720 mW is generated.

This MHz-amplifier system represents the ideal femtosecond source for the pur-

pose of time-resolved multi-THz experiments. It meets all of the requirements listed

at the beginning of this section. Most importantly, it combines for the first time the

desired high repetition rate that is essential for phase sensitive measurements with

high energy pulses in the 10-fs regime.
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2 Ultrabroadband Terahertz Technology

2.2 Ultrabroadband THz pulses:

generation and field-resolved detection

During the past decade, efficient sources of ultrashort light pulses in the FIR and

MIR spectral regime have been developed: single cycle electromagnetic transients

with frequency components typically below 5 THz are emitted from integrated-

circuit Hertzian dipoles [Fat88, Dar90]. Ultrabroadband radiation between 100 GHz

and several tens of THz was generated by optical rectification of ultrashort laser

pulses at GaAs and InP surfaces via the instantaneous second order nonlinearity

[Ric94a, Bon95], or by optically switched high-field transport in semiconductor pin

diodes [Lei99b, Lei99a, Lei00]. However, the central frequency of all previous sources

is below 15 THz with limited tunability. Along with the progress in generation of

multi-THz pulses, field-resolved detection has developed. After the first demonstra-

tion of amplitude and phase-sensitive sampling of free-space far-infrared transients

[Smi88, Fat89], the continuing revolution of technology has resulted in two tech-

nically mature methods which are commonly used today for measuring the electric

field of broadband THz waves: photoconductive and free-space electro-optic sampling

(EOS) [Par98]. In an endeavour to expand the accessible bandwidth, photoconduc-

tive detection has recently been advanced to the frequency regime above 20 THz

[Kon00, Kon01]. Nevertheless, electro-optic sensing [Lei99a, Wu97a, Wu97b] is still

superior for detection of yet higher frequencies in and beyond the mid-infrared range:

frequency components up to 100 THz (λ = 3 µm) have been observed [Bro00] in

multi-THz transients generated by phase-matched optical rectification of 10-fs laser

pulses in GaSe crystals. In the following sections, the most recent advances in ultra-

broadband THz technology are presented which give access to almost the complete

THz frequency range between the far- and near-infrared. In Section 2.2.1, the gener-

ation of femtosecond THz pulses with a tunable center frequency by phase-matched

optical rectification of ultrashort laser pulses in thin GaSe crystals is briefly reviewed.

More details can be found in a recent review article [Küb05]. Section 2.2.2 covers

field-resolved detection. After a short recapitulation of standard EOS, phasematched

EOS with GaSe sensors is introduced. This novel technique outperforms conventional

methods with respect to bandwidth and sensitivity and allows for frequency tuning

of the detector response.
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2.2.1 Generation

Tunable generation of ultrabroadband electromagnetic THz transients is achieved by

optical rectification of femtosecond laser pulses in a GaSe crystal [Kai99, Hub00].

This generation mechanism of THz radiation may be understood as a phasematched

nonlinear-optical χ(2) process. Different Fourier components of the laser pulse with

relative detuning ∆ω drive a nonlinear polarization PNL at the frequency ωTHz =

∆ω in the crystal. Values of ∆ω up to several tens of THz become possible if the

bandwidth of the laser pulse is sufficiently large which is the case for pulses with a

duration in the range of 10 fs. The generation of a difference frequency is most efficient

if the driven nonlinear polarization PNL and the resulting THz electric field are in

phase over the entire interaction length. This condition may be satisfied exploiting

the natural birefringence of GaSe in phase matching.

A typical set-up for the generation and field-resolved detection of THz field tran-

sients is displayed in Figure 2.4. In our experiments, the ultrafast laser source is

represented by either of the two Ti:sapphire based laser systems introduced in Sec-

tion 2.1. The 10-fs pulses are split into a pump and a probe beam for the generation

and the detection of the THz transients, respectively. The major part of the laser

intensity is focused into the THz emitter, a z-cut GaSe crystal, by a spherical gold

mirror of 50 mm focal length (not shown in Figure 2.4). The crystal may be tilted

by an angle θem, the phase-matching angle, about a horizontal axis perpendicular

to the direction of the pump beam. θem = 0◦ denotes normal incidence. To satisfy

phase matching within the spectrum of a single pulse, both ordinarily and extraor-

dinarily polarized components in the pump pulse have to be provided [Hub00]. For

this purpose, a half-wave plate turns the polarization vector of the pump light out of

the horizontal by roughly 45◦ . By rotating the emitter crystal around the optic axis

(z-axis), we can choose either horizontally or vertically polarized THz pulses. The

THz radiation generated via optical rectification is emitted in the forward direction.

The divergent beam is collimated by a gold-coated off-axis paraboloidal mirror of

25 mm focal length and re-focused by an identical mirror on an electro-optic sensor.

The amplitude and the phase of the THz transients are simultaneously monitored in

an EOS detection scheme [Lei99a, Wu97a, Wu97b] by a delayed probe pulse. The

full THz waveform is retrieved as a function of the electro-optic sampling time T by

scanning the variable delay VD in Figure 2.4. Details concerning the detection are

outlined in Section 2.2.2.
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Figure 2.4: Schematic of the experimental set-up for generation and electro-optic detec-
tion of ultrabroadband THz radiation. The red line represents the laser beam path and
the light grey shaded area represents the path of the THz pulses. BS: beam splitter, VD:
variable delay, θem: phase-matching angle of the THz emitter, λ/2: half-wave plate, λ/4:
quarter-wave plate, WP: Wollaston prism, DD: balanced differential detector, LIA: lock-in
amplifier.

Figure 2.5 displays how the central frequency of the output THz wave is tuned by

varying the phase-matching angle for the case of an 90-µm-thick GaSe emitter crystal.

The perfectly phase-matched THz wave frequency increases as the phase-matching

angle increases [Kai99, Hub00]. The lowest spectrum of Figure 2.5(d), for θem = 67◦ ,

is substantially influenced by the sensitivity of the ZnTe detector which features a

minimum at 43 THz. Correction of this spectrum for the full complex response func-

tion of the electro-optic detector [Lei99a] results in a maximum of emission at 41 THz

corresponding to a central wavelength as short as 7 µm [dotted line in Figure 2.5(d)].

Pushing the center frequency to beyond 50 THz is practically impossible with

GaSe due to exceedingly large angles of incidence required in this phase-matching

scheme. Recently, it was demonstrated that this problem may be circumvented if

LiIO3 is employed as an alternative nonlinear medium in the difference frequency

process. Center frequencies close to 100 THz were achieved, however, without resolv-

ing the electric field of the pulses [Zen07].

Besides the phase-matching angle, the thickness L of the emitter crystal is an

important parameter in the generation of multi-THz pulses. The effective conversion

length inside the crystal is limited due to the group velocity mismatch of the ordi-

narily and extraordinarily polarized components of the pump pulse. Therefore, a key

point in the generation of femtosecond IR pulses is to apply extremely thin emitter

crystals: the transparency range is enhanced and dispersion is minimized. Moreover,

reduction of the interaction length renders the phase-matching condition less critical,
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Figure 2.5: Tunable ultrabroadband THz generation. (a)-(c) THz transients generated
in a 90-µm-thick GaSe crystal by optical rectification of 10 fs laser pulses at various phase-
matching angles θem, as detected with a 10.3-µm-thick ZnTe electro-optic sensor. The
dashed line in (b) represents a Gaussian fit to the field envelope. The corresponding pulse
width (FWHM of the intensity) is as short as 55 fs. (d) Solid red lines: normalized ampli-
tude spectra of the measured electro-optic THz signal for the 90-µm-thick GaSe emitter at
various phase-matching angles θem. Dotted blue line: emission spectrum at θem = 67◦ , as
obtained after correction for the amplitude response function of the electro-optic detector
(taken from [Hub00]).

resulting in broader spectra and shorter pulses: Figure 2.6 displays a single cycle

pulse generated in a GaSe crystal of 30 µm thickness with a duration of 30 fs. The

corresponding spectrum peaks at 26 THz and has a FWHM of 16 THz resulting in a

time bandwidth product of 0.48.

Since the generation process is nonlinear, the field amplitude of the THz tran-

sient sensitively depends on the pulse energy of the laser pulses. The THz transient

in Figure 2.6 was generated with 12 fs pulses delivered by the 4 MHz Ti:sapphire

amplifier [see Section 2.1]. The laser pulse energy here was approximately 10 times

larger than in the case of the 10 fs pulses used for generating the field transients

in Figure 2.5. Consequently, the peak electric field amplitude of the transient (>10

kV cm−1) is increased by about a factor of 10, corresponding to an increase in pulse

energy of two orders of magnitude. Field amplitudes in the megavolt-per-centimeter
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Figure 2.6: (a) Single cycle THz pulse with a duration of 30 fs (FWHM of the intensity
envelope). The transient was generated in a 30-µm-thick GaSe crystal via optical rectifica-
tion of amplified 12 fs pulses. (b) and (c) display the corresponding amplitude and phase
spectrum, respectively.

range have been achieved by optical rectification of 25 fs pulses derived from an am-

plified Ti:sapphire laser working at a kilohertz repetition rate [Rei03]. Owing to the

narrower spectrum of the pump pulses, the duration of these THz transients was

considerably longer in this case than for the single cycle pulse in Figure 2.6.

2.2.2 Detection

With the discussed characteristics of the generation of femtosecond THz transients

in mind, we may now define benchmarks for an ideal field-resolving detector. Appar-

ently, an ultrabroadband response that matches the emission bandwidth is necessary.

However, if the response bandwidth of the sensor is fixed, the detection will be un-

specific and does not take advantage of the tunable emission spectrum. In order to

achieve maximal sensitivity, it would therefore be desirable if the detector response

is adjustable according to the emission band.

From all the established amplitude and phase-sensitive detection methods, free-

space EOS is capable of the most broadband detection, with frequency components

accessible up to 100 THz [Bro00]. EOS is based on the so-called Pockels effect [Yar88].
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2.2 Ultrabroadband THz pulses

The ultrabroadband THz transient copropagates together with the ultrashort optical

probe pulse through a thin electro-optic crystal. Given that the polarization plane of

the THz pulse and the orientation of the crystal are chosen in a suitable way [Gal99a,

Pla01], the transient electric field may induce temporary birefringence in the crystal.

As a result, the polarization of the probe light is rotated by an angle ∆φ. If the

pulse duration of the probe is short compared to the period of the THz-field, ∆φ

is directly proportional to the momentary electric field amplitude that is present at

the position of the probe pulse [Wu97a, Wu97b]. In the experiment [Figure 2.4],

this polarization change is analyzed in a detection scheme which operates at the

shot-noise level [Lei99a]. To this end the modulated probe pulse passes through a

quarter-wave plate and a Wollaston prism after the EO-crystal. Without a THz-field

being present, the probe light has circular polarization after the quarter-wave plate

and the Wollaston prism generates two beams of orthogonal polarization but equal

intensity. Thus, the differential detector shows zero signal. On the other hand, a finite

THz field amplitude yields an elliptical polarization and a measurable difference ∆I

between the photocurrents of the detector diodes that is directly proportional to the

present THz field [Yar88]:

ETHz =
λpump

n3
0 reff L

∆I

I
. (2.1)

Here, reff denotes the electro-optic coefficient, L the length of the EO-crystal, λpump

the wavelength of the near-infrared probe light, I the total photocurrent, and n0 the

undisturbed refractive index of the sensor material. Via lock-in amplification, it is

possible to reach the quantum noise limit of the probe photon flux, which in our

experiments corresponds to ∆I/I ≈ 10−9 1/
√

Hz. At this precision, peak electric

fields are observable with a high dynamic range of up to five orders of magnitude.

The transients presented in Section 2.2.1 have been recorded with a 10.3-µm-

thick <110>-oriented electro-optic crystal of ZnTe. The sensor is optically contacted

to a <100> ZnTe substrate of a thickness of 200 µm to avoid Fabry-Perot effects.

Unfortunately, the response bandwidth of isotropic electro-optic materials such as

ZnTe and GaP is limited by the mismatch between the THz phase velocity and

the group velocity of the optical gating pulse [Wu97a, Gal99b]. Due to this phase

mismatch the gating pulse interacts with a time-varying THz field on its way to the

crystal. If the delay between the gating pulse and the THz phase that is accumulated

over the length of the detector crystal amounts to one complete THz-period, the

detector response cancels out [Figure 2.7]. For quantitative measurements of the

field transients, the severe structuring of the amplitude and phase spectrum requires a
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Figure 2.7: Amplitude
(blue) and phase (red)
response of a 12-µm-
thick ZnTe crystal
calculated according
to [Lei99a]. The mis-
match between the THz
phase velocity and the
group velocity of the
gating pulse renders
the sensor insensitive
at frequencies around
34 THz.
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correction of the recorded transients for the detector characteristics, as demonstrated

in Figure 2.5(d).

These problems are eliminated in a novel detection scheme which takes advantage

of phase matching of the involved radiation fields [Küb04, Liu04]. Here, the isotropic

sensor is replaced by a birefringent GaSe crystal, which may be tilted by an angle

θdet, the phase-matching angle, about a horizontal axis perpendicular to the direction

of the time-delayed probe beam [see Figure 2.8]. The incident, ordinarily polarized

probe beam interacts with either ordinarily polarized (type-I phasematching) or ex-

traordinarily polarized (type-II phasematching) THz radiation in a sum-frequency

process. The amplitude of the resulting higher frequency extraordinarily polarized

near-infrared light is proportional to the THz field amplitude. The overall polariza-

tion state of the near-infrared pulse is modified due to the phase-sensitive superposi-

tion of the sum-frequency signal with the high-frequency wing of the probe spectrum.

Similar to standard electro-optic detection methods, this polarization change is a di-

rect measure of the THz field. For effective energy transfer from the pump waves at

ωNIR1 and ωTHz to the generated wave at ωNIR2 both energy and momentum conserva-

tion must be satisfied. The energy conservation requires ωNIR2 = ωNIR1 +ωTHz, while

the momentum conservation requires ∆k = kNIR2 − kNIR1 − kTHz = 0. In the case of

collinear propagation the latter condition may be written in terms of the refractive

indices as [She84]:

ωTHz [n(ωNIR2)− n(ωTHz)] + ωNIR1 [n(ωNIR2)− n(ωNIR1)] = 0. (2.2)

For isotropic materials with normal dispersion such as ZnTe, this condition can usu-

ally not be satisfied [Sut03]. On the other hand, collinear phase matching can be
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Figure 2.8: Type-II phasematching scheme of multi-THz detection in GaSe. ETHz is the
incoming THz field. EL,o and EL,eo denote the ordinary and extraordinary polarized field
components of the probe laser field EL.

achieved for various THz frequency ranges by angle tuning of the extraordinary re-

fractive index ne in a negative uniaxial crystal such as GaSe. Independent of the type

of phase-matching, it holds, that the perfectly phase-matched THz wave frequency

increases with increasing phasematching angle [Sut03].

Record bandwidth

Perfect phase matching in principle is possible at only a single frequency at a time.

But because the length over which the radiation fields involved in the sum-frequency

process can interact is set by the length L of the sensor crystal, the momentum con-

servation (2.2) needs to be satisfied only within the uncertainty range of ∆k ∼ 1/L

(given that L does not exceed the coherence length Lc = π
∆k

) [Sut03]. Hence, ul-

trabroadband response is achieved with thin crystals at large phase-matching angles

θdet, in analogy to the generation. This fact is demonstrated in Figure 2.9(a), which

depicts the time trace of a linearly polarized THz pulse generated via optical recti-

fication of 10-fs pulses in a 20-µm-thick GaSe emitter (θem = 57◦ ) as detected with

a GaSe sensor (θdet = 60◦ ) of a thickness of 30 µm. The orientation of the crys-

tals is optimized for type-II phase matching resulting in the generation of vertically

polarized THz radiation. A free standing wire grid polarizer in the THz beam en-

sures the linearity of the polarization without adding dispersion. The pulse duration

determined to be 28 fs (FWHM) via a Gaussian fit to the intensity envelope is the

shortest ever reported in the mid infrared. Figures 2.9(b,c) display the amplitude

and phase spectra of the time trace of Figure 2.9(a). The amplitude spectrum peaks
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Figure 2.9: Ultrabroadband phase matched detection. (a) THz transient generated in a
20-µm-thick GaSe crystal (θem = 57◦ ) as detected with a GaSe sensor (θdet = 60◦ ) of 30 µm
thickness. The grey line represents a Gaussian fit to the field envelope which corresponds
to a pulse duration of tp = 28 fs (FWHM of the intensity envelope). Ultrabroadband
amplitude (b) and phase (c) spectra of the THz transient displayed in (a). The dashed
lines are corresponding spectra as detected with a 12-µm-thick ZnTe crystal.

at 33.8 THz and extends from 7 THz to beyond 120 THz (λ = 2.5 µm), setting a

world record for the highest achieved bandwidth in field resolved detection. Without

correcting for the detector response, the high-frequency 3 dB roll-off is reached at an

unprecedented value of 41 THz. Remarkably, for a frequency as high as 80 THz, the

amplitude is reduced by only one order of magnitude with respect to the maximum.

From the intensity spectrum, we extract a FWHM of 14.5 THz. Together with the

pulse duration of 28 fs, this value results in a bandwidth product of 0.41, which is

close to 0.44, as expected for bandwidth-limited Gaussian pulses. For comparison,

the same pulse was detected using a 12-µm-thick ZnTe electro-optic crystal [grey

curves in Figure 2.9(b,c)]. The advantages of the phase-matched detection scheme

are obvious: the detector response shows no roll-off due to group velocity mismatch

found in ZnTe. In fact, the sensitivity of the GaSe detector is maximal around 34 THz

where the response of the ZnTe crystal displays a local minimum [c.f. Figure 2.7].

Consequently, the GaSe spectrum lacks the phase jump that is connected with the

group velocity mismatch in ZnTe. Instead, we find a nearly flat spectral phase from

10 THz up to 105 THz in agreement with the almost ideal time-bandwidth product

calculated above. Since the midinfrared pulse train is generated via optical rectifi-

cation, it possesses a stable absolute phase and the carrier-envelope offset frequency

of the corresponding comb spectrum is automatically locked to zero [Bal02, Fuj04].
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2.2 Ultrabroadband THz pulses

Phase matched electro-optic sampling allows us to directly measure the absolute

carrier phase in an ultrabroad frequency band approaching the near infrared.

Theoretically, the bandwidth of ZnTe detectors could be increased by reducing

the crystal thickness. However, this procedure results in a decrease of the inter-

action length and a smaller detector response. Moreover, fabrication and handling

of crystals thinner than 10 µm are extremely difficult. When comparing crystals of

equivalent bandwidth, the GaSe detector shows an electro-optic response about three

times larger than that of the ZnTe sensor [Liu04]. This enhanced sensitivity may be

attributed mainly to the increased effective interaction length due to phase match-

ing and to the larger electro-optic coefficient of GaSe (r22 = 14.4 pm V−1 [Dmi96]

compared to r41 = 4 pm V−1 in ZnTe [Wu96]).

Elimination of multiple-reflections through polarization management

The use of thin detector and emitter crystals entails closely spaced replicas of the

main THz pulse due to reflections at the air-crystal interfaces [Figure 2.10]. In the

frequency domain these replicas cause Fabry-Perot fringes which complicate data

analysis in a spectroscopic experiment. A common practice is to exclude the reflec-

tions through restriction of the sampled time window. But this procedure severely

limits the achievable frequency resolution. Another approach is to apply an ultra-

thin metallic anti-reflection layer to the nonlinear crystals [Kro04]. This concept is

technically very challenging and comes at the risk of destroying the crystal.

A far simpler, yet superior solution is smart polarization management. It is

possible to suppress the troublesome pulse replicas and simultaneously retain high

frequency resolution by selecting the right phase matching geometries for both the

generation and detection process: As has already been mentioned above, there are

two possible phasematching schemes. In so-called type-I phasematching the high-

frequency laser photon (ωNIR2) is extraordinarily polarized and both the others are

ordinarily polarized. In type-II phasematching, both the high-frequency laser photon

(ωNIR2) and the THz-photon (ωTHz) are extraordinarily polarized, whereas the low-

frequency laser photon is ordinarily polarized. The effective nonlinearity deff of GaSe

differs for these two geometries [Sut03]:

Type-I: deoo
eff = d22 cos(θ) sin(3φ) Type-II: deoo

eff = d22 cos2(θ) cos(3φ) (2.3)
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Figure 2.10: Polarization dependence of phase-matched field-resolved detection. The field
transients in the lower and upper panel were generated and detected exploiting type-I and
type-II geometry, respectively. In both cases a 30-µm-thick GaSe emitter (θem = 60◦ ) and
a 20-µm-thick GaSe sensor (θdet = 60◦ ) were employed.

The only independent matrix element in the second order susceptibility tensor of

GaSe is denoted by d22. By adjusting the azimuthal angle φ [see Figure 2.8], the

type of phasematching may be selected. According to (2.3), φ = 30◦ , i.e. type-I

phase matching should give a larger nonlinearity. Figure 2.10 compares two THz

transients generated and detected with phase-matched GaSe crystals in both geome-

tries. Although, we expect from (2.3) a four times larger signal in the case of type-I

phase matching (factor of two for the generation and detection, respectively), the

larger reflection losses experienced by ordinarily polarized THz waves1 cancel this

effect out. Notably, the two trailing pulses which appear due to internal reflexions in

both the emitter and detector crystal if type-I geometry is chosen, are almost com-

pletely suppressed in the type-II scheme. Operating with phasematching angles close

to Brewster’s angle ([i.e. θ(ωTHz) ∼ 68 ◦ ] allows for scanning longer time windows

and hence yields a much increased frequency resolution at high THz frequencies and

extreme bandwidths.

1In the phasematching geometry depicted in Figure 2.8 ordinarily polarized light is s-polarized with
respect to the plane of incidence.
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Figure 2.11: Normalized ampli-
tude spectra detected with a 50-µm-
thick GaSe crystal at various phase-
matching angles, θdet = 35◦ , 45◦ , 50◦ ,
and 60◦ . The THz pulse is gener-
ated in a 30-µm-thick GaSe emitter
at a phase matching angle of θem =
52◦ . The dotted blue line shows the
calculated emission spectrum [Kai99,
Hub00].

Tunable detection window

In standard EOS, thin sensor crystals are essential for accessing the mid-infrared

regime. Consequently, sensitivity is low at high frequencies. On the other hand,

many spectroscopic applications require the investigation of narrow spectral windows

with high central frequencies in the mid-infrared. In Figure 2.11, we demonstrate

that phase matching allows for the use of thick detectors facilitating tunable narrow

band spectroscopy with enhanced sensitivity. We use a 30-µm-thick GaSe emitter

(θem = 52◦ ) which generates THz pulses with a calculated spectrum displayed as

a dotted line in Figure 2.11. From this ultrabroadband frequency distribution, we

selectively slice out spectral windows by changing the angle θdet of a detector of

thickness 50 µm. The larger thickness of the crystal gives rise to a stricter phase-

matching condition. Therefore, the sensor has a reduced phase-matching bandwidth

as compared to the 30-µm-thick crystal. At θdet = 60◦ , perfect phase matching is

achieved around 31 THz. With decreasing angles, the center of the detection window

shifts down in frequency to approximately 14 THz at θdet = 35◦ . The detection is

limited at the low-frequency end by the strong material dispersion of GaSe close to

the Reststrahlen band (between 5 and 7 THz) [Vod95].
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Figure 2.12: Optical pump – multi-THz probe experimental setup. D1-D3: variable delay
lines; PEM: photoelastic modulator; λ/4: quarter waveplate. The sample temperature may
be adjusted between 4 and 400 K in a cryostat.

2.3 Two-dimensional multi-THz spectroscopy

Ultrabroadband THz technology [Section 2.2] allows for the generation of the shortest

pulses available in the mid infrared. Furthermore, the immediate measurement of

both the amplitude and phase of the THz electric field facilitates the extraction of

complex response functions, if a sample is investigated in a spectroscopic experiment.

Hence, the technology lends itself to study ultrafast dynamics in a spectral region of

utmost importance to condensed-matter physics by means of optical pump – multi-

THz probe spectroscopy. In these experiments, a femtosecond pump pulse creates a

non-equilibrium state in the studied sample. Afterwards the temporal evolution of

the mid-infrared polarization response is probed resonantly by a multi-THz transient

that passes through the sample after a certain, variable delay time. Comparing the

non-equilibrium with the static behavior can reveal fundamental processes which are

not observable by time-integrated measurements [see Chapters 3 and 4]. The time-

resolution of optical pump – multi-THz probe spectroscopy is set by the duration of

the near-infrared pulse which gates the electro-optic sampling process and hence it

is better than the duration of the multi-THz pulse [Kin99, Hub01, Hub05b].
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2.3 Two-dimensional multi-THz spectroscopy

2.3.1 Setup

For optical pump – multi-THz experiments, the setup from Figure 2.4 has to be

extended by an additional branch that delivers the exciting optical pulses to the

sample. The sample is located at the intermediate focus of a 4-mirror arrangement

depicted in Figure 2.12. The laser pulses arriving from the femtosecond source are

split into three parts: 70 % of the laser power is directed into the pump branch, 20 %

are used to generate the probe THz transient and the remaining 10 % gate the electro-

optic sampling process. From the three delay stages D1-D3 shown in Figure 2.12 only

two move independently [see Section 2.3.2]. They adjust the relative delay between

the arrival of the optical pump and multi-THz probe pulse at the sample, as well

as the delay between optical gating pulse and the THz transient in the electro-optic

detection.

2.3.2 Modes of operation for 2D multi-THz spectroscopy

Full two-dimensional optical pump – multi-THz spectroscopy offers two possible

modes of operation to be chosen depending on the physical process one intends

to investigate. In each of the two experimental schemes, the three variable delay

stages D1-D3 move in a different way, as illustrated in Figure 2.13. In the fol-

lowing, the respective modes are briefly elucidated. For comprehensive reviews see

[Kin99, Bea00, Nem02, Nem05].

In general, the electromagnetic response of a photoexcited system can be de-

scribed by a nonlinear polarization introducing a two-dimensional susceptibility

∆χ [Kin99]. In a nonequilibrium system this quantity depends on two independent

times. The measured change in electric field amounts then to

∆E(t− tp, t− te) ∝
∫ t

−∞
E(t′ − tp)

∂

∂t
∆χ(t− t′, t− te) dt′. (2.4)

The arrival time of the pump and the probe pulse at the sample are represented by te

and tp, respectively. The arrival time of the gating pulse at the electro-optic sensor

is denoted by t. Figure 2.13 provides an illustrative definition of the different times.
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Figure 2.13: Operational modes of 2D multi-THz spectroscopy.

Mode I: Fixed pump-probe delay

In this experimental scheme a complete THz wave form is retrieved by moving delay

D2 at several fixed positions of D1. D3 is kept fixed at all times. Because only tp

is scanned for a fixed time te, the window τe between pump pulse and electro-optic

sampling pulse stays constant [Figure 2.13]. Each point in the measured waveform has

passed through the sample after the same amount of time after the photoexcitation

event and Equation 2.4 changes to

∆E(T, τe) ∝
∫ t

−∞
E(t′)

∂

∂t
∆χ(T − t′, τe) dt′.

∆E(T, τe) is now a convolution of two one-dimensional functions, and therefore can

be deconvolved from E(t) to yield the sample response ∆χ(T, τe).

It should be noted, that the data points obtained in mode I do not belong to a single

propagating THz waveform. Instead, they are collected from different transient THz

pulses, all measured with the same time distance τe between the pump and the gated

detection event. In this case, the detector response does not cancel out any more. In

principle, the influence of the detector response could possibly complicate the data

analysis [Nem05, see also Section 2.3.4]. However, if the bandwidth of the detector

exceeds that of the generated THz pulse, the dispersion of the detector becomes

negligible. Experimentally, this ideal situation is achievable in phase-matched electro-

optic sampling by tuning the detector response accordingly.

Another complication one should be aware of, arises from fixing the time τe. The
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2.3 Two-dimensional multi-THz spectroscopy

corresponding windowing effect leads to the suppression of low THz frequencies fTHz

in the pump-induced signal for delay times τe < 1/fTHz.

In this thesis, mode I was employed in the investigation of the optically induced

insulator-metal transition in VO2 [Chapter 4]. There, the pump pulse triggers a

coherent motion of the crystal lattice. Only if the complete THz pulse probes the

lattice at the exact same moment, such an effect can be resolved. Otherwise, different

parts of the probe pulse experience different lattice configurations and the signatures

of the coherent oscillation are washed out.

Mode II: Coupled delays

In the second experimental scheme, delay D3 is again kept fixed. But now the delays

D1 and D2 move together, keeping the time τp between arrival of pump and THz

probe at the sample constant. Hence, the observed pump-induced change ∆E is

measured in real time, that is, only data of a single THz probe transient is recorded.

However, each point of this transient belongs to a different pump-probe delay time:

∆E(T, τp) ∝
∫ t

−∞
E(t′)

∂

∂t
∆χ(T − t′, τp + t′) dt′.

In other words, ∆E(T, τp) is not a convolution of two one-dimensional functions any

more, and therefore one cannot readily solve for the system response. Physically,

this is related to the fact that the end of the THz pulse can experience a different

response than the beginning of the pulse. Yet, if the probe pulse is shorter than the

investigated dynamics, it approximately resembles a delta function and the above

equation is again solvable.

Mode II was applied in the study of the buildup of Coulomb correlations [Hub01]

and of phonon-plasmon coupled modes [Hub05b, and Chapter 3]. In these experi-

ments the pump pulse prepares the inital state of the system. Since in these experi-

ments the time evolution of the THz polarisation after the arrival of the probe pulse

is of interest, it is necessary to vary the time delay between excitation and electro-

optic sampling time. As time evolves, the instantaneous response of free electron-hole

pairs to a single-cycle THz probe pulse is monitored. With the formation of correla-

tions, the plasma becomes susceptible to perturbation through external fields: The

THz probe can drive a collective plasma oscillation which continues to oscillate long

after the probe has passed the sample. The observation of these retarded oscilla-
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tions depends critically on the fact that the probe pulse resembles only a single-cycle

oscillation of the electric field, being as close to a delta peak as possible.

In addition to mode I and II, spectrally integrated data may be obtained if delay

lines D1 and D3 are kept fixed and only D1 moves. Although such a one-dimensional

type of measurement is very helpful for a basic characterization of the dynamics after

excitation, much of the information is obscured. In particular, contributions to the

pump-induced response with differing physical origins but similar temporal dynamics

remain undistinguishable.

2.3.3 Data acquisition: Double modulation and serial lock-in

detection

The goal of an optical pump – multi-THz probe experiment is to extract the electro-

magnetic response of a sample as a function of time after the excitation event. To

this end, two quantities have to be determined experimentally: the probe field that

has been transmitted through the sample in its equilibrium state Eeq and the pump-

induced changes ∆E. Serial lock-in detection [Figure 2.14(a)] allows for simultaneous

measurement of the two quantities: Electro-optic sampling [Section 2.2.2] encodes the

THz field amplitude in the differential photocurrent ∆I. A photoelastic modulator

(PEM) modulates the THz pulse train at a frequency f1 = 84 kHz. Lock-in ampli-

fier 1 (LIA1) synchronously reads out the signal ∆I with a very short time constant of

less than 1 ms. At the same time, the intensity of the femtosecond pump is modulated

with a mechanical chopper at a slower frequency f2 ∼ 1 kHz. Thus, LIA1 measures

alternately the THz field transmitted through the unperturbed sample Eeq and the

field transmitted through the excited sample Exc = Eeq + ∆E. Numerically averag-

ing the data of LIA1 over several periods 1/f2 with a computer yields the average

reference field Eavg = 1
2
(Eeq + Exc). The information about pump-induced changes

to the THz transient is contained in sidebands f1 ± f2 of the signal at frequency f1

[Figure 2.14(b)]. The pump-probe signal, already modulated at a lower frequency f2

by a mechanical chopper, is additionally modulated at a higher frequency f1 by the

PEM. The frequency f1 (carrier frequency) is then removed in the detection system

through demodulation in LIA1. The lock-in technique relies on passing the signal

through a very narrow band filter, in order to reject any variations not at the modu-

lation frequency. In the double modulation scheme, optimizing the filter bandwidth

(that is integration time and 3 dB roll off) on LIA1 is thus a trade-off between ideal
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Figure 2.14: Double modulation technique. (a) Flowchart of the serial lock-in detec-
tion scheme. (b) LIA1 reduces the noise level by low-pass filtering the signal modulated
at f1. The filter response is shown in red, the laser noise spectrum in grey. Since the
pump-probe signal appears at sidebands f1 ± f2 (blue lines), it is important to provide for
sufficient bandwidth of the first LIA. After demodulation of the signal in LIA1, LIA2 locks
to the pump-probe signal modulated at f2. The use of the high carrier frequency f1 has
tremendously reduced the residual noise (grey shaded area).

noise reduction and minimal suppression of the sidebands at f1 ± f2. Obviously, it

works best for f1 >> f2. LIA2 is synchronized with f2 and retrieves directly the

pump-induced changes ∆E from the output signal of LIA1. It is then straightfor-

ward to extract the electric field Eeq that has been transmitted through the unexcited

sample from the data acquired by LIA1 using the relation Eeq = Eavg − 1
2
∆E.

Advantages of photoelastic modulation

One major advantage of double modulation is that the noise level is set by the

higher frequency f1 [Figure 2.14(a)]. For mode-locked lasers, 1/f signal fluctuations

dominate at frequencies below 3 MHz [And84, see also Figure 2.15(a)]. Ideally, an ex-

periment should therefore be modulated at as high a frequency as possible. However,

mechanical choppers only achieve frequencies in the range of several kilohertz. On

the other hand, most electro-optic modulators operate at megahertz frequencies, at

which the use of a radio frequency LIA is required that offers only inferior noise char-

acteristics compared to an audio frequency LIA [Fro98]. A PEM provides modulated

waveforms in a unique frequency range, higher than mechanical choppers, lower than
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2 Ultrabroadband Terahertz Technology

most electro-optical choppers and well-matched with audio frequency lock-in ampli-

fiers.

The photoelastic effect is the basis for the operation of a PEM. The state of polar-

ization is changed when a linearly polarized light beam passes through an isotropic

optical element, for example a fused silica bar that is under mechanical stress. If

light polarized at 45◦ with respect to the horizontal axis of the bar passes through

the relaxed element, there will be no change in polarization. When the element is

compressed or stretched, the two linear components of the incident light that are par-

allel and perpendicular to the bar will experience slightly different refractive indices.

The magnitude and direction of this induced birefringence determines the polariza-

tion state of the light exiting the optical element. Continuously changing retardation

will produce continuously changing polarization states, causing the polarization of

the transmitted light to be modulated. In commercial practice, a piezoelectric trans-

ducer is bonded to the optical element to form a PEM optical assembly. A sinusoidal

voltage applied to the transducer creates mechanical compression and expansion in

the optical element. Since the change in the refractive index is a linear function of

the strain, the relative phase difference between the two components of the incident

plane polarized wave may be written as

δ =
P

λ
sin(ωt)

where λ is the wavelength of the light, and P the peak-to-peak amplitude of the

applied voltage [Jas69] which is proportional to the strain. The modulation frequency

ω is fixed by the resonant design of a PEM.

Conventionally, intensity modulation is achieved with a PEM by combining it

with additional polarizing optics [Oak95, Ged03]. This approach results in a 50 %

duty cycle – just like in the case of a mechanical chopper – that is, the signal is blocked

half of the time. In our optical rectification – electro-optic sampling setup, a PEM

is implemented much more elegantly. As discussed in Section 2.2.1, the difference

frequency generation of multi-THz transients depends sensitively on the polarization

of the employed pump pulses. Maximum efficiency is achieved by adjusting the half-

wave plate displayed in Figure 2.4 so that the pump polarization is at 45◦ . Instead of

introducing a static retardation of δ = π, a PEM modulates the amount of retardation

periodically, switching the polarization state of the pump between +45◦ and −45◦ .

The generated THz field amplitude directly follows this sinsusoidal modulation and

periodically changes its sign. Hence, the THz transient is not suppressed at any
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Figure 2.15: Advantages of photoelastic modulation. (a) Noise spectrum of the high-
repetition rate Ti:sapphire amplifier (red open circles) recorded with a SRS780 spectrum
analyzer. The black curve is a 1/f fit to the data. Typical modulation frequencies of a
chopper (f1 = 4 kHz) and a PEM (f1 = 84 kHz) are indicated. (b) Comparison of two
THz time traces modulated with a chopper (blue line) and PEM (red circles), respectively.
The data obtained with the chopper is scaled up by a factor of 2.7. (c) Noise at output of
LIA1. The blue data correspond to f1 = 4 kHz and the red to f1 = 84 kHz.

time, in contrast to modulation with a mechanical chopper, and the detected signal

increases by 100 %. Provided that the group velocity dispersion introduced by the

fused silica bar is taken care of in the adaptive compressor stage [see Section 2.1.2],

the PEM has no influence on the waveform except for the gain in signal, as shown in

Figure 2.15(b). In fact, the observed signal gain is even larger than a factor of two

due to the frequency response of a high-pass filter which protects the input of LIA1

from high DC voltages in our setup.

Figure 2.15(c) compares the noise at the output of LIA1 for (i) double modula-

tion with two mechanical choppers (f1 = 4 kHz and f2 = 120 Hz) and (ii) double

modulation with a PEM and a chopper (f1 = 84 kHz and f2 = 2.7 kHz). The set-

tings of the low pass filter of LIA1 were chosen to yield the same ratio f2/f3dB in

both cases, where f3dB denotes the half width frequency of the filter response. The

excess noise measured in case (i) is more than one order of magnitude larger than in

case (ii). In principle, this difference can be compensated by perfectly balancing the

differential detection scheme [Figure 2.4] – at the cost of a time consuming alignment

procedure. In experimental practice, the above restriction on the choice of frequency

f2 does not apply. If (and only if) the PEM is utilized, it is possible to adjust f2
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such that the sidebands f1 ± f2 are not suppressed at all, without compromising

the filter performance of LIA1. Together with the gain in signal that arises from

the fundamental benefits of photoelastic modulation in the generation process, this

improvement amounts to an increase of the signal-to-noise ratio by a factor of ∼ 10.

In other words, employing a PEM reduces the measurement time by up to two orders

of magnitude.

2.3.4 Data analysis

In the last part of this section, the data analysis necessary for the extraction of the

complex response function from the measured quantities Eeq(T ) and ∆E(T, τ) is

explained2. The discussion is restricted to thin-film samples on dielectric substrates

– the only sample geometry of interest in this thesis. At first, both sets of real time

data Eeq(T ) and ∆E(τ, T ) are Fourier transformed along the electro-optic sampling

axis T . For a given pump-probe delay time τ one may then calculate the frequency-

dependent complex transmission of the sample in the mid infrared:

T (ω, τ) = T0 ×
Eeq(ω) + ∆E(ω, τ)

Eeq(ω)
(2.5)

Here, T0 denotes the transmission through the unexcited sample. It may either be

calculated from tabulated data [cf. Chapter 3] or, if the latter is not available, has to

be determined in a separate experiment [cf. Chapter 4]. The layer structure of the

sample is accounted for by a transfer matrix formalism which includes reflection and

absorption losses as well as phase shifts upon propagation through the interfaces and

the layer material, respectively [Hec98]. The following Fresnel equation is obtained

for the equilibrium transmission:

T0 = 2

[(
1 +

1

ns

)
cos

(
2π

λ
d
√

εeq

)
+ i

(√
εeq

ns

+
1

√
εeq

)
sin

(
2π

λ
d
√

εeq

)]−1

(2.6)

d is the thickness of the thin-film sample, ns refers to the refractive index of the

substrate. The same relation between dielectric function and transmission holds for

the excited sample, i.e. the quantities T (ω, τ) and εxc(ω, τ) as well. Since T (ω, τ) is

known from the experiment, it is possible to extract the dielectric function numeri-

cally employing a Newton-Raphson algorithm. All other electro-magnetic response

2From now on, the subscripts of the delay times τe and τp will be dropped.
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functions [refractive index nxc(ω, τ), conductivity σxc(ω, τ), etc.] are then available

through basic electro-dynamical relations [Jac98].

2.4 Summary

Phase-matched optical rectification together with standard EOS methods gives di-

rect access to the real-time evolution of the electric field of ultrashort THz pulses.

This opens up a new field of experiments, in which the complex dielectric function or

equivalently the frequency-dependent conductivity of solid state systems is monitored

resonantly throughout the MIR and FIR with a femtosecond temporal resolution [see

Chapters 3 and 4].

Optical rectification of amplified laser pulses allows for the generation of electric

fields of several 10 kV cm−1 up to 1 MV cm−1, depending on the laser pulse energy.

Such highly energetic field transients may be employed to coherently drive low-energy

transitions into the nonlinear regime.

The problems which are inherent to standard EOS, i.e. a fixed detector response

and a limited bandwidth, are absent in phase-matched EOS. If this novel detection

technique is combined with phase-matched optical rectification, an extremely versa-

tile multi-THz spectrometer is obtained. The accessible frequency range is extended

toward the near infrared. In addition, both the emission spectrum and the detector

response may be custom tailored to fit specific spectroscopic requirements. Proper

choice of the phasematching geometry eliminates multiple time delayed reflections of

the main THz pulse, resulting in an essentially unlimited frequency resolution.

In the context of optical pump – multi-THz probe experiments the implemen-

tation of a photoelastic modulator results in significant improvement of the signal-

to-noise ratio: Balancing of the differential detector is rendered less critical and the

measurement time in a 2D time-resolved experiment is reduced by up to two orders

of magnitude.

Finally, the combination of phase-matched optical rectification and phase-

matched electro-optic sampling shows great scaling potential with respect to both

achieving higher field energies and shorter wavelengths.
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3 Femtosecond formation of

phonon-plasmon coupled modes

Excitation of solids with femtosecond light pulses in general creates many-body cor-

relations and coherent superpositions [Sha99]. In the extreme nonequilibrium regime

after the excitation event, at timescales shorter than one optical cycle in the in-

frared, a new class of phenomena reflecting the quantum-mechanical dynamics of

the interacting many-particle system can be investigated [Che01, Axt04]. For these

studies, semiconductors represent ideal laboratory systems due to the high level of

control over their physical properties and the sound understanding of their uncor-

related ground state. Because semiconductors are in various respects a prototype

for many condensed-matter systems, the obtained information about many-particle

interactions is most valuable in understanding other complex correlated systems.

A particularly interesting scenario of correlations is encountered whenever the

energies of two or more coupled quasi-particles are in resonance, i.e. when their

bare energies are comparable. In this case, the coupled dynamics typically exhibits

a strong mixing of the participating modes. Resonant coupling usually arises in

situations where influences of different degrees of freedom are simultaneously im-

portant. Obviously, these situations are especially attractive from a fundamental

point of view because here correlations induced by combinations of interaction mech-

anisms can be studied [Axt04]. In polar semiconductors, longitudinal optical (LO)

phonons couple to charge-density waves of a carrier plasma via long-range electro-

static forces [Moo66, Var65]. The resulting LO-phonon plasmon coupled (LOPC)

excitations exhibit fundamentally different properties compared to the bare reso-

nances [Abs84]. The mixed resonances mediate the carrier-carrier as well as the

carrier-lattice interaction. Hence, they are of utmost importance for the transport

properties and the relaxation dynamics in these materials. Time resolved experi-
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ments have investigated dephasing of such hybrid modes in doped semiconductors

[Smi92, Val97, Has99, Cho96a, Has02]. However, defects introduced through doping

strongly influence the dynamics of the coupled modes. The intrinsic interaction pro-

cess is accessible in a much more precise fashion in a plasma which is photo-generated

in a high-purity sample.

Using femtosecond light pulses, such a dense carrier plasma may be excited in an

intrinsic semiconductor within a time shorter than a typical oscillation cycle of the

lattice and the photo-generated plasma. Testing a system at these timescales opens

a new route for studying the mutual coupling of different degrees of freedom. Af-

ter excitation with ultrashort pulses, the state of the system has changed so rapidly

that immediately after the excitation there is not yet enough time for the carriers

and phonons to react and screen the respective interactions. For theoreticians, such

ultrafast dynamics represents a new challenge because some widely used theoretical

concepts lose their validity on these short timescales. In particular, one of the key

assumptions of the Markov approximation, which is also implicit in the Boltzmann

treatment of scattering events, is not justified: scattering events are no longer com-

pleted much faster than the timescale tested in the observation of the system [Hau96].

Quantum kinetics generalizes the Markovian Boltzmann transport and scattering the-

ory in the initial time interval, in which the energy uncertainty is comparable to the

kinetic energy of the carriers. In this regime non-Markovian memory effects have to

be taken into account [ES94].

Quantum kinetic studies have predicted that correlations leading to the emer-

gence of the LOPC resonances are not established instantaneously in this extreme

nonequilibrium regime [Vu00a, Vu00b]. Optical switching from an intrinsic LO-

phonon system to fully coupled phonon-plasmon resonators is predicted to be inher-

ently delayed by the formation of many-body quantum correlations. The quantum

kinetics of the phonon-plasmon system is particularly intriguing because the time-

dependently screened interaction potential between quasiparticles is composed of the

Coulomb interaction and the interaction mediated by phonon exchange. Both con-

tributions have to be considered self-consistently on the same footing in spite of their

entirely different temporal structure [Vu00a].

In this chapter, the ultrafast transition of a pure LO-phonon dielectric oscillator

to LOPC resonances in photoexcited i-InP is presented. In the extreme nonequilib-

rium state after 10-fs photoinjection of a dense electron-hole plasma, ultrabroadband

THz spectroscopy provides access to the complex dielectric function in the long-

wavelength limit. Mutual repulsion and redistribution of the oscillator strength of
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the interacting phonons and plasmons is seen to emerge within approximately one

oscillation cycle of the upper branch of the LOPC modes. The results of a quan-

tum kinetic theory in the framework of Keldysh nonequilibrium Green functions are

compared to the experiment.

3.1 Coulomb correlations and phonon-plasmon

coupling in equilibrium

To describe the electronic band structure of weakly correlated materials such as

semiconductors, band theory, which imagines electrons behaving like extended plane

waves, is a good starting point. Bands form through the interaction of the elec-

trons with a periodic lattice potential. Within the bands, charge carriers are almost

free to move, thus band theory captures well the delocalized nature of electrons

and holes in semiconductors [Ash76]. Astonishingly, Coulomb interaction between

electrons hardly influences the electronic band structure. Nevertheless it manifests

itself in transport properties or the response of the semiconductor to an external

electromagnetic field. In particular, at large densities of free electrons and holes

(n ∼ 1017 − 1019cm−3), e.g. created by doping or by high photo-excitation, elemen-

tary collective excitations (plasma oscillations or phonon-plasmon coupled modes)

appear in the electronic system as a consequence of Coulomb correlations.

3.1.1 Concept of quasi-particles and dynamical screening

The major difficulty in modeling Coulomb correlations arises from the infinite range

of the Coulomb potential which corresponds to a divergence of its Fourier transform

at the origin

Vq =
4πe2

q2
, (3.1)

where ~q denotes the momentum exchange in the interaction process and e is the

elementary charge. At first sight, the long range interaction correlates the motions

of all charges in a plasma. In view of the enormous number of particles involved, this

problem is beyond the reach of any exact theoretical treatment. One therefore has to

find an appropriate way to truncate the infinite hierarchy of correlations. Fortunately,

nature itself provides a suitable escape route. Consider only one particular electron:

The repulsive Coulomb interaction forces surrounding electrons away until an equal
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3 Femtosecond formation of phonon-plasmon coupled modes

and opposite positive charge – arising either from a cloud of mobile positive charges or

from the exposure of the ionic background charge – balances the electric field at larger

distances. The principal physical effect is the screening of the effective interaction

between a pair of particles as a result of the motion of the other particles in the

medium. The combination of electron plus screening cloud1 may be defined as the

new key unit of the many-body problem. These so-called quasi-particles interact via

an effective short-range interaction of the order of the interparticle spacing [Ash76],

in contrast to the long-range Coulomb interaction.

The screening action is not merely a static effect but a dynamical process. If

a system of charges is perturbed by an external electromagnetic field, for example,

the electrons readjust their respective positions in order to screen both the exter-

nal field and the mutual Coulomb interaction. Associated with this screening action

is a polarization wave which induces an organized, collective oscillation – the plas-

mon. The retarded response of the polarization cloud that follows a given electron

on its motion can be simply expressed in terms of the longitudinal frequency- and

wavevector-dependent dielectric function εq(ω) which renormalizes the bare Coulomb

potential. Hence, the simple quasi-particle picture comes at the cost of a frequency

dependent effective interaction potential which is defined as

Wq(ω) =
Vq

εq(ω)
. (3.2)

In contrast to the bare Coulomb potential, Wq(ω) may exhibit a pronounced depen-

dence on the frequency ω corresponding to the energy ~ω exchanged in a collision.

The screened potential thus cannot act instantaneously in real time without any de-

lay. This retardation in the many-body system is caused by the collective effects such

as plasma oscillations.

Within the quasi-particle picture the behavior of a dense plasma is simple because

here the Coulomb interaction represents a relatively small perturbation. The average

potential energy (measured by e2/r0, where r0 = 3

√
3
4π

1
N

is the interparticle spacing)

is small compared to the kinetic energy (measured by ~2/mr2
0). The ratio of the two

energies is
e2mr2

0

r0~2
=

r0

aB

= rs,

where the interelectron spacing rs is measured in units of the excitonic Bohr radius aB.

When rs << 1, the system properties are well described in the so-called random phase

1The decrease of electron density around the test charge is sometimes also termed correlation hole.
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3.1 Coulomb correlations and phonon-plasmon coupling in equilibrium

approximation (RPA) [Pin62]. In the RPA each momentum transfer in the interaction

between the electrons is treated independently. In other words, the RPA procedure

takes into account electron interaction only to the extent required to produce the

screening field.

In the experiment presented in this chapter, THz probes with a wavelength larger

than the dimension of the studied sample along the propagation direction directly

determine the dielectric function of an electron-hole plasma. Since photons do not

possess mass they cannot exchange momentum with the plasma in a linear optical

experiment. In this long wavelength limit (q → 0) the transversal and longitudinal

dielectric function are degenerate [Dre04] and the measured response will indeed

reveal the longitudinal modes of the system. Also, the strong damping of the plasmon

modes due to possible two-particle intraband excitations at large q-vectors (Landau

damping) may be neglected [Kli05]. With regard to the experiment, only the long

wavelength limit will be considered in the further analysis.

For q → 0, the RPA amounts to taking into account the average polarization

field while neglecting altogether the short range interaction between quasiparticles

[Pin66]. Therefore, the dielectric response function εq(ω) may be derived from simple

macroscopic electrodynamic arguments yielding the ubiquitous Drude result [Ash76,

Kli05]:

εq=0(ω) = ε∞

(
1−

ω2
pl

ω2 + iω
τ

)
. (3.3)

1/τ denotes the scattering rate and ε∞ represents the nonresonant dielectric response

of electrons bound to the lattice atoms. The plasma frequency of the system ωpl is

related to the electron-hole pair density N and the reduced mass µ of the carriers in

the following way:

ωpl =

√
Ne2

ε0 ε∞ µ
.

3.1.2 Phonon-plasmon coupling

So far the influence of the lattice has been subsumed in the background positive

charge and a static potential that leads to the formation of band structure. In a

III-V semiconductor such as InP, however, the system response to an electromagnetic

field is not well described by the electronic polarizability alone, but must include the

dielectric response of the polar lattice as well. When electrons are introduced into

the conduction band, the longitudinal phonon will be a normal mode no longer, since
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3 Femtosecond formation of phonon-plasmon coupled modes

the longitudinal field which accompanies such a phonon must couple strongly to the

charge density fluctuations of the electron gas. This effect is most important when

the plasma frequency is close to the eigenfrequency of the longitudinal phonon mode.

If RPA is applicable, i.e. for rs << 1, it is accurate to take the response of the

coupled system to be the sum of the respective electronic and ionic contribution

taken separately [Var65]:

εq=0 = ε∞

(
1 +

ω2
LO − ω2

TO

ω2
TO − ω2 − iγω

−
ω2

pl

ω2 + iω
τ

)
. (3.4)

ωLO and ωTO are the longitudinal and transversal optical phonon modes, respec-

tively, and γ describes the TO-phonon damping. According to Maxwell’s equations,

longitudinal eigenmodes are supported by the many-body system if the longitudinal

dielectric function vanishes [εq(ω) = 0]. From equation 3.4 one obtains two resonance

frequencies, ω+ and ω−:

ω2
± =

1

2
(ω2

LO + ω2
pl)±

1

2

√
(ω2

LO + ω2
pl)

2 − 4 ω2
TO ω2

pl. (3.5)

Apparently, neither the LO-phonon frequency nor the plasma frequency are longitu-

dinal eigenfrequencies of the hybrid system. The electromagnetic response is rather

mediated by a hybrid phonon-plasmon coupled mode. The interaction results in an

anti-crossing behavior of the eigenergies of the phonon-plasmon mixed state as the

plasma frequency is varied around the point of degeneracy, where ωpl = ωLO .

3.2 Ultrabroadband THz studies of nonequilibrium

phonon-plasmon coupled system

The equilibrium response of the fully coupled phonon-plasmon system to an exter-

nal electromagnetic field is grasped perfectly well by the Drude-Lorentz dielectric

function (3.4). But what happens, if the composite system is tested in the extreme

nonequilibrium, after the femtosecond interband excitation of a polar semiconduc-

tor, for example? Will the response be instantaneously mediated by the fully coupled

mode? Intuitively, one would expect that it takes a certain amount of time for the ex-

cited system to reach a state that minimizes simultaneously the interaction between

the polar lattice and the charges as well as the interactions between the charges them-
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3.2 Ultrabroadband THz studies of nonequilibrium phonon-plasmon coupled system

selves. But what exactly sets the timescale for the nonequilibrium screened Coulomb

potential

Wq(ω, τ) =
Vq

εq(ω, τ)
, (3.6)

to reach its equilibrium limit?

In the following, these questions will be addressed in an optical pump – multi-THz

probe experiment. The formation of correlations between electronic and phononic

degrees of freedom which lead to the emergence of a phonon-plasmon coupled mode

is visualized in a full 2D multi-THz measurement by directly probing the longitudinal

dielectric function εq=0(ω, τ) of InP.

The studied sample is a 230-nm-thin epitaxial layer of intrinsic InP contacted to

a diamond substrate. A dense carrier plasma is injected via interband absorption

of a 10-fs laser pulse with a central photon energy of 1.55 eV. In the first set of

experiments, we excite N = 2× 1018 electron-hole pairs per cm3. At a delay τ after

the pump [see Section 2.3.2 for the exact definition of τ ], the polarization response

of this nonequilibrium system is probed in real time by a single-cycle pulse with a

central frequency of 28 THz [Hub01]. Resonances cause modifications of the wave

form, such as trailing oscillations after the THz transient transmitted through the

semiconductor. The real-time evolution of the probe electric field ETHz is directly

measured as a function of a second delay time T by means of ultrabroadband electro-

optic sampling [see Section 2.2.2]. A ZnTe crystal of a thickness of 11 µm allows for

sensitive detection in the spectral window extending from 7 THz to 100 THz. This

regime includes the entire Reststrahlen band of InP (ωTO/2π = 9 THz, ωLO/2π =

10.3 THz).

3.2.1 Time domain signatures of coupled modes

Figure 3.1(a) shows ETHz as transmitted through the unexcited sample. The THz

electric field change ∆ETHz induced by carrier injection is depicted as a false color map

versus electro-optic sampling delay T (horizontal) and pump-probe delay τ (vertical)

in Figure 3.1(b). The excited system responds instantaneously to the single-cycle

probe pulse at early delay times, −20 fs ≤ τ ≤ 20 fs. With increasing values of τ , a

trailing oscillation emerges. Up to five retarded half cycles appear for τ ≥ 150 fs (la-

bels ’1’ to ’5’) at delay times T where the probe field ETHz is essentially zero without

excitation. Most interestingly, the half waves are not equidistant. As discussed be-

low, this finding is a manifestation of beating between two newly emerging oscillation

modes.
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3 Femtosecond formation of phonon-plasmon coupled modes
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Figure 3.1: Two-dimensional multi-THz data of the photoinduced phonon-plasmon sys-
tem in i-InP at room temperature: (a) Real-time evolution of the electric probe field ETHz

as a function of time T . (b) The pump induced changes ∆ETHz of the transmitted electric
field are recorded as a function of the sampling time T and the delay τ after photoexcita-
tion of N = 2 × 1018 electron-hole pairs per cm3. The dotted line indicates the temporal
position of the maximum of the pump pulse. The trailing polarization half cycles emerging
on a delayed time scale are numbered ’1’ through ’5’.
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Figure 3.2:
Experiment: (a) imag-
inary and (b) real part
of the long-wavelength
limit of the inverse
dielectric function of
i-InP versus frequency
as extracted from the
data of Figure 3.1 for
various delay times
−70 fs ≤ τ ≤ 255 fs
with a step width of
25 fs. The gray regions
indicate the Rest-
strahlen band between
ωTO/2π = 9 THz and
ωLO/2π = 10.3 THz.

3.2.2 Dynamics of longitudinal dielectric response

The real-time data of Figure 3.1 may be analyzed by Fourier transform and straight-

forward electrodynamic relations to extract the femtosecond dynamics of the trans-

verse dielectric function εq=0(τ, ω) in the the long-wavelength limit, i.e. for vanishing

momentum q = 0 [see Section 2.3.4]. In this limit, the transverse and longitudinal

part of the dielectric tensor are degenerate. The measured data allow us to simulta-

neously access both real and imaginary part of εq=0(τ, ω) in the 7 - 60 THz window.

Longitudinal electromagnetic resonances may be identified from the peaks of the

imaginary part of the inverse dielectric function, i.e. −Im(1/εq=0) [Figure 3.2(a)].

On a microscopic level, this quantity indicates the energy loss of a carrier by interac-

tion with the many-particle system. In the unexcited sample, i.e. at negative delay

times τ = −70 fs, there is a single maximum located at the LO phonon frequency.

This peak represents the coupling of an isolated charge carrier to the crystal lattice

via polar-optical scattering with LO phonons. The LO phonon peak vanishes rapidly

after photoinjection of the plasma. A spectrally broad feature at 30 fs ≤ τ ≤ 55 fs

characterizes an uncorrelated many-body ensemble with a quasi-instantaneous re-

sponse. Collective resonances of the system are not well defined at this stage. Within

100 fs, two new maxima develop simultaneously: A dominant peak at a frequency of

15 THz and a weaker one at 8 THz. These features are attributed to the upper and
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3 Femtosecond formation of phonon-plasmon coupled modes

the lower branch of the LOPC resonance, L+ and L−, respectively. In the time do-

main, coherent excitation of these modes leads to the beating phenomenon observed

in Figure 3.1(b). For a plasma density of N = 2× 1018 cm−3, the L+ mode carrying

most of the oscillator strength is predominantly plasmon-like while L− has primar-

ily phononic character. L− is not located at the LO phonon frequency, but rather

shifted slightly below the TO resonance of intrinsic InP due to the phonon-plasmon

coupling.

The underlying mechanism becomes evident in Figure 3.2(b): Re(1/εq=0) de-

scribes the renormalization of the electrostatic interaction via screening by the many-

body system [c.f. Equation (3.6)]. At delay times τ ≥ 150 fs, the resonance signature

of fully developed dynamic screening is observed at frequencies around the plasmon-

like L+ branch: Re(1/εq=0) assumes negative values on the low-energy side due to

resonant overscreening by the carrier plasma. In particular, the macroscopic electric

field of the phonon oscillator is overcompensated, giving rise to an effective sign re-

versal of the electrostatic contribution to the restoring force of the lattice vibration.

Therefore, the L− mode is softened below the TO phonon frequency. At early delay

times (τ ≤ 130 fs) mutual screening of the lattice and the plasma mode build up.

Interestingly, this dynamics is not accompanied by a continuous shift of the phonon-

like mode from LO to below TO. In fact, no resonance is observed in the Reststrahlen

region (gray shadowed regions in Figure 3.2) at any delay time.

The inverse time- and frequency-dependent longitudinal dielectric function of

the photoexcited phonon-plasmon system in InP have been simulated by Vu et al.

[Vu00a, Hub05b] exploiting a nonequilibrium Green function technique. The results

of this simulation are presented in the next section. More general aspects of the

theoretical approach are outlined in Appendix A.
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3.3 Quantum kinetic simulation

3.3 Quantum kinetic simulation

The carrier dynamics in semiconductors is described on a semiclassical level by the

Boltzmann equation [Ash76]. In this case the state of the system is completely spec-

ified in terms of the distribution function of carriers and other quasiparticles such

as phonons. Interactions between quasiparticles lead to scattering processes between

the states of the free particles. These stochastic processes are point like in space and

time. The Boltzmann equation can be derived from quantum mechanical equations

of motion after performing a series of approximations which involve, in particular,

a perturbative treatment of interactions and a coarse graining in space and time

[Sch94].

In nonequilibrium electron systems, like a plasma photogenerated on the fem-

tosecond timescale, the behavior of the excited system can no longer be described

by semiclassical Boltzmann kinetics. Instead, the full quantum kinetic equation,

which takes the coherent wave nature of the particles into account, has to be solved.

This quantum coherence causes memory effects very different from the simple in-

stantaneous Boltzmann scattering rates [Hau96]. The Coulomb scattering problem

is complicated by the kinetics of the buildup of correlations and requires the self-

consistent calculation of the two-time dependent screened Coulomb potential (3.6).

Calculations may be performed within the Keldysh formalism of nonequilibrium

Green’s functions [see Appendix A] which allows to include screening and memory

effects into the general analysis [ES94, Bán98].

For the case of the photoexcited phonon-plasmon system studied in Section 3.2

the inverse time- and frequency-dependent longitudinal dielectric function has been

simulated by Vu et al. [Vu00a, Hub05b]. The rather different time structures of the

instantaneous bare Coulomb potential and the oscillatory behavior of the phonon

propagator hinder the extension of the equilibrium Green function theory of the

joint treatment of the Coulomb interaction and the interaction with LO phonons

[Hau96] to the extreme nonequilibrium regime. Nevertheless, Vu et al. succeeded in

self-consistently calculating the combined screening of the carrier interaction via LO

phonons and via the Coulomb potential [Vu00a, Hub05b]:

In the simulation of the 2D multi-THz experimental results, the numerical accu-

racy is improved compared to [Vu00a] by computing the retarded component of the

nonequilibrium two-time-dependent effective interaction potential directly in addition

to the scattering components of this quantity. Furthermore, it turns out important

for a good agreement with the experiment to treat the polaron coupling beyond the
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3 Femtosecond formation of phonon-plasmon coupled modes

Figure 3.3: Theory: Negative
imaginary part of the calculated
inverse dielectric function versus
frequency for two excitation den-
sities: (a) N = 1.25 × 1018cm−3,
(b) N = 0.62 × 1018cm−3. The
spectra are depicted for times
−20 fs ≤ tD ≤ 200 fs with a step
width of 20 fs. The wave vector is
set to q = 0.5 a−1
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weak interaction limit [Hüg02, Gar99].

The scattering self-energy is determined in the GW approximation by the

two-time Green function G<
k (t, t′) and the effective scattering potential W<

q (t, t′):

Σ<
k (t, t′) = i~ΣqG

<
k−q(t, t

′)W<
q (t, t′) [Bán98]. The effective screened potential is de-

fined via its Dyson equation

Wq(1, 2) = W 0
q(1, 2) + W 0

q(1, 3) Lq(3, 4) Wq(4, 2) (3.7)

with the generalized RPA polarization function Lq(t, t
′). The combined Coulomb

interaction and the interaction due to LO phonon exchange is

W 0
q (1, 2) = Vqδ(1, 2) + g2

qDq(1, 2). (3.8)

Vq is the bare Coulomb potential and Dq denotes the propagator of the thermal LO

phonon. An exponential damping γ is introduced in the phonon propagator. gq is the

Fröhlich matrix element which is proportional to the square of the polaron coupling

constant α = e2

~

(
µ

2~ ωLO

)1/2 (
1

ε∞
− 1

εstat

)
. Here, µ is the reduced mass and εstat the

low-frequency limit of the dielectric function.

The two-time Green function is approximated with the generalized Kadanoff-
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3.3 Quantum kinetic simulation

Baym ansatz G<(t, t′) ' −Gr(t, t′)ρ(t′) (for t ≥ t′, e.g.). Both Gr and the

density matrix ρ are matrices in the band index. In this formulation the non-

conserving RPA produces no long-wavelength divergence as it does in the general

two-time formalism. From the resulting effective interaction potential W r
q(t1, t2)

an incomplete Fourier transform is taken with respect to the relative time t1 − t2,

W r
q(t1, ω) =

∫ t1
−∞ dt2e

iω(t1−t2)W r
q(t1, t2) and finally obtain ε−1(q, τ, ω) = W r

q(τ, ω)/Vq

with τ = t1.

For InP the effective electron and hole masses of me = 0.079 m0 and mh = 0.6 m0,

and dielectric constants of ε0 = 12.56 and ε∞ = 9.6 are used. The unrenormalized

band gap is Eg = 1.34 eV. The Froehlich coupling constant defined with the reduced

electron-hole mass is taken as α = 0.113 and the phonon damping as γ = 6 meV/~.

The frequency of the pump is detuned only 50 meV above the band gap to reduce

the energy space over which we have to integrate.

In Figure 3.3(a) and (b) the calculated spectra of the imaginary part of the

inverse dielectric function of InP are shown over frequency for various delay times

and for two excited carrier densities, N = 1.25 and 0.62×1018 cm−3, respectively. The

wave number times the exciton Bohr radius is taken to be qaB = 0.5, because the

spectra cannot be calculated with sufficient accuracy for longer wavelengths. The

data in Figure 3.3(a) qualitatively reproduce key experimental findings: Starting

from a bare phonon pole in the unexcited polar lattice, two branches of the coupled

resonances arise and narrow down within approximately 160 fs. On the same time

scale, the bare LO phonon pole vanishes. In agreement with the experiment most of

the oscillator strength is contained in the L+ mode. Quantitative differences between

the calculated spectra and the experimental results may be primarily explained by the

finite wavevector used in the simulation: The calculated LOPC poles are broadened

with respect to the experiment due to the onset of Landau damping. The spectral

positions of the two LOPC branches at late delay times almost coincide with the

experimental finding, although the excitation density of Figure 3.3(a) is somewhat

smaller than in Figure 3.2(a).

For reduced excitation N = 0.62 × 1018 cm−3 (Figure 3.3(b)), the plasma fre-

quency is almost degenerate with the bare LO frequency. Therefore, mixing of the

modes is particularly strong: The L− branch appears with increased spectral weight.

Its frequency (ω−/2π = 6.9 THz) is strongly reduced with respect to ωLO/2π, due

to anticrossing of the LO phonon and plasmon. L+ approaches the LO phonon fre-

quency. Interestingly, the quasi-equilibrium spectra are obtained slightly later than

in Figure 3.3(a) (see e.g. the spectra corresponding to τ = 180 fs and τ = 200 fs).
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3 Femtosecond formation of phonon-plasmon coupled modes

Figure 3.4: Density depen-
dence of the femtosecond phonon-
plasmon dynamics: (a) Spec-
tral positions of the L− and L+

mode measured after complete
buildup of correlations for vari-
ous excitation densities (squares),
and calculated (solid curves) via
the equilibrium model of equation
3.4. (b) Measured values of the
buildup time tLOPC for phonon-
plasmon coupling (squares). The
hollow circles show the result of
a calculation via two-time depen-
dent nonequilibrium Green func-
tions. The solid curve depicts a
multiple of the inverse of the mea-
sured L+ frequency, 1.6× 2π/ω+.
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3.4 Density dependence of buildup time

To investigate the density dependence of the phonon-plasmon dynamics in more

detail, the optical pump – multi-THz probe experiment has been repeated at different

values of N . Employing the 12-fs Ti:sapphire amplifier system [Section 2.1] at a

repetition rate of 4 MHz we change N over almost two orders of magnitude from

N = 6 × 1016 cm−3 to as much as N = 4.3 × 1018 cm−3. Figure 3.4(a) shows the

measured spectral positions of both peaks of -Im(1/εq=0) after well defined coupled

oscillation modes have emerged. The two resonance branches exhibit anticrossing

around N ≈ 1×1018 cm−3 as expected from the fully coupled phonon-plasmon system

[Moo66, Var65, Abs84, Cho96a, Has02]. This behavior is well reproduced by the

equilibrium theory of [Moo66] as shown by the solid lines in Figure 3.4(a). For

quantitative agreement the nonparabolicity of the electronic band structure is taken

into account. The reduced mass of the photogenerated carriers is assumed to be

0.078×m0. However, the classical theory provides no description of the femtosecond

formation dynamics of phonon-plasmon coupling.

Very importantly, the time scale on which hybrid resonances form is again found

to depend on the excitation density. For a quantitative analysis we define a character-

istic LOPC buildup time tLOPC by the delay at which the L+ pole reaches 80% of its

final height. In the experiment, reliable values of tLOPC require an exceptionally high

signal-to-noise ratio. Sufficient data quality could be obtained at elevated densities
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(N ≥ 2× 1018 cm−3). The squares in Figure 3.4(b) represent experimental values of

τ for three different values of N . The dynamics proceeds distinctly faster in denser

systems. This tendency and quantitatively consistent values of tLOPC are reproduced

by the nonequilibrium Green function theory: The hollow circles in Figure 3.4(b)

depict the result of the calculations at the highest numerically tractable densities.

Both experiment and theory suggest that the buildup time scales with the inverse

L+ frequency – the fastest collective response time of the many-body system. With

the above definition, tLOPC is best fitted by tLOPC≈ 1.6× 2π/ω+ [Figure 3.4(b)].

3.5 Summary

Ultrabroadband THz spectroscopy resolves the mid to far infrared polarization re-

sponse of the phonon-plasmon system in photoexcited InP in the extreme non-

equilibrium regime with sub-cycle resolution of the electric field amplitude and phase.

Coherent beating between both branches of the LOPC resonance is observed to build

up on a femtosecond time scale. Many-particle correlations and screening effects lead-

ing to the formation of collective hybrid resonances are established on a delayed time

scale. By systematic variation of the excitation density it is verified that this time

scales approximately with the inverse eigenfrequency of the L+ branch in accordance

with predictions of quantum kinetic calculations.
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4 Metal-Insulator Transition in VO2

In the previous chapter, the formation of electron-electron and electron-phonon in-

teraction has been studied in the polar semiconductor InP. We now move away

from model systems, in which electron-electron correlations are weak as compared

to materials with open d and f shells, where electrons experience strong Coulomb

repulsion due to their spatial confinement within narrow orbitals. In transition metal

oxides, for example, the influence of these strong correlations often rules the equilib-

rium material properties. In particular, such strongly correlated electronic systems

mostly feature several competing phases resulting from the delicate interplay of mi-

croscopic degrees of freedom. These cooperative effects show an extreme sensitivity

with respect to small changes in external parameters, such as temperature or doping.

A prime example is the metal-insulator transition in VO2. Its observation was

first reported by Morin [Mor59], who discovered a drop in resistivity by several orders

of magnitude when the compound was heated over a critical temperature of 340 K.

Since his discovery more than four decades ago, the complexity of the phase transition

mechanism has continuously challenged the creativity and imagination of physicists.

Much of the fascination emanates from the fact that two well established model

descriptions of metal-insulator transitions each fail in explaining some of the essential

experimental results. The cardinal question whether VO2 is to be classified as a

Mott-Hubbard insulator or rather as a band (Peierls) insulator dominated most of the

research efforts [Wen94, Ric94b, Eye02]. In fact, mapping out the intricate interaction

of electronic correlations and lattice contributions intrinsic to this phase transition

has remained a benchmark problem for both theoretical and experimental state-of-

the-art techniques.

In recent years, the interest in the problem became refueled, after Becker et

al. [Bec94] found that an insulator-metal transition in VO2 may not only be induced

thermally but also optically on an ultrafast timescale. Later, visible pump-probe ex-
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4 Metal-Insulator Transition in VO2

periments by Cavalleri and Dekorsy [Cav04] suggested the limiting time for switching

to be less than 100 fs – more than ten times faster than the speed of sound at which

thermal phase transitions occur.

Besides the fascinating but puzzling physics behind the metal-insulator transition,

VO2 attracts attention from a technological point of view due to the applications

that may be envisioned based on the thermal (slow) or optical (ultrafast) switching

of physical properties [Bal75, Chu02, Mey02, Alm04, Man04, Sol06]. For example,

employing VO2 as the active ingredient in thermochromic windows could benefit the

consumer as the coating becomes more reflective with increasing temperature and

will reduce solar gain on hot days [Mey02]. For VO2 thin films to become practically

useful in this context, the thermochromic switching temperature may be reduced

from 340 K through doping to below room temperature [Man04]. Further proposed

applications are ultrafast control of light in VO2-based photonic crystals [Maz05],

optical switches [Chu02, Sol06], as well as optical storage [Bal75, Ede81]. Efficient

harvesting of this large technological potential demands a thorough understanding of

the microscopic physical processes.

In this chapter the most elementary ingredients of the metal-insulator transi-

tion in VO2 are elucidated. Starting from established physical properties plausible

model descriptions are presented, before most recent theoretical results are discussed.

Novel experimental findings on the photoinduced femtosecond phase transition in

VO2 obtained with time-resolved ultrabroadband THz spectroscopy are presented in

Section 4.2. The broad spectral width of the THz probe covers both phononic and

electronic contributions to the electromagnetic response of a VO2 thin film. Perform-

ing a full two-dimensional experiment with femtosecond time resolution, we succeeded

in disentangling the complex interaction of the crucial degrees of freedom during the

phase transition. The chapter concludes with a detailed qualitative modeling of the

novel experimental results.
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4.1 Physical Properties of VO2 at thermal equilibrium

At room temperature stoichiometric VO2 displays nearly vanishing electric conduc-

tivity due to a finite gap in the electronic bandstructure. When heated above a

critical temperature of 340 K the compound undergoes a phase transition to a metal-

lic state indicated by a jump of several orders of magnitude in conductivity [Lad69]

and an increase in reflectivity [Bar66]. The phase transition is of first order as con-

firmed by the divergence of the heat capacity and the presence of latent heat at the

transition [Ber69, and references therein]. During the phase transition the lattice

evolves from the low-temperature monoclinic (M1) structure to its highly symmetric

rutile (R) structure at high temperatures. The following section gives an overview of

experimentally established physical properties relevant for the metal-insulator tran-

sition and evaluates the two toy models featured in theoretical descriptions of the

phase transition, the Peierls and the Mott mechanism. Finally, the first ab initio

calculation that predicted the insulating gap correctly is briefly reviewed.

4.1.1 Structural phases

The high-temperature rutile phase of VO2 can be visualized in terms of a body-

centered tetragonal lattice formed by the vanadium atoms, with each metal atom

surrounded by an oxygen octahedron. Each octahedron has virtually cubic symme-

try with very little orthorhombic distortions. As depicted in Figure 4.1, octahedra

centered at the corners of the unit cell point in the [110]R direction and are rotated

by 90◦ about the cR ([001]R) axis relative to the octahedra at the center of the cell.

Thus, the rutile phase may alternatively be viewed as two symmetrically equivalent,

interpenetrating sublattices A and B of vanadium chains parallel to the cR axis,

which are interlinked via corners of the oxygen octahedra [Eye02].

On cooling the R phase, pure stoichiometric VO2 enters the insulating monoclinic

M1 phase. However, doping the compound with a minor amount of chromium reveals

a complex phase diagram that contains two additional insulating phases, labeled M2

and T [Figure 4.2(a)]. Although the seminal studies of V1−xCrxO2 performed by

Marezio et al. [Mar72] and Pouget et al. [Pou74] might appear like an unnecessary

complication, they have turned out to be an important milestone in the investigation

of the metal-insulator transition in VO2. The experiments succeeded in isolating

the structural order parameter of the phase change and furthermore attest to the

important role played by strong electronic correlations in the transition mechanism.
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4 Metal-Insulator Transition in VO2

A

B

Figure 4.1: Rutile crystal structure. The vanadium chains parallel to the cR axis form a
body-centered tetragonal lattice. Each vanadium atom (red) is coordinated by six oxygen
ligands (blue). The relative orientation of the oxygen cages renders the vanadium chains
at the corner of the cell (A) and in the center of the cell (B) distinguishable.
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4.1 Physical Properties of VO2 at thermal equilibrium

The M2 phase of V1−xCrxO2 is entered from the R phase in a first order metal-

insulator transition on lowering of the temperature. Further cooling results in a

transition to the triclinic T phase. Finally, for chromium concentrations smaller

than 1.5 % and low temperatures, another first order transition yields the monoclinic

M1 phase that corresponds to the insulating ground state of undoped VO2.

In the M2 phase, the symmetry between the above-defined two sublattices is bro-

ken. As shown in Figure 4.2, the V-atoms of the A sublattice are strongly paired

along the cR axis, while the V-atoms of the B sublattice form zigzag chains along the

same direction but remain equally spaced [Mar72]. The triclinic T phase represents a

transitional state between the M2 and M1 phase. Here, the unpaired chains and the

linear chains of the M2 phase start to dimerize and tilt, respectively. The symmetry

between sublattice A and B is completely restored in the M1 phase. Now both chains

consist of equally tilted and separated V − V pairs. In all three phases, the oxygen

atoms stay essentially at their original positions. The exact mechanism by which im-

purities can stabilize the T and M2 phases is unknown. But the break in symmetry

between sublattices A and B can be achieved in a more direct fashion by applying

uniaxial stress in the [110]R direction of pure VO2 [Pou75] 1. In this case, the oxygen-

oxygen apical distance in the direction of stress is decreased, thereby hindering the

zigzag-type displacement of the V − V pairs on the A sublattice. Consequently, a

depairing on the B sublattice is induced. The intimate connection of dimerization

and tilting of neighboring V chains may be understood based on simple electrostatic

arguments and is in accord with the symmetry considerations of [Paq80] who identi-

fied the combined tilting and pairing motion as the structural order parameter of the

phase transition.

The interpretation of the additional insulating phases puts us at the center of the

controversy about the origin and nature of the phase transition mechanism. Clearly, a

strong structural component represented by the tilting and pairing of the vanadium

atoms is involved. At first sight, the break of symmetry on all vanadium chains,

which results in a doubling of the unit cell for the M1 phase, is sufficient to cause the

opening of a (Peierls) band gap (cf. Section 4.1.2). Yet, the persistence of the gap

for both the phases M2 and T that show only an incomplete pairing, indicates the

existence of further ingredients of the phase transition mechanism. As a matter of

1The critical uniaxial stress for the appearance of the M2 phase is so small that the free energies
of the M1 and M2 phases in pure VO2 must be extremely close at temperatures just below the
metal-insulator transition. Hence, the M2 (and T) phase must be interpreted as alternative phases
of pure VO2 with free energies only slightly higher than that of the stable M1 phase [Pou75].
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Figure 4.2: (a) Phase diagram of V1−xCrxO2 according to [Mar72, Pou74]. The inserts
show schematically the structure of the two V chains A and B in the respective phase. (b)
Side view and (c) top view of the V-sublattice in all three phases R, M2, M1 (cf. legend in
(c)). The dashed grid represents the rutile structure with lattice constants cR and aR. Ions
located above (below) the drawing plane are tagged ’+’ (’-’). In the top view schematic,
three layers of ions are shown. V2 dimers are connected with a blue line.
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4.1 Physical Properties of VO2 at thermal equilibrium

fact, nuclear magnetic resonance measurements give evidence to localization of the

V3d electrons on the equally spaced B chain in the M2 phase [Pou74]. These results

were analyzed in terms of independent linear Heisenberg chains of spin 1
2
. In turn,

the M2 phase was considered to be a Mott-Hubbard insulator. Since the pairing on

one set of V chains electrostatically induces a twist in the other V chains, the M1

phase may be perceived as a superposition of two M2-type lattice distortions and

hence a pure band insulator approach seemingly is no longer justified [Ric94b].

4.1.2 Electronic properties

Working out the exact details of the electronic bandstructure of VO2 poses a true

challenge to modern many-body theories. In particular, the correct prediction of

the insulating gap remains a difficult task because an obvious hierarchy between the

microscopic degrees of freedom (spin, charge, orbital and lattice) that all contribute

to the phase transition is not existent. However, it is possible to get already quite

close to reality – as defined through experiment – by using simple molecular orbital

arguments. Owing to its intuitive approach and its success in correctly predicting the

arrangement of bands for the metallic and insulating phase, J.B. Goodenough’s phe-

nomenological band scheme [Goo60, Goo71] has become the most referred to model

in this context. Therefore it will serve as a starting point for our discussion of the

electronic properties of VO2. Nevertheless it should be kept in mind, that his descrip-

tion of the metal-insulator transition in VO2 is purely based on structural arguments

and does not take into account strong electron-electron correlations in the system at

all. In particular, due to its phenomenological nature, the Goodenough model can

by no means answer the question after the true origin of the phase transition.

The Goodenough picture

Molecular orbital considerations are based on the expectation that bands in the solid

reflect the symmetry properties of the atomic wave functions from which they are

formed. Using such arguments may not lead to a quantitative description of a com-

plex solid-state problem but it is extremely useful for establishing principal qualitative

features.

In metallic VO2, hybridization between the oxygen 2p and Vanadium 3d orbitals

leads to σ- and π-type overlap. This gives rise to bonding and antibonding states,

namely σ and σ∗ as well as π and π∗ [Figure 4.3]. Because the p - d overlap is stronger
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Figure 4.3: (a) Vanadium sub-lattice of the monoclinic (left) and rutile (right) crystal
structure of VO2. The structural data are taken from [McW70]. (b) Schematic bandstruc-
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atoms (red spheres) in the rutile phase surrounded by oxygen (blue spheres) octahedra.
The angular part of the V 3d wavefunctions is depicted in grey.
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4.1 Physical Properties of VO2 at thermal equilibrium

for the σ-type states their bonding-antibonding splitting is accordingly larger, which

yields the energetical order σ − π − π∗ − σ∗ for the molecular orbitals [Eye02]. Each

vanadium atom is left with one valence electron, while ceding four to fill the oxygen

2p shell, which becomes tightly bound. Consequently, the filled σ and π states will

be primarily of O 2p character, whereas the corresponding antibonding bands will be

dominated by the V 3d orbitals [Figure 4.3(b)].

The energetic order of the V 3d orbitals may be established based on electro-

static arguments. The electrons in the d-orbitals and the electrons in the oxygen

ligand repel each other, thereby lifting the degeneracy of the V 3d orbitals. What

determines the way the orbitals split, is the orientation of the ligands with respect

to the metal d orbitals. As illustrated in Figure 4.3(c), an almost perfect octahedral

oxygen cage surrounds the V atom which leads to an increase in energy for the states

with eσ
g symmetry. Due to the small orthorhombic distortions of the crystal field

the remaining degeneracy of the V 3d levels is further reduced and the t2g orbitals

split into two orbitals of eπ
g symmetry and one orbital of a1g symmetry. The strong

overlap of vanadium orbitals of the latter type along the tetragonal cR-axis parallel

to the vanadium chains results in the formation of a narrow band commonly labeled

d||. Since both the conductivity [Ber69] and the orbital occupation [Hav05] show no

sign of anisotropy in the metallic phase, it seems appropriate to place the Fermi level

within all of the three t2g bands, which are still partially overlapping despite being

no longer degenerate.

Upon entering the low-temperature insulating phase, the experimentally observed

structural changes bring the vanadium atoms closer to the apex atom of the hardly

modified oxygen cage, thus increasing the hybridization. Goodenough’s molecular

orbital arguments predict a consequential up-shift of the eπ
g band in energy which was

experimentally determined to 0.5 eV [Shi90]. Now only the d|| band is occupied and

the dimensionality of the electronic system is reduced to effectively one dimension.

Moreover, photoemission experiments report a splitting of the d|| band by 2.5 eV

[Shi90, Koe06] that eventually concludes the formation of a band gap between the

lower part d|| band and the eπ
g band of of 0.6 - 0.7 eV [Lad69] and the transition to

the insulating state. The filled O 2p band shows little change between the metallic

and the insulating phases [Shi90, Koe06].
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4 Metal-Insulator Transition in VO2

Which mechanism drives the phase transition?

The Goodenough picture of the electronic structure of VO2 succeeds in qualitatively

describing the two separate phases. Because it postulates the respective crystal struc-

tures it cannot provide any physical insight into the microscopic mechanism that

drives the phase transition. The cardinal question that needs to be answered is,

which effect causes the splitting of the d|| band, by this means providing enough

energy gain in order to stabilize the insulating phase? Or in other words, what is

the most relevant energy contribution to the total free energy that is minimized by

the structural rearrangement? The results surveyed in Section 4.1.1 are suggestive

of two different scenarios that could give rise to the insulating phase of VO2. Some

theories favor the idea that strong electron-phonon interactions lead to the emergence

of the band gap. Others emphasize more the importance of electron-electron corre-

lations in driving the phase transition. Both approaches may be understood within

two basic models known as the Peierls and Mott-Hubbard model, respectively. For

simplicity, the following discussion of the two elemental models will be restricted to

one-dimensional chains in which each lattice site is occupied by one carrier in the

metallic state (half-filling). This limitation is actually less severe than it appears,

since close to the phase transition the orbital occupation in the metallic state is vir-

tually one dimensional with mainly the d|| band being occupied [Bia81, Hav05] by

one electron per vanadium atom.

Peierls insulator: In a conventional band insulator the influence of the static

periodic ion potential on the motion of independent electrons gives rise to an en-

ergy gap between the lowest conduction band and the highest valence band. This

approach neglects the response of the periodic ion array to the presence of the elec-

trons. In fact, the electron-ion interaction can induce static lattice deformations that

result in a new potential of a different periodicity. At low enough temperature the

elastic energy necessary for the deformation can be overcome by the gain in energy

for the electrons [Pei55]. In our example of the linear chain the atoms will line up

equally spaced, separated by a distance a, without phonon-electron interaction. In-

dependent electrons with Fermi wave number kF can move freely over the chain. The

system is metallic with a half-filled band [see Figure 4.4]. In the presence of finite

electron-ion interactions2, it is energetically favorable to introduce a periodic lattice

distortion with period λ = π
kF

[Gru88]. This small static lattice deformation impli-

2For a one dimensional chain at zero temperature an infinitesimal interaction potential suffices to
stabilize the Peierls insulator [Geb97].
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Figure 4.4: Peierls metal-insulator transition: On the left, the charge distribution |Ψ(r)|2
in real space is displayed. In the metallic phase the V-atoms (red) line up in 1D chains
and the charge distribution is homogeneous, corresponding to a half-filled band in k-space.
A periodic lattice distortion breaks the symmetry and two non-degenerate charge density
waves emerge together with a consequential opening of a band gap. The dashed lines mark
the Fermi wave number kF .

cates a periodic potential for the electrons, which opens a gap at ±kF and lowers

the electronic energy. The gain in energy exceeds the cost of pairing of the atoms

and a doubling of the unit cell. The opening of the gap may be explained in a more

intuitive fashion by considering the charge distribution in real space. The lattice

distortion with a spatial period of 2a leads to a position-dependent electron density

with the same period, the so called charge density wave. Depending on whether the

density is high or low at the position of the newly formed ion pairs, the energy of the

corresponding electronic state is lowered or raised [lower part of Figure 4.4] and a

gap is formed. With increasing temperature the number of carriers excited into the

conduction band grows. Above a critical temperature the free electrons completely

screen the electron-ion interaction and the band gap collapses.

It looks like the Peierls transition could comprise all changes in the band structure

that are required for an opening of the band gap in VO2: (i) The raising of the eπ
g

bands above the Fermi energy induced by the increased hybridization between oxygen

and vanadium orbitals due to the periodic tilting of the vanadium-atoms. (ii) As a

consequence, the d|| band is left half-filled, and splits into the energetically disjoint

charge density wave states.

Yet, since the Peierls model completely neglects electron-electron correlations,

it fails in explaining a number of important experimental results: The existence of
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4 Metal-Insulator Transition in VO2

local moments in the M2 phase [Pou74, Ric94b, and Section 4.1.1] as well as the

large value of the magnetic susceptibility above the phase transition temperature

[Zyl75] are only explicable if strong Coulomb interactions are present. Furthermore,

strong correlations are indispensable for understanding the redshift of the plasmon

energy that is observed as the temperature approaches its critical value from above

[Bia81]. Hence, a pure crystal distortion is ruled out as the driving mechanism of the

metal-insulator transition.

The importance of electronic correlations is underscored by recent polarization

dependent X-ray absorption measurements [Hav05]. These experiments revealed a

redistribution of orbital occupation from almost isotropic at high temperatures to

almost entirely one-dimensional, with most electrons being located in the d|| band,

just above the transition. This very strong change leads to a dramatic modification

of the intersite exchange interaction. In such a highly correlated regime, electrons

may become completely localized by a short-range repulsion energy, and the system

switches to an insulating state [Mot90], a scenario that is within the scope of the

Hubbard model:

Mott-Hubbard insulator: In case only electronic degrees of freedom are im-

portant and if there is only a single band at the Fermi energy, the Hubbard model is

suited for capturing the physics of both insulating and metallic systems and thus qual-

ifies as an alternative description of the metal-insulator transition in VO2. Again,

we only discuss a one-dimensional chain of atoms for the case of half-filling. The

Hubbard Hamiltonian is the most basic theoretical approach to correlated electron

systems [Kot04]. It reads:

HHub = −t
∑
<i,j>

∑
σ

c†i,σcj,σ + U
∑

i

ni↑ni↓, (4.1)

where c†i,σ/cj,σ denotes the creation/annihilation operator for an electron with spin

σ at site i, and niσ describes the respective electron density. The Hubbard model

tries to capture the essential physics of the many-body problem by only considering

the interactions between electrons if they meet on the same lattice site. The kinetic

energy and the interaction energy are characterized by the nearest-neighbor hopping

term t and the local Coulomb repulsion U , respectively. These two terms compete

because the kinetic part favors the electrons being as mobile as possible, while the

interaction energy is minimal when electrons stay apart from each other, localized on

different atomic sites. For vanishing on-site interaction U , electrons can move freely
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lower Hubbard Band

upper Hubbard Band

t

Figure 4.5: Schematic representation of the half-filled 1D electronic chain. The ground
state is characterized by a single localized electron per lattice site. Double occupation costs
the energy U that must be overcome by the kinetic energy represented through the hopping
term t. For U > 4t the lower and the upper Hubbard bands are completely separated; the
system is a Mott insulator.

along the one-dimensional chain, they are fully delocalized. The system is a metal

having a single half-filled band with a bandwidth of W = 4t [Ash76, AF02]. With

increasing U the electrons tend to localize on each site to minimize the Coulomb

repulsion energy. Transferring an electron to another site already occupied by one

electron costs the energy U and the Pauli principle requires them to have opposite spin

[Figure 4.5]. If U > W there is a finite gap between the half-filled ground state with

singly occupied sites (lower Hubbard band) and the spectrum of charge excitations

for an extra electron added to the ground state (upper Hubbard band). These bands

do not represent single-electron states; the just described metal-insulator transition

is at heart a consequence of electron correlations and not merely the result of a

simple band crossing [Geb97]. Evidently, the Mott-Hubbard approach lends itself to

modeling the phase transition in the M2 phase of chromium doped VO2. The tilting

of the V-ions on the B sublattice lifts the degeneracy of the eπ
g bands with the d||

band. As a result, electrons occupy only the d|| band that has narrowed owing to

the lack of mixing with eπ
g states. The energetic confinement and the absence of

screening via eπ
g electrons strengthens inter-electronic correlations [Zyl75]. Since the

pairing is suppressed on the B sublattice, the exchange interaction between spins

on neighboring, equidistant V-sites leads to an antiferromagnetic arrangement of the

spins (Heisenberg spin chain).

The insulating M1 phase of pure, unperturbed VO2, however, features spin-

compensated V2 dimers in which the electrons become localized on both sublattices.

Instead of resorting to the conventional Mott insulator picture, such a scenario would

be grasped more naturally by evaluating the electronic states of individual dimers.
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Along these lines, the M1 phase may be considered as a molecular solid, the building

blocks of which are V-V clusters [Som78, Bie05]. The band structure of the solid

emerges from a combination of the molecular orbitals. In doing so, the only effect of

inter-pair coupling is supposedly to broaden out the levels of the discrete molecules.

The wave function of the molecule may be constructed from a linear combination of

atomic orbitals (LCAO)

ΨLCAO =
1√
4

(
c†1↑ + c†2↑

) (
c†1↓ + c†2↓

)
. (4.2)

However, this wave function allows for the case that two electrons reside on the same

atom; an energetically unfavorable constellation if inter-electronic correlations are

present. A maximally correlated state of the electrons (U >> t) is expressed by the

diamagnetic Heitler-London (HL) wave function

ΨHL =
1√
2

[
c†1↑c

†
2↓ + c†1↓c

†
2↑

]
, (4.3)

that neglects, a priori, ionic configurations of the molecule. Comparison of the ground

state energies

〈ΨLCAO |HHub|ΨLCAO〉 − 〈ΨHL |HHub|ΨHL〉 =
U

2
− t, (4.4)

reveals a gain in energy for the HL ground state. Thus, the effect of correlation

is to lower the energy of the ground state level and introduce an additional an-

tibonding Heitler-London level at a higher energy [Som78]. Using such a simple

hydrogen-molecule type of model in which correlation effects are explicitly included,

an approximate value for the d|| band splitting is obtained that is pleasingly close to

the experimental result of 2.5− 2.8 eV [Koe06]. On the contrary, a pure one-electron

approximation that does not account for correlations, underestimates the splitting

by more than a factor of two [Bie05, Koe06].

From the above discussion it is evident that any first principles theory attempt-

ing to account for the major features of the transition, namely, crystal symmetry

breaking, gap opening, orbital redistribution and magnetic properties must eventu-

ally incorporate both lattice-electron and electron-electron correlations. A recent

theoretical study by Biermann et al. [Bie05] complies with these prerequisites and

succeeds, not at least for this reason, in correctly predicting the insulating band gap.
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When Mott meets Peierls: Cluster Dynamical Mean Field Theory

The approach to the VO2 problem taken in [Bie05] is based on cluster dynamical

mean field theory (C-DMFT) – a state-of-the-art technique for the first-principle

calculation of electronic properties of solids. In the following, the foundations of

C-DMFT will be introduced and it will be discussed how the technique compares to

more conventional ab initio methods.

In any attempt of accurately calculating material properties one is confronted

with the problem of solving the many-body Hamiltonian

H =
∑

i

~2∆i

2me︸ ︷︷ ︸
kinetic energy

+
∑

i

∑
l

−e2

4πε0

Zl

|ri −Rl|︸ ︷︷ ︸
lattice potential

+
1

2

∑
i6=j

e2

4πε0

1

|ri − rj|︸ ︷︷ ︸
Coulomb interaction

(4.5)

which consists of three terms, the kinetic energy, the lattice potential, and the

Coulomb interaction between electrons [Figure 4.6]. Here, ri and Rl denote the

position of electron i and ion l with charge e and Zl e, respectively. ∆i is the Laplace

operator of the kinetic energy, ε0 and ~ are the vacuum dielectric and Planck con-

stant. Despite knowing the exact Hamiltonian, the problem is impossible to solve,

even numerically, if more than very few electrons are involved. This is due to the

last term, the Coulomb interaction, which correlates the movement of every electron

i with every other electron j. At this point, one is left with essentially two options:

Either, the full many-body Hamiltonian is dramatically simplified to a model Hamil-

tonian (like the Hubbard Hamiltonian introduced previously), hoping that at least a

qualitative understanding including correlation effects is obtained. Or, equally dra-

matic approximations, such as the local density approximation (LDA), are employed

in dealing with the many-body Hamiltonian.

Even if correlations are neglected, the sheer number of involved particles prohibits

a numerical, let alone an analytical solution of this many-body problem. The so called

density functional theory (DFT) deals with this challenge by replacing the many-body

electronic wavefunction with the local electronic charge density ρ(r) as the basic

quantity [Hoh64, Koh65]. By means of this transformation the many-body problem

of interacting quantum mechanical particles is reduced to a tractable problem of non-

interacting particles moving in an effective, static potential (see [Jon89] for a review).
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=> correlations
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Figure 4.6: The many-body Hamiltonian (4.5) schematically visualized [Vol05]: Black
arrows represent the kinetic energy and the background ionic potential is shown in green.
The Coulomb interaction (red) correlates the movements of the electrons. On the right, the
dramatic simplification achieved by LDA is depicted. Each electron moves independently
within a time-averaged local density of the other electrons.

The latter is to be determined self-consistently by minimizing the total energy of the

full many-body problem which is expressed as a functional of ρ(r)

E[ρ(r)] = T [ρ(r)] +

∫
Vext(r)ρ(r) d3r +

1

2

∫
ρ(r)ρ(r′)

|r− r′|
d3r d3r′ + Exc[ρ(r)] (4.6)

Three parts contribute to the energy functional: The kinetic energy of a noninteract-

ing system T [ρ(r)], the external potential energy of the crystal, Vext, plus the Hartree

contribution to the Coulomb interaction between the charges, and finally, the ex-

change and correlation term Exc that describes higher order interactions. Hence, all

difficulties of the many-body problem have been moved to the exchange term. Since

the exact functionals for exchange and correlation are not known, except for the free

electron gas, the major difficulty with DFT lies in finding a suitable approximation

for Exc. In this context, LDA turned out to be extremely successful, despite it being

a serious and rather crude approximation to the Coulomb interaction. Basically, it

is assumed that an electron at ri sees a time-averaged density of the other electrons

ρ(ri) and the functional Exc[ρ(r)] depends only on the density at the coordinate where

the functional is evaluated [Figure 4.6]. Starting merely from the atomic positions

and charges of the atoms, the combination of DFT + LDA yields excellent results for

materials with weakly correlated, itinerant electrons. But because it is not capable

of capturing strong electron correlations, it fails in the case of VO2 in predicting the

opening of the insulating gap in the monoclinic phase [Wen94, Eye02].
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Figure 4.7: C-DMFT includes explicitly on-site intradimer correlations. The dimer clus-
ters (orange spheres) are embedded in a bath of non-interacting electrons. The population
of dimer states with electrons from the bath depends dynamically on the quantum me-
chanical probability for the hopping on and of a single site. These quantum fluctuations
represent the coupling of the V-V molecules.

If the insulating phase arises solely from the complete localization of electrons due

to strong on-site Coulomb interaction, the so-called LDA+U method that explicitly

includes strong correlations should provide a better approximation to Exc than the

plain LDA. Indeed, exploiting this method, one obtains an insulating gap. How-

ever, the gap persists even in the R phase [Lie05] and incorrectly predicts insulating

behavior, as well. This dilemma reflects the competition between the Peierls and

Mott mechanisms discussed above; or rather, the fact that the electrons in VO2 may

neither be classified as fully itinerant nor as fully localized.

It is exactly this regime for which the dynamical mean field theory (DMFT) has

been developed [Geo96]. DMFT replaces the full lattice of atoms and electrons with

a single impurity atom imagined to exist in a bath of electrons. Local quantum fluc-

tuations missed in static mean-field treatments, such as DFT, are accounted for in

DMFT by the dynamic interaction of atomic impurity and the bath [Figure 4.7]. De-

pending on the quantum mechanical probability for these fluctuations, i.e. the ability

of electrons to hop in and out of a given atomic site, the electron is almost entirely

localized or can move throughout the crystal. DMFT thus provides a simple local

picture for the competition between itinerant and localized tendencies. Yet, standard

DMFT still yields unsatisfactorily metallic solutions for both phases in VO2 [Lie05].

Nevertheless, it turns out, that if a V2 dimer is used as the key unit instead of a single

atom [Bie05], the electronic structure computed by such a cluster extension of DMFT

(C-DMFT) is in very good agreement with experimental results [Koe06]. These re-

sults underscore the importance of intradimer correlations which are not correctly
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4 Metal-Insulator Transition in VO2

taken into account in standard DMFT. In fact, detailed analysis of the orbital occu-

pation and intradimer hopping in the insulating phase reveals that the ground state

of each dimer is close to the Heitler-London limit described in equation 4.3 [Bie05].

Both the experimental results from [Hav05, Koe06] and the successful theoretical

modeling by Biermann et al. suggest that VO2 is not a conventional Mott insula-

tor, but that the formation of dynamical V-V singlet pairs due to strong Coulomb

correlations is necessary to trigger the opening of a Peierls gap [Bie05].

In the preceding section, the current status of research concerned with the ther-

mally driven phase transition in VO2 has been outlined. Despite countless efforts,

both experimentally and theoretically, our understanding of the underlying micro-

scopic mechanism continues to be scarce at best. In order to gain deeper insight into

the interaction and the relative importance of the electronic and phononic correla-

tions, innovative experiments are indispensable. A particularly promising approach

is to try and separate the entangled microscopic degrees of freedom in time as the

system dynamically crosses over from one phase to the other. Such an approach

requires the capability of switching the system state on ultrafast timescales. As will

be demonstrated in the remainder of this chapter, the transient pathways of the

photoinduced insulator-metal transition can be followed in real-time by means of 2D

ultrabroadband THz spectroscopy.

4.2 Ultrabroadband THz studies of the

metal-insulator transition in VO2

The delicate balance of entangled interactions of multiple degrees of freedom drives

transition metal oxides, such as VO2, into a critical regime that is ruled by phase

competition and that reacts exceedingly sensitive to external stimuli. When ultrafast

photoexcitation favors one of the competing phases via the interaction of a photoex-

cited state with lattice, spin, orbital, or charge degrees of freedom, a dramatic phase

conversion may occur [Tok06]. These phenomena are highly cooperative; that is, the

structural relaxation processes of the electronic excited states after the absorption of

photons are not independent, as in conventional dilute excitonic or photo-chemical

absorptions, but entail a photoinduced phase transformation toward a new lattice

structure and electronic order [Yon06]. This opens the way for a light pulse to in-

duce symmetry breaking from a stable phase and so to establish a new self-organized

long-range order. In this context, ultrafast time-resolved techniques are emerging as
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a tool to study phase transitions in complex materials. The additionally introduced

parameter – time – renders it possible to unravel contributing degrees of freedom

and further our understanding of these sophisticated physical processes. For exam-

ple, since the early time dynamics of photoinduced phase transitions are regulated by

the frequency of elementary excitations that are most relevant to the occurrence of

ordered phases [Tok06], time-resolved studies could isolate the primary process that

limits the (temporal) onset of the phase transition and thus establish the sought-

after hierarchy between multiple degrees of freedom [cf. Section 4.1.2]. Moreover, it

is conceivable that by initiating non-equilibrium conditions a driving mechanism oth-

erwise hidden beneath thermally driven processes is uncovered [Geb97, Per03]. These

expectations evidently may only be met if the time-resolved technique of choice is

sensitive to the pivotal degree of freedom.

The possibility of inducing phase transition phenomena by means of ultra-

fast photoexcitation has been demonstrated in a number of complex materi-

als [Col03, Iwa03, Cho05, Per06], including VO2 [Bec94, Cav01, Cav05]. Femtosecond

optical reflectivity data of VO2 have suggested an intrinsic time of 75 fs for photo-

switching hinting at a potential structural bottleneck [Cav04]. Yet, the microscopic

dynamics remains elusive for visible light pulses. In contrast, THz spectroscopy cou-

ples directly to the most intuitive order parameter of the insulator-metal transition:

the conductivity. The time resolution of conventional THz technology, however, has

not hitherto been sufficient to track the transient pathways of lattice and electrons

during ultrafast switching. In this section it will be shown, how ultrabroadband THz

spectroscopy overcomes these limitations of previous time-resolved studies and allows

us, for the first time, to simultaneously monitor both the femtosecond dynamics of

the structural and the electronic order parameter involved in the phase transition.

To begin with, the results for the equilibrium complex conductivity σ(ω) =

σ1(ω) + iσ2(ω) of the compound are presented as a function of temperature. To

this end, an ultrabroadband THz pulse was generated via optical rectification of in-

tense 12-fs light pulses (center photon energy: 1.55 eV, energy per pulse: 0.2 µJ,

repetition rate: 0.8 MHz) in a GaSe crystal (length: 90 µm). The electric-field

transients propagated through a thin film of polycrystalline VO2 grown by pulsed

laser deposition [Suh04] on a CVD diamond window for optimal thermal conductiv-

ity and optical transparency. The stoichiometry and phase transition were verified

by Rutherford backscattering and infrared optical transmission, respectively. The

sample was located inside a cryostat allowing for temperature-stable measurements

in the range between 4 and 400 K. The amplitude and the phase of the transmitted
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4 Metal-Insulator Transition in VO2

pulse were detected by ultrabroadband phase-matched electro-optic sampling in a

50-µm-thin GaSe sensor.

In a second step, the thin film was photo-excited by part of the 12-fs near in-

frared pulses. The spectrally integrated response of the THz conductivity to this

external stimulation revealed a temperature dependent excitation fluence threshold,

above which a femtosecond onset of conductivity was observed due to a transition to

the metallic state.

Finally, the findings of a full two-dimensional near infrared pump multi-THz

probe experiment will be discussed. By virtue of the direct access to the pump-

induced changes ∆σ(ω, τ) as a function of the femtosecond delay τ between excitation

of the film and electro-optic detection of its response, we succeeded in disentangling

the roles of phononic and electronic degrees of freedom, for the first time. This

experimental separation allows us to formulate a conclusive, qualitative model that

captures the respective contributions of both degrees of freedom to the insulator-to-

metal transition.

4.2.1 Multi-THz and optical response of equilibrium phases

Hysteretic behavior

If the sample temperature is varied along a loop around the phase transition region

the transmission of the THz peak amplitude shows a pronounced hysteresis [Fig-

ure 4.8]. The critical temperature Tc for the insulator-to-metal transition may be

defined as the one corresponding to the peak in the curve obtained by plotting the

derivative of the transmittance t with respect to the inverse temperature T versus

T [Sah02]. According to this definition, the phase transition occurs at 339.5 ± 1 K

on heating and at 333 ± 1 K on cooling. The resulting narrow hysteresis width of

6.5 K attests to the high quality of the thin film sample [Suh04]. The origin of the

hysteresis is twofold. On the one hand it arises from the coexistence of the insu-

lating and metallic phases close to Tc that characterizes a first order transition, as

shown in the insert of Figure 4.8: A first order transition takes place when the free

energy of the metallic state falls below the local minimum of the free energy for

the insulating state. However, the local minimum continues to exist right up to the

temperature that marks the completion of the transition. This local minimum leads

to a metastable state when the material in the semiconducting state is heated, and

shows up experimentally as a hysteresis [Adl67]. In VO2 single crystals, this contri-
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Figure 4.8: Temperature dependence of the multi-THz transmission tnorm(T ) through a
VO2 thin film normalized to t(320 K) on heating (red guide to the eye) and on cooling (blue
guide to the eye). The insert depicts the free energy as a function of the order parameter of
the first order phase transition. The absence of a distinct global minimum at temperatures
close to Tc is responsible for the phase competition which leads to the hysteretic behavior.

bution is the major if not exclusive cause for the hysteresis, resulting in extremely

narrow hysteresis widths of less than 1 K. But in polycrystalline VO2 thin films,

crystal orientation, grain size, and porosity all influence the temperature dependence

of the hysteresis [Sah02, Suh04], giving rise to widths between 5 and 15 K. All data

presented in this chapter were acquired on the heating part of the hysteresis cycle.

Linear electromagnetic response in the mid infrared

By comparing the THz electric-field transient that has been transmitted through the

thin-film sample (thickness 200 µm) including the substrate, with a transient that

only passed through the substrate, the complex response function of VO2 may be

extracted by means of straightforward application of Fresnel’s relations [Duv96]. In

Figure 4.9 the real part σ1(ω) of the complex conductivity σ(ω) = σ1(ω)+ iσ2(ω) and

the imaginary part of the negative inverse of the dielectric function Im(−1/ε), the

so-called electron loss-function, are presented for a selection of sample temperatures

below and above Tc.

Although the electronic conductivity of insulating VO2 is expected to vanish,

σ1(ω) at T = 295 K exhibits pronounced maxima at ~ω = 50, 62, and 74 meV

(ω/2π = 13, 15, and 18 THz). Since the real part of the conductivity is di-
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Figure 4.9: Linear multi-THz response of VO2 recorded at four selected lattice temper-
atures TL = 295, 337, 341, and 363 K. (a) Below Tc (blue curves) the real part of the
conductivity σ1 is dominated by TO resonances of the monoclinic lattice at ~ω = 50, 62,
and 74 meV. Above Tc (red curves) the phonon modes are effectively screened by mobile
carriers. (b) The same holds for the LO lattice modes that show as peaks in the electronic
energy loss function −Im(1/ε) at ~ω = 45, 54, 65, and 79 meV.

Figure 4.10: Comparison of linear electromagnetic response determined with multi-THz
and FTIR spectroscopy, respectively.

74



4.2 Ultrabroadband THz studies of the metal-insulator transition

rectly proportional to the imaginary part of the dielectric function times frequency

(σ1 ∝ ε2 ω/2π), these peaks are identified with transversal optical (TO) phonon res-

onances of the monoclinic lattice. Longitudinal optical (LO) phonons, on the other

hand, appear as peaks in the electron loss function [Pal97]. From Figure 4.9(b) we

extract four longitudinal resonances at T = 295 K at ~ω = 45, 54, 65, and 79 meV

(ω/2π = 11, 13, 16, and 19 THz). We assign the observed lattice resonances to

the motions of the light oxygen cages surrounding the V-atoms. Vanadium normal

modes, in contrast, are known to oscillate in the low THz regime, between 2 and

6 THz [Ger85, Cav04]. Being three times lighter, the oxygen atoms are expected to

vibrate at frequencies lying at the high-energy end of the phonon spectrum; a conclu-

sion additionally supported by simulation of particular oxygen eigenmodes [Sur03]3.

The spectral region above 85 meV is free of infrared-active resonances and thus dis-

plays a low conductivity in the M1 phase. This high frequency limit of the phonon

spectrum is confirmed by Fourier transform infrared (FTIR) spectroscopy [Bar66] as

well as Raman scattering [Sch02], both conducted with VO2 single crystal samples

and by FTIR measurements of a thin-film sample [Suh06]. As displayed in Fig-

ure 4.10, the measured linear multi-THz response is in excellent agreement with the

latter data, both yielding nearly identical spectral positions, widths, and weights for

the phonon resonances in the M1 phase. Hence, the exceptionally broad width of

both the TO and LO modes [Figure 4.9], which diverges from the results of Barker et

al. and Schilbe, is not at all due to the inferior frequency resolution of our ultrafast

time-domain technique but is rather intrinsic to polycrystalline VO2: Firstly, the

thin-film samples naturally possess only a reduced long-range order which causes a

broadening of the observed lattice modes. Secondly, the experiments performed with

polycrystalline thin films always average over two crystal orientations. Indeed, if we

take the mean value of the two fully parameterized response functions for the distin-

guishable crystal orientations from [Bar66] sampled at our experimental frequency

resolution, the resulting spectra nicely match with our data (not shown).

Increasing the sample temperature to just below the critical temperature Tc does

not significantly alter the spectral position of neither the TO nor the LO modes, in

accordance with the observations of [Sri71, Sch02]. However, immediately after the

transition point is crossed, the now large number of mobile charge carriers boosts the

conductivity and, in addition, leads to an effective screening of the phonons. Conse-

quently, external electromagnetic fields can no longer couple to the lattice vibrations.

3Using a LDA+U approach, Surrey calculated the potential for both the A1g and A2u oxygen modes
and obtained resonances at 87.5 meV and 38.9 meV, respectively [Sur03].
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4 Metal-Insulator Transition in VO2

Notably, in the metallic phase, the conductivity displays non-Drude behavior and in-

creases monotonously with temperature. This spectral shape and the large value of

σ1 are consistent with mid-infrared data in [Cho96b]. The peculiar frequency depen-

dence arises, just like the hysteresis, from the co-existence of insulating and metallic

domains intrinsic to first-order transitions. The size of these domains has been de-

termined using scanning tunneling spectroscopy to be in the range of 50 nm, much

smaller than the typical dimensions of a crystallite grain of VO2 thin films [Cha05].

Indeed, their existence is not unique to thin film samples, but they are also present

in single crystals [Pet02]. Hence, in a DC resistivity measurement, a sample appears

metallic as soon as a percolation path connecting metallic domains is formed. The

interpretation of optical conductivity spectra, requires the introduction of an effective

dielectric function

εeff = (1− fR)× εM1 + fR × εR, (4.7)

in which the filling factor fR describes the rutile, metallic volume fraction that con-

trols the relative contributions of the co-existing phases to εeff [Cho96b, Jep06]. εM1

and εR denote the dielectric function of the monoclinic and rutile phase, respectively.

Absorption at optical frequencies

So far we were only concerned with the low-energy, i.e. THz, response of the equilib-

rium phases of VO2. At last, we will briefly discuss electronic excitations occurring

at optical frequencies ranging from ~ω = 0.3 to 4.5 eV (wavelengths λ = 275 nm

to 4.1 µm). To this end, the transmittance spectrum of a 100-nm-thin VO2 film

on a SiO2 substrate was determined with a photospectrometer (Varian Cary 5). In

Figure 4.11(a), markers i, ii, and iii point out three distinctive features that relate

to electronic excitations. According to bandstructure calculations of [Eye02] they

may be assigned to the transitions indicated in the density of states spectra by black

arrows [Figure 4.11(b),(c)]:

(i) Photons around 0.6 eV are energetic enough to promote carriers from the lower

part of the split d|| band across the electronic bandgap and thus populate the

eπ
g band with yz-symmetry4.

(ii) The plateau between 0.8 and 1.6 eV derives from the broad range of possible

transitions between bands with t2g symmetry below and above the Fermi energy.

Above 1.6 eV the transmittance increases until it reaches a local maximum at

4See Section 4.1 for a survey of band structure and orbital symmetries
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Figure 4.11: (a) Transmit-
tance of insulating 100-nm-thin
VO2 film on glass substrate at
T = 295 K. (b) Density of states
(DOS) spectra of the V 3d lev-
els with t2g symmetry and O 2p
levels. (c) Blow-up of t2g DOS.
The arrows labeled i, ii, and iii
in (a) correspond to the respec-
tive transitions indicated in the
density of states plots (b) and
(c). The blue shaded areas in
(c) emphasize states affected by
interband excitation at 1.55 eV
(800 nm). The DOS curves are
taken from [Eye02].

2 eV. This peak is likely associated with the lack of appropriately spaced initial

and final electronic states in the DOS spectrum.

(iii) Finally, energies in excess of 2 eV are sufficient to start depleting the O2p

valence band.

The absorption coefficient α at the pump wavelength (λ = 800 nm) may be estimated

from the measured transmittance if the reflectance at both the front side of the

thin film and the backside of the substrate are accounted for. With the refractive

indices of VO2 [nVO2(800 nm) = 2.9] and SiO2 [nSiO2(800 nm) = 1.45] the absorbance

A ≈ 40% is obtained. For a film of a thickness of 100 nm, this value corresponds to

an absorption coefficient of α = 9× 104 cm−1.
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Figure 4.12: Comparison of the non-
equilibrium THz response of a 230-nm-thin
InP film (red curves) with that of an insu-
lating VO2 film of 120 nm thickness after in-
terband excitation (fluence Φ = 14 mJ/cm2).
Curves in the insert are normalized to empha-
size the distinctive dynamics.
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4.2.2 Effects of photodoping

This section will be concerned with the nonequilibrium response of VO2 after inter-

band excitation of electrons by near-infrared light pulses as short as 12-fs. Spectrally

integrated optical pump – multi-THz probe measurements provide a first classifica-

tion of the effects of photodoping as a function of pump fluence, sample temperature

and film thickness.

According to the previous section, photons at 1.55 eV promote electrons from the

split off d|| band below EF to all three degenerate t2g bands above EF [see Figure 4.11].

The created free electron-hole pairs, in turn, give rise to a finite photoconductivity.

As displayed in Figure 4.12 the initial increase of conductivity peaks after a resolution

limited rise time of 60 fs, marking the completion of electron-hole pair generation.

The peculiarity of insulating VO2 becomes evident from the comparison of its non-

equilibrium response with that of a polar semiconductor like InP [Figure 4.12]. In the

latter compound, a dense electron-hole plasma is generated on interband excitation

[see Chapter 3]. The electrons are energetically well separated from the holes by the

rigid band gap and the pairs only recombine after several 10 ps [Hub05b]. On the

contrary, the pump-induced conductivity in VO2 decays promptly within 400 fs. This

distinct dynamics points to a fundamental difference in the nature of the band gap

of the two materials and is suggestive of an effective localization mechanism acting

in VO2.
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Photoinduced phasetransition

Figure 4.13(a) depicts the ultrafast dynamics of the spectrally integrated conductiv-

ity change ∆σ1(τ), for a series of pump fluences recorded at a sample temperature of

T = 295 K. At low excitation densities, a sharp onset in the pump-induced signal is

followed by a non-exponential sub-ps decay. At higher fluences an increasing back-

ground of long-lived conductivity appears that is constant within a time window of

10 ps. The density of directly excited photocarriers contributing to the initial con-

ductivity depends linearly on the fluence. Thus, we expect the quasi-instantaneous

signal to scale linearly with Φ, as well. Extracting the values of the pump-induced

conductivity at τ = 60 fs confirms this expectation, as shown in Figure 4.13(b).

In contrast, the corresponding value at τ = 1 ps vanishes for small fluences while it

grows superlinearly above a threshold Φc(295 K) = 4.6 mJ/cm2 that is determined by

extrapolating the nonlinear part of the latter curve to zero [inset of Figure 4.13(b)].

The threshold in excitation density separates two regimes: below Φc the directly

photo-generated electron-hole pairs populate delocalized states and thus give rise to

the initial photoconductivity. However, the lifetime of these states is limited by a

very effective trapping or relaxation mechanism that results in the rapid decay of the

quasi-instantaneous signal. Increasing the excitation density above the threshold of

only one absorbed photon per 100 unit cells triggers a cooperative transition from the

insulating to a metallic state that renders the relaxation pathway inoperative. The

consequential persistence of the photoconductivity indicates that the phase transition

is completed within 100 fs. In fact, this experiment marks the first direct confirma-

tion of a femtosecond onset of conductivity due to a transition to the metallic phase.

To further explore this behavior, the influence of the lattice temperature on the

photoinduced transition was studied in a second series of measurements in which

the fluence was kept constant. Figure 4.14 summarizes the results for two fluences,

below (Φ = 4 mJ/cm2) and above (Φ = 14 mJ/cm2) the critical fluence Φc(295 K)

determined at room temperature, respectively. For less than critical excitation [Fig-

ure 4.14(a)], heating the sample to 333 K leaves the photoinduced conductivity more

long-lived than at room temperature. On the other hand, the cooperative transition

may be suppressed when the lattice is cooled to cryogenic temperatures although the

excitation density exceeds its critical room-temperature value [Figure 4.14(b)]. Thus,

it appears that within certain limits temperature and fluence are exchangeable and

that the fluence threshold should depend on lattice temperature. Indeed, if we deter-

mine the fluence threshold for a series of temperatures we find a significant reduction
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Figure 4.13: (a) Spectrally integrated transient change of the THz conductivity after
excitation by a 12-fs near-infrared laser pulse at various pump fluences (T = 295) K. (b)
Fluence dependence of ∆σ1(τ) at τ = 60 fs (blue crosses) and 1 ps (red triangles: 295 K,
orange circles: 325 K). The latter curves extrapolate to a critical fluence of Φc(295 K) =
4.6 mJ/cm2 and Φc(320 K) = 3.5 mJ/cm2, respectively (Inset).

of its value as the critical temperature is approached from below [Figures 4.13 and

Figure 4.14(c)].

This reduction of the number of photons needed to drive the system toward

its metallic state is suggestive of microscopic fluctuations within the parent insulat-

ing phase that enhance the photo-susceptibility. In particular, localized fluctuations

of the V-V dimers which modify electron-electron correlations could be responsible

for the temperature dependence of the fluence threshold. This assumption is fur-

ther supported by the experimental results presented in Section 4.2.3. Closer to the

transition temperature, i.e. within the hysteresis loop [Fig. 4.8], the formation of

metallic precursor domains is found to contribute additionally to the softening of the

insulator-metal phase transition [Hil06].

The non-exponential decay of the pump-induced signal is a first substantial sig-

nature of the participation of lattice modes in the phase transition. Figure 4.15 shows

how subtraction of a pure exponential decay from the signal in the lowest panel of

Figure 4.14(b) reveals a coherent cosine-like oscillation with a frequency of 6 THz.

Phonons of this frequency are critical to the metal-insulator transition in VO2. Ul-

trafast reflectivity experiments have observed impulsive excitation of lattice modes

of Ag symmetry at 6 THz [Cav04] that describe stretching and tilting of vanadium

dimers and map the M1 onto the R lattice [Paq80]. Apparently, at early times after

completion of the excitation, i.e. τ < 400 fs, there is an additional contribution not
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Figure 4.14: (a), (b) Spectrally integrated conductivity response to interband excitation
for various lattice temperatures and excitation densities (a) smaller and (b) larger than the
threshold value Φc at room temperature. (c) Dependence of threshold fluence Φc on lattice
temperature TL. The blue line is a guide to the eye. The dashed line marks the phase
transition temperature Tc.

well described by our simple decomposition. Unfortunately, the spectrally integrated

data do neither unravel the multiple participating degrees of freedom nor do they

reveal the microscopic origin of the impulsively excited 6 THz oscillation.

It should be noted, that coherent oscillations at a constant frequency of 6 THz

are observed at all lattice temperatures below Tc. However, if the fluence is large

enough for achieving complete switching [e.g. top panel Figure 4.14(b)], only the

first cycle is resolvable.

Pumping the metallic phase reduces the conductivity and the sign of the spec-

trally integrated response is inverted [top panel of Figure 4.14(a)]. For delay times

τ > 100 fs the observed behavior is typical of a hot metal. The pump energy leads to

an increase of the electron temperature and thus the electron scattering rate grows.

Already in the insulating state, metallic domains form when the sample is heated [cf.

Section 4.2.1]. Hence, the signal in the intermediate region between the insulating

and metallic phase, that is in the temperature range where hysteretic behavior is ob-

served, consists of a superposition of the response at TL = 295 K and TL = 345 K. It is

thereby possible to estimate the metallic volume fraction fR at TL = 335, and 338 K

from weighted sums of the two limiting cases. We obtain fR(335 K) = 40 % and

fR(338 K) = 70 %, in agreement with the results of Hilton et al. [Hil06]. Since our

main focus is to resolve the transient pathways that connect the two distinct phases,

it is highly favorable to operate at temperatures far below Tc [cf. Section 4.2.3].
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Figure 4.15: Decomposition of non-
exponential decay. Shown is again
the curve from Figure 4.14(b) at 4 K
(black circles). Subtracting a pure ex-
ponential (red line) reveals a coherent
oscillation (blue circles) to which a co-
sine with a frequency of ω/2π = 6 THz
(green line) was fitted.
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Isn’t it just Joule heating?

An important question to be asked is, in how far the sub-ps photoinduced switching

differs – if at all – from laser heating of the film giving rise to a thermal phase

transition. Clearly, the switching timescale of 100 fs would be untypically short for a

thermally driven process. As a matter of fact, both coherent (optical switching) and

incoherent (thermal heating) mechanisms are observed, but they are well separated in

time, as the data in Figure 4.16 show. Let us first consider only the pump response

of a 120-nm-thick film. At a preset lattice temperature of 4 K the photo-induced

conductivity decays completely within the first picosecond after excitation. However,

heating the sample to 295 K changes the picture. The pump-probe signal starts rising

again after several 10 ps and reaches its maximum level after 300 ps, independent of

the excitation fluence. For a thinner film (60 nm) the rise time is only 100 ps, whereas

the sub-ps behavior is unaffected by the film thickness. Taking additionally into

account the short absorption length of the pump light (1/α ≈ 100 nm) [Section 4.2.1]

and the corresponding non-uniform, depth-dependent energy distribution in the film,

we conclude that the optically driven sub-ps phase transition takes place only in

a very thin surface layer. This situation is sketched in part (i) of the schematic

drawing complementing Figure 4.16. Subsequently, the initially deposited energy is

transferred from the electronic system to the lattice via electron-phonon coupling.

Phonon-phonon coupling, in turn, causes the thermalization of the lattice [marker (ii)

in Figure 4.16]. A conventional first-order thermal phase transition is triggered if the
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Figure 4.16: Spectrally integrated transient change of conductivity σ1(τ) for thin films
with thicknesses of 60 nm (black circles) and 120 nm (Φlow = 4 mJ/cm2 and TL = 4 K:
blue diamonds, Φlow = 4 mJ/cm2 and TL = 295 K: blue circles, Φhigh = 10 mJ/cm2 and
TL = 295 K: blue circles). The markers i-iii correspond to the respective parts of the
schematic on the right: (i) Ultrafast optical switching takes place only in a very thin layer
close to the surface of the film. (ii) Relaxation regime. Energy is transferred to the lattice.
(iii) Thermal phase transition sets in if TL(τ) > Tc and if latent heat barrier is overcome.

deposited energy exceeds the sum of heat energy WH = cp [Tc − TL(0 fs)] necessary to

reach the critical temperature plus latent heat WlH = 4 kJ/mol [Ber69]. Using data

from [Ber69] for the specific heat cp, we find that Φ ≈ 4 mJ/cm2 is sufficient at 295 K

to drive a 120-nm-thin film metallic, but Φ ≈ 10 mJ/cm2 is required at 4 K. The phase

growth in the thin film is driven by hot phonons propagating at the speed of sound

and proceeds incoherently at spatially separated sites [marker (iii) in Figure 4.16].

The conductivity dynamics of this thermal phase transition activated by laser heating

was studied in detail by [Hil06] and will be no longer of concern in this thesis. Having

demonstrated that the sub-ps photoinduced switching is fundamentally different from

Joule heating of the film entailing a thermal phase transition, we concentrate in the

next section on the fundamental microscopic processes involved in the femtosecond

insulator-to-metal transition.
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4 Metal-Insulator Transition in VO2

4.2.3 2D multi-THz experiment: Real-time movie of the

insulator-metal transition

So far we have not exhausted the capabilities of ultrabroadband THz spectroscopy,

but have restricted ourselves to only one selective parameter, the time, neglecting

the energy dependence of the pump-probe signal. Yet, already the dynamics of the

spectrally integrated conductivity σ1(τ) revealed a number of fascinating experimen-

tal facts, most notably a femtosecond switching time for the photoinduced phase

transition and the existence of a temperature dependent threshold in excitation den-

sity. Furthermore, it was shown that the thermally driven phase transition activated

through laser heating is well separated in time from the photoinduced switching. The

earliest times after below threshold excitation are dominated by an intriguingly rapid

decay that is rendered non-exponential by an impulsively excited coherent oscillation.

Although the frequency of the oscillation equals that of the lattice mode which is con-

sidered the structural order parameter of the transition, the microscopic origins of the

conductivity modulation remained unresolved. Moreover, the spectrally integrated

data do not yet disentangle the interplay between lattice and electronic structure

that lies at the heart of the ultrafast photoinduced insulator-to-metal transition.

This problem is overcome in a full 2D near-infrared pump – multi-THz probe

experiment. In view of the coherent oscillation launched by the pump pulse it seems

advisable to chose the measurement protocol complementary to the one used for

monitoring the formation of phonon-plasmon coupled modes in InP [see Chapter 2]:

Keeping the time window between arrival of the pump pulse and electro-optic sam-

pling fixed, the coherent oscillation is virtually frozen in for the duration of the entire

probe transient.

2D conductivity response at different excitation densities

The contour plots of Figure 4.17 depict the spectral shape of the conductivity changes

∆σ1(ω, τ) as a function of time delay τ . Figure 4.17(b) shows data for an excitation

density of Φ = 3 mJ/cm2 < Φc(TL = 250 K). The lattice temperature was preset

to TL = 250 K in order to completely exclude the thermal formation of metallic

domains. It is instructive to discuss the data in terms of two domains (labeled P and

E in Figure 4.17) that correspond to different physical processes: Since spectral region

E (~ω ≥ 85 meV) is free of phonon resonances [see Figures 4.9(a) and 4.17(a)], the

pump-induced THz conductivity in this region derives solely from electronic degrees
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Figure 4.17: 2D optical pump – multi-THz probe data: (a) Equilibrium conductivity of
insulating VO2 [from Figure 4.9(a)]. (b) and (c): Color plot of the pump-induced changes
of the conductivity ∆σ1(ω, τ) for pump fluences (b) Φ = 3 mJ/cm2 and (c) Φ = 7.5 mJ/cm2

at TL = 250 K. The broken vertical lines indicate the frequency positions of cross sections
reproduced in Figure4.18. Spectral domain P comprises changes of the phonon resonances,
region E reflects the electronic photoconductivity.

of freedom. Features in the energy regime P (40meV< ~ω < 85 meV) spectrally

correlate to the infrared active phonon resonances, opening a view onto the dynamics

of the lattice degrees of freedom. Broadband electronic response expected to be

superimposed is shown below to be less important in domain P.

The differing origins of the signals in the two spectral windows are underscored

by their very different temporal dynamics: Within our resolution of 50 fs, ultrafast

photo-doping induces a quasi-instantaneous onset of conductivity in region E due

to directly injected mobile carriers. ∆σ1(ω, τ) in region E decays promptly within

approximately 400 fs. In contrast, the phononic contribution (domain P) is more long-

lived. While the onset of the phononic response varies for the three modes, we find

intriguing common features. Photoexcitation induces an increase of polarizability on
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4 Metal-Insulator Transition in VO2

Figure 4.18: Cross
sections through the 2D
scans of Figure 4.17(b)
and (c) along the
time axis τ for a
photon energy of (a)
~ω = 60 meV and
(c) ~ω = 100 meV.
The curves taken at
Φ = 3 mJ/cm2 are
scaled up by a factor
of 2.4. Part (b) shows
the spectrum of the
oscillatory modulation
in (a), above (4) and
below (O) Φc.
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the low-frequency side of each phonon resonance while minimal change is seen on the

blue wing: the resonance frequencies are redshifted. For all modes, the change in fre-

quency is superimposed on a remarkable coherent oscillation of ∆σ1(ω, τ), along the

pump-probe delay axis τ . This phenomenon is most notable at a THz photon energy

of 60 meV [vertical broken line in Figure 4.17(b)]. The corresponding cross section for

the 2D data is reproduced in Figure 4.18(a). The Fourier transform of the cosine-like

oscillations along τ is centered at 6 THz (~ω = 25 meV) [Figure 4.18(b)]. Thus, we

traced the true origin of the periodic conductivity modulation that appeared already

in the spectrally integrated data [Figure 4.14(c)] in the phononic part of the spec-

trum. The failure of the simple decomposition in explaining the spectrally integrated

conductivity dynamics for τ < 400 fs into exponential decay plus monochromatic co-

herent oscillation [Figure 4.14] arises because this approach completely neglects the

dynamics of the electronic contributions. It was already mentioned in Section 4.2.2,

that the center modulation frequency of 6 THz coincides with the frequency of the

infrared inactive Ag mode connecting the M1 and R lattice. As will be shown in

Section 4.3, the modulation of the infrared active phonons in region P is the first

manifestation of anharmonic coupling with such Ag phonons. Broadband electronic

response expected to be superimposed is shown to be less dominant below.

In Figure 4.17(c), the results of the 2D THz experiment at a higher excitation

fluence of Φ = 7.5 mJ/cm2 > Φc(TL = 250 K) are exhibited. The spectra in part

P are qualitatively similar to the corresponding region in Figure 4.17(b). In con-

trast, the dynamics of the electronic photoconductivity differs profoundly: After a

resolution-limited onset of ∆σ1(ω, τ) due to nearly instantaneous photodoping, the
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4.2 Ultrabroadband THz studies of the metal-insulator transition

maximum signal occurs with a clearly evident temporal delay at τ = 130 fs. The

measured conductivity may be interpreted in terms of the product of the density n

of carriers and their correlation length lc [Per03]. n reaches a first maximum with

completion of photodoping, marked by the initial conductivity shoulder at τ = 50 fs

[Figure 4.18(c)]. The density of photocarriers is expected to decay thereafter. Within

this picture, the delayed maximum of ∆σ1(ω, τ) indicates a strong increase of lc due

to electronic delocalization, with a relative delay of τ =130 fs after the maximum

of the pump pulse. Subsequently, the THz conductivity levels off at a high value,

indicating the final transition into a metallic phase. We will show in Section 4.3 that

the delayed dynamics points to a large structural contribution to the insulator-metal

transition. Remarkably, for τ > 130 fs there is no periodic modulation imprinted on

the electronic conductivity, in contrast to the coherent lattice signal in region P.

2D conductivity reponse at different temperatures

In Section 4.2.2 the fluence threshold Φc was found to be temperature dependent.

In particular, it was shown that at excitation densities high enough to completely

switch to the metallic phase at room temperature, a transition is no longer achieved

if the lattice is cooled to 4 K [Figure 4.14(b),(c)]. Repeating the 2D measurement

with a fluence of Φ = 7.5 mJ/cm2 but at TL = 4 K results in the data displayed

in Figure 4.19(b). The observed dynamics is analogous to the situation of below

threshold excitation at TL = 250 K [Figure 4.17(b)]: Again the phonon resonances

appear periodically red-shifted for more than 1 ps, however, showing a slightly larger

modulation depth at 4 K. In region E, the conductivity peaks quasi-instantaneously

and decays subsequently on a 102 fs timescale.

The amount of redshift of the oxygen modes is equal in all three investigated

cases and hence depends neither on fluence nor temperature. The same holds for the

period of the modulation, which always matches that of the monoclinic vanadium Ag

mode, as displayed in Figure 4.20(a). Strikingly, the amplitude of the modulation

scales with fluence but hardly depends on temperature. On the contrary, in region

E, the electronic part of the conductivity is affected by both fluence and tempera-

ture, in the same way. Interestingly, at the same delay time at which we observe

the divergence in coherence length for above threshold excitation, a local maximum

is evident in the two other cases as well [Figure 4.20(b)]. But only if Φc > Φ, the

delocalization of carriers remains irreversible.

Figures 4.19(b) and 4.20(b) once more convincingly demonstrate the exchange-
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Figure 4.19: 2D optical pump - THz probe data: (a) equilibrium conductivity of insu-
lating VO2 [from Figure 4.9(a)]. (b) and (c): Color plot of the pump-induced changes
of the conductivity ∆σ1(ω, τ) for temperatures (b) TL = 4 K and an incident fluence of
Φ = 7.5 mJ/cm2. For comparison, Figure 4.17(c) is reproduced in (c) (Φ = 7.5 mJ/cm2,
TL = 250 K).

Figure 4.20: Cross
sections through the 2D
scans of Figure 4.17 (b),
(c) and Figure 4.19 (b)
along the time axis τ
for a photon energy of
(a) ~ω = 60 meV and
(b) ~ω = 100 meV.
The curves taken at
Φ = 3 mJ/cm2 are
scaled up by a factor of
2.4.
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4.3 Qualitative Model

ability of temperature and fluence. We may thus conclude, that the observed in-

terplay of electronic and phononic degrees of freedom which eventually leads to the

emergence of the metallic phase, is not unique to the optically driven case but plays

an important role in the thermal transition as well.

4.3 Qualitative Model: Non-equilibrium dynamics of a

molecular solid

The full 2D experiment discussed in the previous section provided direct and selec-

tive access to both lattice and electronic degrees of freedom. Phonon modes corre-

sponding to vibrations of the oxygen cages appeared periodically red-shifted upon

photoexcitation. The modulation period is seemingly correlated with the structural

order parameter of the phase transition – the vanadium Ag mode that maps the M1

onto the R lattice configuration. Variation of laser fluence and temperature does not

fundamentally change the response of the phononic degrees of freedom, whereas the

electronic contribution to the photoconductivity depends critically on these two pa-

rameters. The richness and complexity of the data is rendered manageable through

the spectral and temporal filtering action of 2D multi-THz spectroscopy combined

with the additional variation of two critical parameters: temperature and laser flu-

ence. Currently, there is no comprehensive theoretical description of the ultrafast

insulator-metal transition in VO2. It is the solid experimental foundation obtained

in our ultrabroadband THz studies that allows for detailed qualitative modeling of the

microscopic mechanisms that are responsible for the femtosecond insulator-to-metal

transition in VO2.

Excited singlets and anharmonic phonon coupling

A qualitative understanding of the experimental observations may be based on a

recent model that describes the electronic structure at thermal equilibrium within a

cluster dynamical mean field theory [Bie05, see Section 4.1.2]. In this picture, the

low-temperature insulating phase is regarded as a molecular solid of vanadium dimers

embedded in a matrix of oxygen octahedra. To zeroth order, the correlated electronic

state of each dimer may be described by bonding and anti-bonding Heitler-London

orbitals. The energy dependence of these states on the nuclear positions (such as

V-V separation) is schematically depicted in Figure 4.21(a). The minimum of the
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4 Metal-Insulator Transition in VO2

bonding energy surface defines the atomic position in the M1 phase. Absorption of

a near-infrared photon removes an electron from the bonding orbital, destabilizing

the dimer, while the lattice site is left in an excited Franck-Condon state. The en-

ergy minimum of anti-bonding orbitals should be located near the R configuration

by symmetry. Ultrafast photoexcitation thus launches a coherent structural defor-

mation of excited dimers followed by oscillations of Ag symmetry around the new

potential minimum [Figure 4.21(b)] analogous to Refs. [Zei96] and [Dex00]. From

the known lattice constants of the R and M1 phase, we estimate the change of the

vanadium-vanadium distance to amount to as much as 0.2 Å [Mar72]. Such ex-

treme deformations impose strong distortions on the surrounding oxygen octahedra

and affect their elastic tensors. Since the oscillation period of the oxygen-related

phonon modes [see Figure 4.9] is shorter by a factor of three than the time scale

of the Ag vibration, the eigenfrequencies may follow the structural changes of the

vanadium dimer adiabatically. Our experiment is the first to directly demonstrate

the influence of a coherent lattice motion on other phonon resonances: In region

P of Figures 4.17 and 4.19, an overall redshift of the oxygen modes attests to a

modified average structure of the vanadium dimers, while the coherent modulation

at 6 THz reflects large-amplitude oscillations about the new potential minimum in

the excited state. Although additional shifts of infrared-active phonon modes are

expected from screening via charge carriers, the different decay times of electronic

and phononic conductivity prove this effect not dominant [Figure 4.18]. The density

of excited dimers scales linearly with the laser fluence and so does the amplitude of

the observed coherent modulation [Figure 4.20(a)]. On the other hand, the lattice

temperature has no influence on the coherent modification of the oxygen modes.

Self-trapped excitons versus delocalized charge carriers

The model also provides an instructive explanation of the transient electronic con-

ductivity. Photo-doping leaves the dimers initially in a highly energetic state in

the continuum of delocalized bands [Figure 4.21(a)] generating a quasi-instantaneous

onset of electronic conductivity in Figures 4.17 and 4.18(c). Structural distortion

drives the dimers into a new energy minimum. The rapid non-exponential decay of

the electronic conductivity [Figures 4.17 and 4.18(c)] indicates that the structural

deformation shifts the energy of excited dimers below a mobility edge for extended

electronic states [Figure 4.21(b)]. This process may be interpreted as self-trapping

of excitons [Dex00]. Although self-trapped states do not contribute to the electronic
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Figure 4.21: Schematic of localized dimers on a background of extended electronic
bands. (a) Photoexcitation of spin singlets into a conductive state. The energy minima of
the potential surfaces correspond to different spatial configurations of the vanadium dimers
(lower part). (b) Structural relaxation and coherent vibrations about the new energy
minimum, for below-threshold pumping Φ < Φc. (c) Intense excitation above threshold
leads to a structurally assisted collapse of the mobility edge.

conductivity, their structural distortions manifest themselves by the anharmonic shift

of oxygen-related phonon modes that persist for at least 1 ps [see Figures 4.17(b)

and 4.18(a)].

In stark contrast, electronic conductivity does not decay rapidly at high pump

fluences. We suggest long-range cooperative effects to account for this finding: Strong

distortions that locally map onto the R lattice are expected to adiabatically renor-

malize the electronic bands [Zei96, Cav04, Cho05] and lower the mobility edge. This

argument is strongly supported by equilibrium LDA and LDA+U calculations [Sur03]

which reveal a significant impact of already minor, static modifications of the relative

V-O separation on the band structure. Due to the temperature dependence of both

phonon population and electronic quantum fluctuations [see also discussion of the

temperature dependence of fluence threshold in Section 4.1.2], the system is more

susceptible to this renormalization at elevated temperatures. The delayed maximum

of the electronic conductivity [Figure 4.18(b)] appears 130 fs after the maximum of
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4 Metal-Insulator Transition in VO2

the pump pulse, in phase with the peak modulation of the two highest frequency

infrared-active phonons in Figure 4.17. Since the anharmonic frequency shift relates

to the maximum displacement of as-excited dimers in the new potential minimum

[Figure 4.21(b)], this temporal coincidence suggests that the structural changes may

in fact drive the transition to a metallic state [Cav04] and excludes a simple carrier

density driven Mott transition [Mot90]. However, the signature of the persistent co-

herent modulation is absent in region E [Figure 4.18(b)]. This behavior suggests a

decoupling of the electronic system from the ionic motion and challenges the valid-

ity of the Born-Oppenheimer approximation in this extreme non-equilibrium regime.

Consequently, the long-lived high value of electronic conductivity cannot originate

from the continuing motion of the V-V dimers. Instead, we propose to explain this

feature by the collapse of the mobility edge below the Fermi energy [Figure 4.21(c)].

A large phase space becomes available for ultrafast and irreversible electronic scat-

tering that may stabilize the metallic phase and make it insensitive to sustained

vibrational lattice motion. In this picture, the pump fluence Φc critically determines

whether self-trapping or cooperative delocalization of electron-hole pairs prevails.

4.4 Summary

The metal-insulator transition in VO2 is a paramount example for the far-reaching

consequences of strong correlations in solid state systems. Because of the complexity

of the involved microscopic processes, so far there has been no clear solution to the

problem of isolating the mechanism that drives the phase transition – despite the

tremendous efforts of experimentalists and theorist in the past forty years after the

discovery of the phenomenon. The ultrabroadband THz experiments presented in

the above sections are the first to directly trace the interplay between electronic and

lattice degrees of freedom that yields to the emergence of the new phase, in real

time. These studies reveal fingerprints of a coherent V-V intra-dimer wave packet

motion at 6 THz which couples anharmonically with infrared active phonon modes.

Above a temperature dependent, critical excitation density a cooperative insulator-

metal transition occurs on a 100-fs timescale. The data are indicative of a strong

structural component of the phase transition mechanism. However, right after the

transition to the metallic phase the electronic system is rendered insensitive to the

continuing coherent wave packet motion. Thus the stabilization of the metallic phase

must orginate from a different mechanism, most likely a divergence of the correlation

length due to the cooperative modification of the electronic bandstructure.
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5 Conclusions and Outlook

The objective of this thesis has been to illuminate the fundamental physical princi-

ple of many-body correlations in solids from different perspectives, exploiting novel

time-resolved ultrabroadband THz spectroscopy. Two exemplary and representative

scenarios have been studied:

� In a prototypical laboratory system with a well known ground state – rep-

resented by the intrinsic polar semiconductor InP – the formation process of

correlations between electronic and lattice degrees of freedom has been traced

in real-time.

� The interplay between lattice motion and electronic correlation during the pho-

toinduced femtosecond insulator-metal transition in the strongly correlated

electron material VO2 has been investigated in a regime beyond the Born-

Oppenheimer approximation.

The success of these studies is based on the direct access of 2D multi-THz spec-

troscopy to the femtosecond temporal evolution of complex electromagnetic response

functions after optical excitation – in an energy regime that is of utmost importance

to solid state physics. Entirely new classes of ultrafast phenomena have become ob-

servable through this technique. The capabilities of multi-THz technology have been

significantly enhanced within the scope of the present work. In particular, the inven-

tion of phase-matched electro-optic sampling has advanced the accessible frequency

range toward the near infrared region of the electromagnetic spectrum [Küb04]. The

generation and detection of phase-stable, transform-limited pulses as short as 28 fs

containing frequency components in excess of 120 THz marks both a world record

in pulse duration and bandwidth. For the purpose of field-resolved measurements

with enhanced sensitivity at mid-infrared frequencies, the detection window is now

readily tunable to match the spectrum of the ultrabroadband THz pulses gener-

ated via phase matched optical rectification. The possibility of customizing both
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the generation and detection process adds enormously to the flexibility of an ultra-

broadband THz spectrometer [Küb05]. Multiple-time delayed reflections of the main

pulse are suppressed by proper polarization management eliminating constraints on

the frequency resolution. Additional improvement in signal-to-noise ratio could be

achieved by the implementation of a photo-elastic modulator in the data acquisition

scheme thereby reducing the measurement time for a two-dimensional multi-THz ex-

periment by up to two orders of magnitude. These technological innovations have

substantially contributed to the maturity of ultrabroadband THz spectroscopy: Ex-

periments that were barely feasible five years ago are now conducted on a daily basis

without the need of excessive alignment. Experiments that were inconceivable have

become practicable.

Optical pump – multi-THz probe spectroscopy gives access to the extreme

nonequilibrium regime after the excitation with a femtosecond laser pulse. At

timescales comparable to the duration of elementary scattering events, quantum ef-

fects dominate the system response. In particular, the Markov approximation that

describes these events in terms of localized and instantaneous collisions breaks down.

A question of fundamental relevance is, how fast many-body correlations develop in

the photoexcited system. This issue becomes particularly intriguing for the case of

a polar semiconductor like InP, where the charge carrier plasma couples coherently

with the polar lattice motion. In the present work, the ultrafast transition of a di-

electric polar lattice to a fully coupled and conducting phonon-plasmon system has

been observed via two-dimensional multi-THz spectroscopy [Hub05b]. The forma-

tion of coherent beats between both branches of the anticrossing LOPC resonances

is directly resolved in the polarization response of i-InP after 10-fs photoexcitation.

The buildup time of many-particle correlations and screening effects that lead to

the formation of collective hybrid resonances is studied systematically by varying

the excitation density over almost two orders of magnitude. The emergence of the

phonon-plasmon coupled resonance is found to scale with a fundamental time con-

stant set by the inverse eigenfrequency of the upper LOPC mode, i.e. the fastest

collective response time of the many-body system. The experimental results are in

quantitative agreement with predictions of up-to-date quantum kinetic calculations.

Within this thesis, 2D multi-THz spectroscopy has been employed for the first

time to study a strongly correlated electron system [Küb07]. The microscopic origin of

the insulating ground state of the transition metal oxide VO2 has been at the center of

controversial discussions for more than four decades, earning the compound the status

of a benchmark problem in the field of strongly correlated materials. In our time-
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resolved experiments the extreme sensitivity to external stimuli typical for strongly

correlated materials is exploited to drive the VO2 sample metallic on a femtosecond

timescale by optical excitation with 12-fs near-infrared light pulses. A subsequent

thermal transition appears well separated in time. The direct, ultrabroadband mea-

surement of the complex conductivity, the most intuitive order parameter of the phase

transition, provides simultaneous access to both phononic and electronic degrees of

freedom. Their ultrafast dynamics is traced successfully during the phase transition

rendering a detailed picture of the complex transition scenario. Femtosecond optical

excitation of V2-dimers impulsively triggers large-amplitude vibrational wave packets

which modify the elastic properties of the crystal. The wave packet motion at 6 THz

modulates the polarization response of infrared active phonons. For the first time,

anharmonic coupling between phononic resonances could be observed directly. The

corresponding signature on the electronic conductivity is strongly damped, indica-

tive of beyond Born-Oppenheimer dynamics. The localized structural changes are

found to renormalize the long-range electronic order of the material on a time scale

of 100 fs. A cooperative insulator-metal transition occurs, if the density of excited

dimers exceeds a temperature dependent threshold. Otherwise, the phase transition

is suppressed and the time-resolved conductivity spectra display signatures of self-

trapped excitons. The data is conclusively explained within a qualitative model that

focuses on the interaction of the excited V2-singlets with the surrounding lattice.

The high density of information contained in the data that has been obtained

in this thesis together with the proposed qualitative model may spark future devel-

opment of a quantitative dynamical theory of the photoinduced insulator-to-metal

transition in VO2. From the experimental point of view, a comparative multi-THz

investigation of the Mott-Hubbard-type phase transition in the related compound

V2O3 could further enhance the understanding of the critical regime of VO2.

Multi-THz spectroscopy has proven to be a premier experimental tool in the stud-

ies of many-body correlations on the femtosecond timescale. Manifold perspectives

arise for investigations in a variety of interesting systems such as magnons in high-Tc

superconductors, lattice dynamics in organic semiconductors, vibrational relaxation

in large molecules and biological complexes, and spintronics in magnetic semicon-

ductors. Another class of experiments has been virtually untouched. These explore

phenomena resulting from pumping insulators, metals and strongly-correlated elec-

tron materials with high-field THz pulses. One can envision inducing structural phase

transitions with THz radiation, accelerating a superconducting condensate past the

pair-breaking velocity on femtosecond time scales, and changing the orientation of

ferromagnetic domains on sub-ps time scales, to name just a few exciting possibilities.
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6 Zusammenfassung und Ausblick

Ziel der vorliegenden Arbeit war die experimentelle Untersuchung von Vielteilchen-

Korrelationen auf ultrakurzen Zeitskalen. Folgende beispielhafte und repräsenta-

tive Szenarien wurden mittels zeitaufgelöster ultrabreitbandiger THz-Spektroskopie

studiert:

� Im polaren Halbleitermaterial Indiumphosphid (InP), einem idealen Laborsys-

tem dessen Grundzustand sehr gut verstanden ist, wurde der Aufbau von Korre-

lationen zwischen elektronischen und Gitterfreiheitsgraden in Echtzeit verfolgt.

� In dem stark korrelierten Materialsystem Vanadiumdioxid (VO2) wurde

das Wechselspiel zwischen Gitterschwingungen und elektronischen Korrelatio-

nen während eines ultraschnellen photoinduzierten Isolator-Metall Übergangs

beobachtet, in einem Regime jenseits der Gültigkeit der Born-Oppenheimer

Näherung.

Der Erfolg dieser Untersuchungen basiert auf dem direkten Zugang zweidi-

mensionaler Multi-THz-Spektroskopie zur zeitlichen Entwicklung komplexwertiger

elektromagnetischer Antwortfunktionen unmittelbar nach Anregung einer Probe

durch einen ultrakurzen Lichtimpuls. Diese Technik kombiniert Femtosekunden-

Zeitauflösung mit spektraler Empfindlichkeit in einem Energie-Bereich, der größte

Bedeutung für die Festkörperphysik besitzt. Hierdurch wird die Beobachtung völ-

lig neuartiger ultraschneller Vorgänge ermöglicht. Die Leistungsfähigkeit der Multi-

THz-Technologie wurde im Laufe der vorliegenden Arbeit bedeutend verbessert. Ins-

besondere hat die Entwicklung eines phasenangepassten elektro-optischen Abtastver-

fahrens den zugänglichen Spektralbereich bis hin zu nahinfraroten Frequenzen erweit-

ert [Küb04]. Der experimentelle Nachweis phasenstarrer, bandbreitebegrenzter Im-

pulse mit einer Dauer von nur 28 fs, die Frequenzkomponenten jenseits von 120 THz

enthalten, stellt einen Weltrekord sowohl im Bereich der Impulsdauer als auch im Hin-

blick auf die spektrale Bandbreite dar. Zum Zwecke feldaufgelöster Messungen mit
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6 Zusammenfassung und Ausblick

erhöhter Empfindlichkeit bei mittelinfraroten Frequenzen kann das Detektionsfen-

ster nun sehr bequem auf das Spektrum der durch optische Gleichrichtung erzeugten

ultrabreitbandigen THz Impulse angepasst werden. Die Möglichkeit sowohl den

Erzeugungs- als auch den Nachweisprozess abzustimmen, trägt enorm zur Flexibil-

ität eines ultrabreitbandigen THz-Spektrometers bei [Küb05]. Vielfach-Reflexionen

des Hauptpulses, die in dünnen Emitter- bzw. Detektor-Kristallen entstehen und

die Auswertung eines spektroskopischen Experiments stark beeinträchtigen, konnten

durch geeignete Wahl der Art der Phasenanpassung unterdrückt werden. Eine weit-

ere Verbesserung des Signal-zu-Rausch Verhältnisses wurde durch den Einsatz eines

photoelastischen Modulators in der Datenerfassung erzielt. Die Messzeit für ein zwei-

dimensionales Multi-THz-Experiment hat sich dadurch um bis zu zwei Größenord-

nungen verringert. Diese technologischen Neuerungen haben deutlich zur Reife der

Femtosekunden-THz-Spektroskopie beigetragen: Experimente, die vor fünf Jahren

kaum machbar waren, können nun routinemässig, ohne zeitintensive Justagearbeit

durchgeführt werden. Experimente, die undenkbar schienen, liegen nun in Reich-

weite.

Zweidimensionale Multi-THz-Spektroskopie ermöglicht Einblicke in physikalis-

che Vorgänge, die im extremen Nichtgleichgewicht nach der Anregung durch einen

Femtosekunden-Lichtimpuls ablaufen. Auf Zeitskalen, die mit der Dauer elementarer

Streuprozesse vergleichbar sind, wird die Systemantwort durch Quanten-Effekte do-

miniert. Insbesondere verliert die Markov-Näherung, die diese Streuprozesse als in-

stantane und lokalisierte Stöße beschreibt, ihre Gültigkeit. In diesem Zusammen-

hang ergibt sich die fundamentale Frage, wie schnell sich Vielteilchen-Korrelationen

in einem photoangeregten System entwickeln können. Diese Thematik ist in einem

System wie dem polaren Halbleiter InP besonders reizvoll, da hier ein durch In-

terbandanregung erzeugtes Ladungsträgerplasma kohärent mit dem polaren Gitter

wechselwirken kann. In der vorliegenden Arbeit wurde mittels zweidimensionaler

Multi-THz-Spektroskopie beobachtet, wie ein dielektrisches, polares Kristallgitter

auf einer Femtosekunden-Zeitskala in ein vollständig gekoppeltes und leitfähiges

Phonon-Plasmon System übergeht. Der Aufbau kohärenter Schwebungen zwischen

beiden Zweigen der gekoppelte Phonon-Plasmon-Resonanz (LOPC) nach optischer

Anregung mit einem 10-Femtosenkunden Impuls konnte direkt in der Polarisation-

santwort von InP nachgewiesen werden. Die Dauer des Aufbaus der Vielteilchen-

Korrelationen, welche für die Entstehung der kollektiven, hybriden Resonanzen ver-

antwortlich sind, wurde systematisch durch Variation der Anregungsdichte über na-

hezu zwei Größenordnungen untersucht. Es wurde festgestellt, dass die Entstehung
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der gekoppelten Phonon-Plasmon-Resonanz mit einer fundamentalen Zeitkonstante

skaliert, welche durch die inverse Eigenfrequenz der oberen LOPC Mode, d.h. also

durch die schnellste kollektive Reaktionszeit des Vielteichensystems, gegeben ist. Die

experimentellen Ergebnisse stimmen quantitativ mit Vorhersagen modernster quan-

tenkinetischer Berechnungen überein.

Im Rahmen dieser Arbeit wurde zeitaufgelöste Ultrabreitband-THz-Spektroskopie

zum ersten Mal zur Untersuchung eines stark korrelierten Elektronensystems

eingesetzt. Eine der am meist kontrovers diskutierten Problemstellungen aus

diesem Gebiet der Festkörperphysik ist die bis heute ungeklärte Frage nach dem

mikroskopischen Ursprung des isolierenden Grundzustandes des Übergangsmetal-

loxids Vanadiumdioxid. In unseren zeitaufgelösten Experimenten wird die extreme

Empfänglichkeit stark korrelierter Elektronensysteme für externe Stimuli ausgenutzt,

um eine Vanadiumdioxid Probe durch Anregung mit einem 12-fs Lichtimpuls auf

einer Femtosekunden-Zeitskala metallisch zu schalten. Ein nachfolgender thermis-

cher Phasenübergang erfolgt zeitlich klar getrennt. Die ultrabreitbandige Messung

der komplexwertigen Leitfähigkeit, d.h. des intuitivsten Ordnungsparameters des

Phasenübergangs, verschafft direkten Zugang zu sowohl den phononischen als auch

den elektronischen Freiheitsgraden. Die ultraschnelle Dynamik dieser Freiheitsgrade

konnte erfolgreich während des Phasenübergangs verfolgt werden, wodurch sich ein

detailliertes Bild der komplexen Vorgänge ergibt. Die ultraschnelle Anregung der

V2-Dimere löst Schwingungswellenpakete großer Amplitude aus, die die elastischen

Eigenschaften des Kristallgitters verändern. Die Oszillationen der Wellenpakete bei

6 THz modulieren die Polarisationsantwort der infrarotaktiven Phononen. Zum er-

sten Mal konnte solch eine anharmonische Kopplung zwischen Gitterschwingungen

direkt nachgewiesen werden. In der elektronischen Antwort ist die entsprechende

Signatur hingegen stark gedämpft, was auf eine Dynamik jenseits der Gültigkeit der

Born-Oppenheimer Näherung hindeutet. Die lokalisierten strukturellen Änderun-

gen renormieren die langreichweitige elektronische Ordnung des Materials auf einer

100-fs-Zeitskala. Sobald die Dichte der angeregten Dimere einen temperaturab-

hängigen Schwellenwert überschreitet, tritt ein kooperativer Isolator-Metall Über-

gang auf. Andernfalls wird der Phasenübergang unterdrückt und die zeitaufgelösten

Leitfähigkeitsspektren weisen auf die Existenz selbstlokalisierter Exzitonen (self-

trapped excitons) hin. Die Daten werden schlüssig in einem qualitativen Modell

erklärt, das auf einer Betrachtung der Wechselwirkung der angeregten V2-Dimere

mit dem umgebenden Gitter basiert. Zusammen mit dem hohen Informationsgehalt

der gewonnenen Daten stellt dieses qualitative Modell eine vielversprechende Grund-
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6 Zusammenfassung und Ausblick

lage für eine quantitative dynamische Modellierung des photoinduzierten Isolator-

Metall Übergangs in VO2 dar. Aus experimenteller Sicht könnte eine vergle-

ichende Ultrabreitband-THz-Untersuchung des Mott-Hubbard Phasenübergangs im

verwandten Materialsystem V2O3 unser Verständnis der Vorgänge in VO2 vertiefen.

Ultrabreitband-THz-Spektroskopie hat sich als hervorragendes Werkzeug zur Un-

tersuchung von Vielteilchen-Korrelationen auf der Femtosekunden-Zeitskala erwiesen.

Es ergeben sich vielfältige Perspektiven für eine ganze Reihe interessanter Systeme.

So bietet sich Ultrabreitband-THz-Spektroskopie zum Beispiel für Studien der Git-

terdynamik in organischen Halbleitern oder zur Untersuchung von Magnonen in

Hochtemperatursupraleitern an. Eine weitere Klasse von Experimenten wurde bis

jetzt nicht einmal ansatzweise durchgeführt: Durch Anregung von Isolatoren, Met-

allen oder stark korrelierten Elektronensystemen mit Hochfeld-THz-Transienten kön-

nte man sich vorstellen, Phasenübergänge direkt durch THz-Impulse auszulösen, die

Orientierung ferromagnetischer Domänen auf einer sub-Pikosekunden Zeitskala zu

verändern oder ein supraleitendes Kondensat über die für die Paarbrechung kritische

Geschwindigkeit zu beschleunigen.
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A Nonequilibrium Green’s function

approach to quantum kinetic

problems

The simulation of the inverse time- and frequency dependent longitudinal dielectric

function of the photoexcited phonon-plasmon system in InP by Vu et al. [Vu00a,

Hub05b] presented in Chapter 3 is based on the Keldysh formalism of nonequilibrium

Green’s functions. The starting point for formal derivations within this Green’s

function approach is the two-time single-particle Green’s function

Gµν(t, t
′) =

1

i~
〈
Tc

{
cµ(t) c†ν(t

′)
}〉

.

It is a contour-ordered product of a particle creation (c†ν) and annihilation (cν) op-

erator, where the indices ν and µ account for all bands involved. The arguments t

and t′ run on a complex (Keldysh-) contour between −∞ and ∞ above the real-time

axis and then back from ∞ to −∞ below the real-time axis. TC denotes the time

ordering operator on this contour. Depending on whether t is larger or smaller than

t′ on the contour, the Green function describes the propagation of an added particle

(i.e. an N+1 -body system) or a removed particle (N-1 - body system). From the

Green’s function a wide variety of measurable quantities can be obtained such as the

time-dependent particle and current densities, the total energy and the excitation

energies of the system and in general any expectation value of a one-body operator

[Don74].
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A Nonequilibrium Green’s function technique
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Figure A.1: Formal solution of the Kadanoff-Baym equation written in shorthand nota-
tion [Bin95]. V represents the unscreened potential.

The time evolution of the two-time Green’s function is described by the so-called

Kadanoff-Baym equation [Hau96, Axt04],(
i~

d

dt

)
Gµν(t, t

′) = δC(t− t′) δµν +

∫
dt′′

∑
λ

Σµν(t, t
′′) Gµν(t

′′, t′)

and an analogous equation for the derivative with respect to t′, forming a set of

integro-differential equations. εµ denotes the single-particle energy and Σµν(t, t
′′)

denotes the self-energy which accounts for all types of interactions1. If Σµν(t, t
′′)

were known, then equation A would be a closed equation for the Green’s function.

Thus the solution of the two-time dependent many-problem lies in the construction of

the self-energy. To this end, the Green’s function is used as a generating functional

leading to formally closed equations that, however, involve functional derivatives

[Bin95]. Usually the theory is reformulated in such a way that bare interactions are

replaced by renormalized interactions resulting in the appearance of new dynamical

variables which are coupled through the set of equations listed in Figure A.1.

For high-density plasmas a particular suited truncation scheme for the iterative

solution of the coupled equations is found in the RPA [cf. Section 3.1]. The RPA

describes quantum-kinetic Coulomb scattering in a dynamically screened potential

which amounts to completely neglecting vertex corrections, i.e. deviations of the

vertex function Γ from a δ-function. This implies that the self-energy is determined

exclusively by the product of the Green’s function G and the screened potential

W (GW -approximation), whereas the potential function L is simply given by the

product of two Green’s functions (GG-approximation) [see Figure A.1].

For practical applications, one has to go over to the limit of real-time arguments.

One possible choice of dynamical variables is to account for the particle function

1The δ-function δC(t − t′) stands for ±δ(t − t′) if t, t′ are both on the same branch, where the plus
(minus) sign refers to the upper (lower) branch of the contour. If t, t′ are on different branches,
δC(t− t′) is defined as zero.
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G<
µν(t, t

′) = i
~

〈
c†k(t

′)ck(t)
〉

which reduces in the equal-time limit (apart from the

factor i/~) to the single particle density matrix ρk(t) [Hau96], and thus provides for

the connection between Green’s functions and observables. From the Kadanoff-Baym

equation one obtains the quantum kinetic scattering integrals,

∂ρk(t)

∂t

∣∣∣∣
scatt

= −
∫ t

−∞
dt′

[
Σ>

k (t, t′)G<
k (t′, t)− Σ<

k (t, t′)G>
k (t′, t)

−G>
k (t, t′)Σ<

k (t′, t) + G<
k (t, t′)Σ>

k (t′, t)
]

(A.1)

that describe the interaction of the charge carriers with each other and with the

lattice. Σ> and Σ< represent the scattering self-energies. G> is defined in analogy

to G<. A detailed definition of the operators may be found in [Hau96]. Band indices

have been suppressed in the above equation. The integration runs from −∞ in

the past to the time of observation t. Hence, scattering processes are not treated

point like in time but their dependence on the history of the many-body system is

explicitly taken into account. The integro-differential equation system [Figure A.1] is

closed by means of the generalized Kadanoff-Baym ansatz that connects the two-time

propagators with the single-time density matrix [Lip86, Hau96].

Finally, experimentally accessible quantities are obtained from the screened

Coulomb potential that has been calculated self-consistently. For this purpose an

incomplete Fourier transform over the earlier time is performed,

Wq(ω, τ) =

∫ ∞

0

dθ eiωτWq(τ, τ − θ) =
Vq

ε(ω, τ)
,

providing the sought after connection with the measured longitudinal dielectric func-

tion ε(ω, τ).
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