
Electron and Phonon Dynamics in

Topological Insulators at THz

Frequencies

Im Fachbereich Physik

der Freien Universität Berlin

eingereichte Dissertation

Lukas Zacharias Braun

September 2016





This work was done between April 2012 and September

2016 in the Department of Physical Chemistry (Professor

Martin Wolf) at the Fritz-Haber-Institute of the Max-

Planck-Society.

Berlin, September 2016

Erstgutachter: Prof. Dr. Martin Wolf

Zweitgutachter: Prof. Dr. Martin Weinelt

Datum der Disputation: 14. Dezember 2016





Abstract

Three-dimensional topological insulators are fascinating materials with insulating bulk yet

metallic surfaces that host highly mobile charge carriers with a spin orientation locked to

the propagation direction. Such spin-velocity coupling facilitates the exciting possibility to

launch spin-polarized charge currents by simply applying electric fields. Remarkably, illu-

mination with light can also launch surface currents with tunable direction and magnitude,

thereby potentially making topological insulators relevant for optoelectronic devices.

In this thesis, we use terahertz (1 THz = 1/ps) spectroscopy to investigate ultrafast

charge-carrier dynamics in topological insulators. We develop a technique to reliably

measure ultrafast photocurrents with unprecedented time resolution (20 fs) and apply this

technique to detect currents on the surface and in the bulk of topological insulators.

To also gain insight into the current dynamics of charge carriers close to the Fermi energy,

shortest available stimuli are desired with an excitation energy below the thermal energy to

meet conditions as in electronic devices. Therefore, we use only recently available intense

THz-electric fields (1 THz = 4 meV) to drive near-equilibrium electrons and phonon

dynamics in topological insulators.

We monitor electron and phonon dynamics by a pump-probe scheme that detects the

pump-induced changes in the dielectric function with subsequent time-delayed probe pulses.

To separate the contributions of surface and bulk signals, we use thin-film samples and

theoretical modeling of the optical probe process. With this technique, we observe a co-

herent phonon at a buried interface driven by a new mechanism that is resonant at the

sum frequency (rather than the difference frequency) of all frequency pairs of the THz-

pump spectrum. When the Fermi level position of our samples is tuned monotonously

from n-type to p-type conductance, we observe a correlated change of the pump-induced

THz-conductance. This dependence allows us to assign contributions of electron-phonon

dynamics related to the bulk and to the surface. Remarkably, the strength of the electron-

phonon coupling also depends on the Fermi level that culminates in an extremely long-lived

excited state at the Dirac point in p-type topological insulators.

Our measurements strongly suggest that the often observed coupling of bulk and surface

states is significantly reduced in our p-type samples even at room temperature, where

transport measurements often find a bulk dominated conductance.
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Kurzfassung

Topologische Isolatoren sind eine neuartige Klasse von Festkörpern, die sich durch her-

vorragende Oberflächenleitfähigkeit auszeichnet, obwohl das Innere des Festkörpers ein

Isolator ist. Der Spin der Elektronen der metallischen Oberflächenzustände ist an ihre Be-

wegungsrichtung gekoppelt. Deshalb können spinpolarisierte Ströme durch das Anlegen

eines äußeren elektrischen Feldes einfach erzeugt werden. Bestrahlt man einen topologi-

schen Isolator mit Licht, so kann man Photoströme erzeugen, deren Größe und Richtung

von der Polarisation des Lichts abhängen.

In der vorliegenden Arbeit wird Terahertz-Spektroskopie (1 THz = 1/ps) eingesetzt, um die

ultraschnelle Dynamik in topologischen Isolatoren zu untersuchen. Dafür wurde ein Mess-

verfahren entwickelt um ultraschnelle Photoströme mit zuvor nicht erreichter Zeitauflösung

(20 fs) zu detektieren. Um darüber hinaus Einsichten in die Dynamik von Ladungsträgern

nahe der Fermi-Energie zu gewinnen, sind die kürzest zur Verfügung stehenden Feldanre-

gungen anzustreben, deren Anregungsenergie unterhalb der thermischen Energie der Elek-

tronen liegt. Für diesen Zweck setzen wir intensive elektrische THz-Felder (1 THz = 4 meV)

ein, um Elektronen und Gitterschwingungen (Phononen) nahe des Gleichgewichtzustandes

anzuregen.

Wir verfolgen die Dynamik von Elektronen und Phononen mit Anrege-Abfrage Experi-

menten, die eine anregungsinduzierte Änderung der dielektrischen Funktion mit zeitverzö-

gerten Abfragepulsen detektiert. Um Oberflächensignale vom Volumen zu unterscheiden,

nutzen wir dünne Probenfilme und theoretische Modelle zur Beschreibung der optischen

Abfrageprozesse. Somit werden wir empfindlich für verborgene Grenzflächen zwischen Pro-

be und Substrat. An der Grenzfläche beobachten wir eine kohärente Gitterschwingung, die

durch einen neuartigen Prozess angeregt wird, nämlich einer Resonanz, beschrieben durch

die Summe (im Gegensatz zur Differenz) aller Frequenzpaare im Spektrum der Anregung.

Wenn wir das Fermi-Niveau unserer Proben monoton von n- nach p-Dotierung ändern,

beobachten wir eine korrelierte Änderung der THz-Leitfähigkeit, die wir einem Übergang

von volumen- zu oberflächendominierten Signalen zuordnen. Sie geht mit einer starken Än-

derung der Elektronen-Phononen-Wechselwirkung einher, was sich insbesondere in einem

außerordentlich langlebigen Anregungszustand am Dirac-Punkt äußert.

Unsere Ergebnisse weisen auf eine stark reduzierte Wechselwirkung zwischen Oberflächen-

und Volumenzuständen in p-dotierten Proben hin, was sie von Transportmessungen un-

terscheidet, die häufig bei Raumtemperatur ein volumendominiertes Verhalten zeigen.
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Introduction

“Topological insulators: Star material”[Bru10a] and “Quantum magic can make strange

but useful semiconductors that are insulators on the inside and conductors on the surface”

[Moo11] are just two of recent headlines in leading scientific journals. They express the

enthusiasm about a new material class called topological insulators [Moo10].

The name is somewhat confusing since the excitement is neither about its shape, nor is

being insulating the material class’s most interesting feature. A topological insulator is a

solid that does not conduct an electric current through the bulk of the material, but does

so along the surface. One may wonder why this effect is more exciting than the obvious

alternative of coating an ordinary semiconductor with a thin layer of metal. It turns out

that surface conductance of a topological insulator significantly differs from that of other

two-dimensional electron gases, because it is a subtle result of spin-orbit interaction.

First, spin-orbit coupling is so strong that the spin axis of each surface electron is deter-

mined by the direction of the electron motion [Moo10]. In other words, the spin is uniquely

locked perpendicular to the electron momentum. Therefore, applied electric fields induce

spin-polarized surface currents [Li14] with such a sizable magnitude that they can be used

to electrically manipulate adjacent magnetic materials [Mel14]. For example, a small cur-

rent flowing through the topological insulator could efficiently read information stored in

an adjacent magnetic layer, while a larger current could flip the magnetic orientation,

thereby enabling writing.

Second, the surface electrons exhibit a linear Dirac-type dispersion [Hsi09a], resulting in an

effective mass of zero and thus high mobility. Such zero-mass electrons have been known

to also occur in graphene whose technological potential was shown by demonstrating very

fast electronic devices such as field effect transistors with a cut-off frequency approaching

the terahertz (THz) range [Lia10]. In contrast to graphene, counterpropagating electrons

of topological insulators have opposite spin. Consequently, 180° back scattering is pro-

hibited for most types of impurities [Moo10], thereby further increasing electron mobility.

Remarkably, the linear Dirac-type surface state dispersion is robust against weak per-

turbations. Due to this so-called topological protection, topological insulators retain their

unique bulk-insulating but surface-conducting character even in the presence of adsorbants

under ambient air [Hoe14]. This paradoxical behavior arises from the bulk origin of the

metallic surface.

These unique properties are ideal prerequisites to induce large spin polarizations by means

of surface currents. Therefore, topological insulators are promising to act as first-place

spin current sources in low-power spintronic applications. Up to now, however, most

current measurements and spintronics works on topological insulators have been done at

frequencies below 10 GHz [Mel14], significantly lagging behind the THz bandwidth of

cutting-edge field-effect transistors [dA11]. To explore the ultimate speed limit of spin and

charge currents in topological insulators, experiments have to reveal elementary processes

of current generation and relaxation. Since many elementary scattering processes in solids

occur on time scales of ∼ 10-1000 fs (1-100 THz) [Sun02], studying their dynamics requires
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experiments with ultrashort time resolution.

This thesis

In this thesis, we induce and monitor electron transfer in topological insulators on ultrafast

timescales by making use of the fastest available stimuli: femtosecond optical laser pulses

and THz electromagnetic fields. While optical excitation mimics the situation in opto-

electronic devices such as photodiods and solar cells, THz pulses lead to conditions rather

similar to those found in electronic applications such as transistors. More over the optical

photon energy (∼ 1.5 eV) is much larger than both the thermal energy (∼ 25 meV at

room temperature) and the band gap (∼ 0.3 eV) of typical topological insulators, whereas

the opposite is true for THz photon energies (∼ 4 meV). Therefore, we expect that optical

and THz excitation trigger distinctly different dynamics in topological insulators.

In our experiments, we monitor the subsequent evolution of the photocurrent and the

isotropic and anisotropic optical and THz conductivity by different and complementary

optical probe schemes. By developing such advanced optical/THz pump-probe setups, we

aim at answering important open questions of TI physics which are relevant from both

a fundamental and applied viewpoint. Following optical excitation, how fast does the

photocurrent build up and decay? Can we distinguish between surface and bulk currents?

Recently, the observation of spin-polarized currents driven by circularly polarized light was

reported [McI12b]. The microscopic model used to explain this current suggests very large

THz current densities, an expectation that needs to be confirmed. The static measurements

also revealed a current component driven by linearly polarized light, which could not be

assigned to a microscopic generation mechanism [McI12b]. To understand the nature of

this current, we measure its ultrafast dynamics.

When near-equilibrium carriers are generated by ultrashort THz electric fields, we explore

the relevant interactions that bring the excited state back to equilibrium. So far, time-

resolved investigations have mainly addressed the relaxation of highly non-equilibrium

carriers [Wan12] and revealed a filling of the surface states by bulk carriers, following

dynamics dominated by electron-phonon interactions in the bulk states [Sob14], while a

different kind of bottleneck was observed for surface electrons at the Dirac point[SB16].

How do the dynamics evolve when the excited electron excess energy is reduced to a min-

imum? To reveal the role of electron-phonon interaction, which is expected to determine

such dynamics, we investigate different regimes of the near-equilibrium electron-phonon

interaction at the surface and in the bulk of n-doped Bi2Te3 and p-doped Sb2Te3.

Finally, on a more applied note, we address the potential of spin-to-charge current con-

version in topological insulators. Since topological insulators such as Bi2Se3 are known to

exhibit very large spin-orbit coupling strength, they have been shown to efficiently con-

vert charge currents into perpendicularly flowing spin currents [Mel14]. Can we induce

and measure the opposite effect on ultrafast time scales? Can we inject an ultrafast spin

photocurrent from a ferromagnetic metal into an adjacent TI and observe conversion into

a charge current? Similar processes in metals were shown to lead to efficient emission of

THz radiation with a magnitude and bandwidth that outperforms standard THz emitters.

Does ultrafast spin-to-charge current conversion in TIs pave the way to even better THz

2
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emitters?

To answer these questions, required tools were developed to exploit THz emission spec-

troscopy for ultrafast current detection and gain interface sensitivity in THz-pump/optical-

probe experiments.

This thesis is structured as follows. Chapters 1 and 2 provide a brief introduction to the

topological insulating state of matter and ultrafast currents driven by optical and THz

fields. This is followed by a description of how THz pulses are exploited as a spectroscopic

tool in general (Chapters 3 and 4), the technological developments required to achieve

low noise signal acquisition (Chapter 5) and the method to measure ultrafast currents

with unprecedented time resolution (Chapter 6). To obtain a microscopic understanding

of the charge carrier dynamics driven with optical (Chapters 7 and 8) and THz fields

(Chapters 9 and 10), models and analysis techniques were developed. They are detailed

in several appendices directly following the result chapter they belong to rather than at

the end of this work. These appendices are useful for readers who wish to follow the

development of the results in a profound manner.
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1 Topological insulator: An exciting state

of matter

This thesis focuses on the ultrafast dynamics of currents in topological insulators (TIs). As

outlined in the introduction, surface electrons in TIs have unique properties including high

mobility and spin-velocity locking. Since the occurrence of such surface states is far from

obvious, this chapter briefly summarizes some theoretical background of this extraordinary

material class.

1.1 A new type of insulator

The band theory of electric conduction was one of the early successes of quantum me-

chanics in the 1920s [Blo29], giving a simple explanation why crystalline solids are electric

conductors or insulators. In the independent-electron model, electronic states of solids

are characterized by Bloch states, that is, plane waves with wavevector k modulated by a

lattice-periodic function. Since k is continuous, electronic states form continuous bands.

The response of the solid to an applied electric field is determined mainly by the electrons

close to the Fermi energy. In equilibrium, states with ±k are equally populated such that

no current flows. In metals, due to only partially filled bands, an external electric field can

redistribute the population such that the occupation at, say, +k is larger than −k, and a

current is launched [Kit69]. In contrast, an insulator has completely filled bands that are

separated from empty bands by an energy gap, as depicted in Fig. 1.1a.

It is this gap that prohibits the redistribution of population by an external field and,

thus, prohibits conductance in an ordinary band insulator. However, the discovery of the

quantum Hall effect in the 1980s by Klitzing et al. [Kli80] has shown that there are also

other, completely different kinds of insulators.

1.1.1 Quantum Hall insulator

In 1980, Klitzing et al. [Kli80] showed that a two-dimensional metal placed in a strong

magnetic field is an insulator in its bulk but conducts along the edges. The bulk is

insulating since the magnetic field forces the electrons on confined circular orbits [Has10].

The quantization of these orbits leads to highly degenerate Landau levels m with energy

Em = ~ωc(m + 1/2), separated by an energy ~ωc, where ωc is the cyclotron frequency.

When N levels are completely filled, while the (N + 1)-th level is completely empty, the

energy levels are gapped just as in an insulator.

However, the same magnetic field that induces the gap in the bulk, forces electrons onto

robust skipping orbits at the edges (Fig. 1.1b). Thus, a two-dimensional metal in a strong

magnetic field has an energy gap in the bulk, but conducts along the surface edge states

[Has10].
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Figure 1.1: Insulating states of matter. a, Band structure of a normal band insulator. An energy
gap Egap separates completely filled bands from empty bands. b, The quantum Hall state. A
strong magnetic field forces bulk electrons in a two-dimensional metal on closed cyclotron orbits
but induces metallic skipping orbits at the edges. Cyclotron orbits are associated with Landau
energy levels separated by ~ωc. Thus, electronic states are separated by an energy gap as in an
normal insulator when levels below the Fermi energy EF are completely filled. c, The effective
magnetic field of spin-orbit coupling induces two kinds of edge states in the quantum spin Hall
insulator (two-dimensional topological insulator), one for “spin up” and one for “spin down”.

1.2 Three-dimensional topological insulators

Soon after the discovery of the quantum Hall state, theory [Ber06] showed that an external

magnetic field is not necessary for an insulator to have a robust conducting edge state.

Without external magnetic field, two kinds of edge states can appear that transport elec-

trons of spin up and spin down in opposite directions [Has10] as illustrated in Fig. 1.1c.

In so-called topological insulators, the role of the magnetic field is assumed by spin-orbit

coupling, an intrinsic property of all solids. Later, it was discovered that topological order

also occurs in three-dimensional materials [Fu07].

An important prerequisite for the occurrence of the topological phase is band inversion

[Zha09, Fu07], that is, the energetic order of the conduction band and valence band is

inverted. Such inversion is illustrated in Fig. 1.2a that shows the exemplary band order

of a normal insulator with the symmetric band (parity +1) lower in energy than the

antisymmetric band (−1) separated by a band gap. If, for example, strong spin-orbit

coupling lowers the energy of the antisymmetric state below that of the symmetric state, an

inversion of valence and conduction band occurs. This twist in the band order leads to the

topological state, and although still being an insulator, the resulting state is topologically

different from an ordinary insulator [Zha09].

Physically, an arbitrary number of band crossings can induce surface states, but topological

protected is only an odd number of states [Zha09]. This is due to time reversal symmetry

that forces the surface states to come in Kramers pairs of spin-up and spin-down states

[Fu07]. The symmetry of these states is depicted in Fig. 1.2b. In the trivial topology,

an even number 2n (n ∈ N) of surface states can be gapped out in pairs. Thus, start

and end point are in the same bulk band (Fig. 1.2b). However, for an odd number, the

(2n+1)-th spin-up and spin-down band have to cross the band gap to retain the symmetry

(Fig. 1.2b). It is in this sense that a single pair of edge states is protected by time reversal
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Figure 1.2: Band inversion drives a topological phase transition. a, Exemplary band order in
a normal insulator with the symmetric band (parity +1) lower in energy than the antisymmetric
band (−1) separated by a band gap. Band inversion of the highest valence band (+1) with the
lowest conduction band (−1) causes metallic surface states. b, Time-reversal symmetry requires
that from an odd number of surface states, all but one single pair of surface states can open a gap.
Thus, start and end point are in the same bulk band. The remaining single (2n+ 1)-th Kramer’s
pair is topologically protected by time-reversal symmetry.

symmetry [Zha09].

1.3 Generalized description of the topological state

A band inversion in the bulk states is required for the transition to the topological in-

sulating state. However, an even number of band inversions causes the trivial state. In

fact, theory could show that counting an even or odd number of band inversions occurring

in all filled bulk bands can identify the TI state in inversion-symmetric media [Zha09].

To motivate the origin of the topological insulating state in a more general consideration,

several theoretical concepts are required, which are beyond the scope of this work. In the

following we, therefore, give a brief suggestion how bulk properties can enforce a metallic

surface state.

For this purpose, we consider electrons in a one dimensional chain. In the periodic region

of the chain, the electronic eigenstates are Bloch states, which can be labeled by a crystal

momentum k and written in the form

Ψk(x) = eik·xuk(x), (1.1)

where the function uk has the periodicity of the lattice, and x is the real space coordinate.

Topological aspects arise from the smooth dependence of the wavefunction uk on k, which

causes a nontrivial phase obtained during a cyclic adiabatic evolution of the parameter k

[Has11]. Such a loop can be defined even in one dimension due to the periodicity of the

Brillouin zone k ∈ [−π/a, π/a]:

γ =

∫
〈uk| i∂k |uk〉 dk. (1.2)
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a b

xx

??+ - ++ - + - ++ -

Figure 1.3: Possible evolution of charge center positions (−), relative to a one-dimensional lattice
of ions (+), as the system evolves adiabatically around a closed loop in the parameter k. The
charge centers must return to themselves, but can do so either a without or b with a shift by a
lattice constant. While in the bulk (infinitesimal long chain) in both scenarios their is no difference
between before and after the cyclic evolution, scenario b induces a charge unbalance at the chain
ends.

The integral is a scalar. An intuitive clue of its meaning is given by replacing ∂k by x as

would be appropriate for the action on a plane wave. This suggests the γ is closely related

to the spatial location of the electrons [Has11]. However, for a plane wave, γ is zero. To

obtain a non-zero γ one may think of a wave packet, whose center of mass is interpreted

as the charge position.

The way how such a wave packet and, thus, its center of mass evolves under cyclic adiabatic

evolution can be very different in various solids [Has11]. This fact can be used to motivate

the difference in topology of insulators [Fu06].

In an adiabatic loop of the parameter k, initial and final points are the same. Therefore,

the charge centers must return to their initial locations at the end of the cyclic evolution.

Importantly, they can do so in two ways, as illustrated in Fig. 1.3a and b. If each charge

center returns to itself, then no charge is transferred. However, as illustrated in Fig. 1.3b,

this need not be the case; it is only necessary that each charge center returns to one of its

periodic images. Consequently the charge center may change by a multiple of the lattice

constant. This integer ambiguity in one-dimensions is closely related to the quantum Hall

effect in two-dimensions [Has11].

In topological insulators, time-reversed pairs of charges counter propagate and, conse-

quently, no charge but spin might be transferred in an adiabatic loop in k. In analogy to

the charge position ambiguity that may lead to a charge pump along the chain, Fu and

Kane Ref. [Fu06] discussed a spin pump to the surface as the signature of a non-trivial

topological insulator.

1.4 Properties and potential for THz electronics

A unique feature of TI surface states is their robustness against weak perturbations, which

protects their extraordinary properties even in the presence of adsorbants under ambient

air [Hoe14]. The crossing of the band gap on the surface not only ensures that these

states are gap-free but also implies a linear Dirac-type dispersion [Hsi09a] with high band

velocity. The resulting high mobility is important, for instance, in field-effect transistors

to enable low voltage operation with large currents.

Another important aspect of the TI surface states is spin-velocity locking, a property

8
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Figure 1.4: Photocurrent control on the surface of a topological insulator. In equilibrium, spin-
polarized electrons propagate in opposite direction. Circularly polarized light preferentially couples
to only one spin species. Since opposed spins correspond to reversed momenta, illumination with
circularly polarized light causes an unbalanced population at +k and −k, and thus, launches a
current.

of high interest to extend the functionalities of conventional electronics by the spin of

the electron [Sta14]. For this purpose, TIs are highly promising to induce large spin

polarizations by simply driving surface currents [Mel14].

Part of this considerable potential was demonstrated by recent works which reported the

exciting possibility of launching TI surface currents by simply illuminating the sample with

light. The direction of the photocurrent could be controlled through the polarization of

the incident light beam [McI12b]. Such photocurrent control can be easily understood as

follows: in the widely used three-dimensional TI Bi2Se3, the surface states, in an idealized

model, can be described by a single Dirac cone [Liu10] with a spin structure locked to

the momentum. Thus, electrons with the same energy but opposite momentum have

opposite spin. Circularly polarized light preferentially couples to electrons with spins that

are either aligned or anti-aligned to the wavevector q for light with left- or right-handed

circular polarization. When shining circularly polarized light obliquely onto the surface of

a TI (Fig. 1.4), electrons with a spin component parallel to q are preferably excited over

electrons with a spin component anti-parallel to q, which leads to an carrier distribution

that is asymmetric with respect to k and, thus, a net photocurrent. Changing the helicity

of the light then reverses the direction of the current.

These and other experiments proved that the TI surface states are extremely mobile

[Kas15, Koi15], spin polarized [Wan11, Mel14] and topologically protected against gap

opening [Zha09]. Remarkably, currents in the surface states can be optically controlled

[McI12b, Olb14, Kas15].

These properties show the potential relevance of TIs for spintronic and opto-electronic

applications. To explore the ultimate speed limit of currents in TIs, novel experiments

have to reveal elementary scattering processes that occur on timescales of ∼ 10− 1000 fs

[Sun02].

To stimulate and monitor electron transport on ultrafast timescales, we make use of the

fastest available optical and electrical stimuli. (i) Femtosecond (1 fs=10−15 s) laser pulses
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Chapter 1. Topological insulator: An exciting state of matter

will be used to launch ultrafast current bursts. Such optical injection of currents and spin

polarization in spin-orbit-materials is highly promising to boost clock rates towards optical

frequencies in opto-spintronic devices. (ii) Only recently available powerful THz electric

fields with peak fields of ∼ 1 MV/cm [Hir11, Sel08] will be used to drive charge carriers

close to the Fermi energy. The response of sub-thermal (~ω < kBT ) excited carriers to

high field strength meets the situation of charge transport in electronic devices.

In the following chapter we will discuss the processes that lead to current generation and

control with laser pulses with frequencies ranging from THz to the optical realm.

10



2 Ultrafast currents

To drive and study transport of charges and spin angular momentum on ultrafast time

scales (< 1 ps), extremely fast stimuli are required: femtosecond optical pulses and sub-

picosecond (terahertz) electric field transients. This chapter will provide the theoretical

background how these two very different stimuli can drive charge transport.

2.1 Ohmic currents

When an external electric field is applied to a solid, a charge current flows. Electric fields

can be provided by, for instance, batteries, electronic oscillators operating at frequencies

up to 100 GHz or optical fields. According to Ohm’s law, the charge current density j

increases linearly with the field E [Jac06],

j(ω) = σ(ω)E(ω), (2.1)

where σ is the conductivity at angular frequency ω.

Electrical conduction of metals or doped semiconductors is often described within a simple

model proposed by Paul Drude in 1900 [Dru00]. In the Drude model, the conductivity

is characterized by two parameters, that is, the charge carrier density n and the rate

1/τ of electron collisions with obstacles which are not further specified. The Drude DC

conductivity reads as [Ash76]

σ0 =
ne2τ

m∗
. (2.2)

Here, e is the elementary charge, and m∗ is the effective carrier mass. The AC complex

conductivity is related to σ0 by [Ash76]

σ(ω) =
σ0

1− iωτ
. (2.3)

To understand how a THz electromagnetic field drives the electrons within the Drude

theory, it is instructive to decompose the complex conductivity into real and imaginary

parts

Re σ =
σ0

1 + ω2τ2
(2.4) Im σ =

σ0ωτ

1 + ω2τ2
(2.5)

The real part represents the current response, in-phase with the driving field, which pro-

duces resistive Joule heating, while the imaginary part represents the π/2 out-of-phase

inductive current [Jac06]. In the low frequency region (ωτ � 1) the resistive character

of Re σ dominates. Since τ can be as short as ∼ 10 fs [Sun02], the response of conduc-

tion electrons in metals and semiconductors to THz radiation is often well described by a

peak at zero frequency (Eq. (2.4)). The width of this Drude peak is equal to the inverse

relaxation time of the electrons. In the high frequency region (ωτ � 1), however, the

Drude theory predicts essentially an inductive carrier response (Eq. (2.5)) with the optical

11



Chapter 2. Ultrafast currents

J(t)

A

E(t)

Figure 2.1: Photocurrent generation. A field E(t) incident on matter launches a charge current
J(t). An optical rectified current can be detected with an amperemeter connected to the contacts
at the edges of the sample.

conductivity decreasing with 1/ω.

In a more rigorous theory, the Drude conductivity can be understood to arise from intra-

band transitions between electronic Bloch states. Interband transitions, however, cannot

be written in a Drude-like form.

2.2 Photocurrents

Ohm’s law is a typical example of linear response, that is, the reaction j scales linearly with

the perturbing E (Eq. (2.1)). Beyond linear response, the next step are currents that scale

with the field squared, j ∝ E2. Such currents can be launched by irradiating matter with

light and are known as photogalvanic or photovoltaic currents [Bel80]. In certain cases,

one can even control the current direction with the light polarization [Gan03b, Gla14].

Photocurrents play an important role in many biological systems and electronic devices.

For example, Bacteriorhodopsin, a bacterium protein, captures light energy to pump

charges across a membrane and subsequently stores the absorbed light as chemical en-

ergy [Mus01]. Such light-to-chemical energy conversion is the first step of human vision

process [Mus01]. The required conversion steps are light harvesting, charge separation, re-

combination and carrier collection. These processes are also essential to build an efficient

solar cell [Hen06] to trigger photochemical reactions [Mus01] or to launch ultrafast charge

and spin currents for large-bandwidth spintronic devices [McI12b, Kam13a, Sei16].

There are many more light-driven current sources. They range from heat-induced currents

in pyroelectrics [vB81] over thermoelectric currents due to a heat gradient between two

dissimilar conductors [Nol13] to light absorption processes in non-inversion symmetric

solids [Gla14], which cause an asymmetric velocity distribution due to the optical transition

between states that are different with respect to their charge center of mass or velocity

[Nas06]. The last process is of special interest as it allows one to control the direction of

photocurrents through the polarization of the incident light beam [McI12b, Gla14]. When

an inversion-symmetric medium is photo-excited, electric-dipole-type currents cancel in the

bulk material. However, at its surface, inversion symmetry is always broken. Therefore,

12



2.3. Photocurrent theory

Figure 2.2: Shift current source. Electron density in the (110) plane of GaAs for a, the highest
valence electron, and b, lowest Γ point conduction band. Dark regions correspond to higher
densities. a and b can be considered to show an approximate“before-and-after” look on the electron
density in GaAs upon optical transition from valence to conduction band. In the ground state the
highest valence band electrons are localized around the arsenic atom a. An excitation with photon
energies above the band gap can populate states nearer to the gallium atom b. Such transition
effectively shifts charges on the order of a bondlength (arrow) on femtosecond time scales. Figure
according to Ref. [Nas06].

photocurrents in inversion-symmetric media are often surface-sensitive probes[Olb14].

Note that excitation with short laser pulses on the time scale of elementary scattering

processes in matter launches ultra-short current bursts with a time structure that strongly

depends on the light-absorption process [Nas06], the subsequent charge transport [Joh02]

and relaxation [Kra79] of the photo-excited carriers. Measurement of ultrafast current

dynamics, therefore, provides insight into the mechanisms that govern current generation

and relaxation [Lam05, Joh02, Bea02].

To understand photocurrents and their signatures, we need a theoretical background that

describes the generation process and subsequent dynamics of charge transport. In the

following, we briefly summarize theoretical aspects of three classes of photocurrents: optical

rectification, shift currents and injection currents.

2.3 Photocurrent theory

2.3.1 Phenomenological description

Classically, an ensemble of particles with charge qj and velocity vj carry a microscopic

current

J(x, t) =
∑
j

qjvjδ(x− xj) (2.6)

When a current j scales with E2, it can be phenomenologically described by the most
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Chapter 2. Ultrafast currents

general quadratic relationship between j and E that can be written down as [Boy03]

ji(x, t) =
∑
jk

∫ ∫ ∫ ∫
dt1dt2d3x1d3x2 σ

(2)
ijk(t−t1, t−t2,x−x1,x−x2)Ej(x1, t1)Ek(x2, t2).

(2.7)

The response function σ
(2)
ijk contains all relevant information of the current generation

process, e.g., the symmetry of the sample, and the specific current generation mechanism

given by the material and its electronic structure. An important simplification is to assume

that the response is spatially local, i.e., a field at position x generates a current only at

the very same position. A spatially local quadratic response leads to a current [Boy03]

ji(x, t) =
∑
jk

∫ ∫
dt1dt2σ

(2)
ijk(x, t− t1, t− t2)Ej(x, t1)Ek(x, t2). (2.8)

This simplification presumes that correlation lengths are much shorter than the length

scales of the driving electric field E. A very relevant correlation length is given by the

mean free path of electrons. For example, in the topological insulator Bi2Se3, it is ∼ 2 nm

(bulk, [Hru11]), which is much smaller than the wavelength (790 nm) of light with a photon

energy of 1.57 eV and its attenuation length in the bulk of Bi2Se3 (24 nm, [McI12a]). The

nonzeroelements of σ
(2)
ijk are constrained by the local symmetries of the medium. Most

notably, σ
(2)
ijk = 0 in inversion-symmetric media.

Even though Eq. (2.8) is local in space, it is still nonlocal in time: the response to a

field E(x, t1) is “stored” for some time ∆t and can interact with E(x, t2) if (t2 − t1) < ∆t .

∆t may vary between almost zero in transparent materials and typical current relaxation

times in opaque materials (femto- to picoseconds, [Jac06]). Therefore, the memory of the

excitation strongly determines the temporal structure of ultrafast photocurrents [Lam05,

Joh02, Bea02].

2.3.2 Boltzmann-equation approach

While the previous subsection provided a phenomenological description of photocurrents,

we now discuss a microscopic model of photocurrent generation. In a single-particle pic-

ture, the quantum mechanical electronic eigenstates of a solid can be described as Bloch

states |bk〉 where b is the band index and k is the wavevector. In thermal equilibrium,

that is, before optical excitation of the solid, the electronic system is characterized by the

occupation number fbk of Bloch states. According to Fermi-Dirac statistics, fbk is given

by the Fermi function.

When an optical pump pulse is incident, it couples pairs of initial states |i〉 and final states

|j〉 and, thus, induces a coherent superposition of states. Shortly after the pump pulse is

gone (typically after 1 - 10 fs [Sun02]), the coherence disappears and, thus, the electronic

system is fully described by populations of the Bloch states [Ash76].

To calculate the population transfer from |i〉 to |j〉, one can make use of perturbation
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Figure 2.3: Current injection by an asymmetric momentum space population. Circular polarized
light drives transitions between spin-polarized and unpolarized states in a topological insulator
[McI12b]. Transition selection rules dictate that the optical excitation occurs at +k but not at −k
and therefore a photocurrent is launched with a magnitude determined by the velocity difference
(vh−ve) between initial and final state and the number of asymmetrically excited charge carriers.

theory and model the excitation dynamics by a rate equation [Mad72]

∂fj
∂t

=
∑
i

[wij · fi(1− fj)− wji · fj(1− fi)] . (2.9)

Here, wij is the transition rate that is proportional to the square of the perturbation field

E (Fermi’s golden rule).

Resonant excitation of an excited-state population launches injection currents [Rio12],

provided the transition from |i〉 to |j〉 is accompanied by a change vh−ve of the electrons’

band velocity (Fig. 2.3). Shift currents [Nas06], arise when the transition drives a charge

transfer by ∆x (Fig. 2.2).

Spatial inhomogeneities such as interfaces or surfaces require to add a local parameter x to

the distribution function f(x, bk, t). Such x-dependence can be justified by a semiclassical

approach. When a potential φ(x) is superimposed on the periodic potential of the crystal,

the electrons with band index b can be considered to form wave packets and, thus, can

be treated as classical particles [Ash76, Mad72]. This approach is valid provided that

the potential φ(x) varies sufficiently slowly on length scales much larger than the spatial

extent of the wave packet. For example, in Bi2Se3 a relevant surface potential is induced

by band bending in the order of 100 meV over 12 nm [McI12a], which is ∼ 10 meV over a

lattice constant, significant smaller than the band gap (300 meV).

Applying the wavepacket picture, the “local” bandstructure and, thus, “local” occupation

numbers f(x, bk, t), allow us to write down the photocurrent as

j(x, t) =
∑
bk

vbkf(x, bk, t) +
∂

∂t

∑
bk

xbkf(x, bk, t) (2.10)

The two terms quantify the injection and shift current, respectively [Lam05].
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The current dynamics for shift and injection currents involve not only the generation pro-

cess but also the subsequent evolution of the charge distributions in the sample. The

kinetics of this distribution function f(x,v, t) can be described with the Boltzmann equa-

tions for each carrier sort c (e.g. electrons and holes), electrons (c=e) and holes (c=h)(
∂

∂t
+ vc∇x +

qc

m∗
Ec∇k

)
fc(x, bk, t) = gc(x, bk, t) +

∂f

∂t

∣∣∣∣coll

c

. (2.11)

Here, qc is the carrier charge and m∗ the effective mass. The generation term gc is pro-

portional to the laser power density, and the collision term includes all scattering process

with obstacles that bring the system back to equilibrium. Due to the one-dimensional

geometry of our samples and laterally homogeneous excitation, we will consider in the

following only gradients along z. Accordingly, the equation for the total electric field can

be written down as [Hel91]

∂

∂z
Ez =

e

ε
(nh − ne +N+ −N−). (2.12)

In this equation, nc is the carrier density, N+ and N− the densities of ionized impurities

and ε the dielectric function.

2.3.3 Hydrodynamic model

The Boltzmann equation (Eq. (2.11)) contains the full kinetics of carriers described by the

distribution function f(x, bk, t). However, f(x, bk, t) can be parameterized by just a few

quantities, that are, the mean values of velocity vc, center of mass of the charges xc and

the temperature Tc. With this simplification the dynamics of the decaying current j = nev

can be expressed by the drift velocity evolution along z of the distribution function, that

is [Hel91],

∂

∂t
vc +

kBT

ncm∗
∂

∂z
nc +

kB

m∗
∂

∂z
T + vc

∂

∂z
vc −

qcEz
m∗

=
αP (t)

~ω
e−αz +

∂v

∂t

∣∣∣∣coll

c

. (2.13)

The terms on the left hand side describe diffusion along carrier density and temperature

gradients, velocity relaxation, and charge acceleration in space charge fields (Eq. (2.12)).

The source terms on the right account for carrier generation and collisions where P (t) is

the laser power density, α−1 the absorption length, and ~ω the photon energy.

Eq. (2.13) also accounts for the important example of drift currents in space charge fields,

for which the velocity evolution can be given within the Drude model [Sha04]

v(t) =
qcτ

m∗
E(e−t/τ − 1). (2.14)

Here, τ is the Drude scattering time. Such drift currents in external bias fields are used

in standard photoconductive THz emitters [Sha04].
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2.3. Photocurrent theory

2.3.4 Quantum-mechanical theory

In a more rigorous quantum mechanical ansatz that also accounts for coherences during

the excitation, it is possible to derive similar expressions as in the last section. Assumed

that only the electrons of some system interact with a classical electromagnetic field given

by the vector potential A(x, t), then, to first order in the light field and in Coulomb gauge,

this interaction is described by the Hamiltonian [Czy04]

He-light =

∫
d3x j(x)A(x, t). (2.15)

The current operator j has interband contributions, that describe transitions from valence

to conduction band and intraband contributions that account for dynamics within these

bands. Sipe et al. [Sip00, Nas06] used second-order perturbation theory in the independent

particle approximation and negligible scattering to find three current contributions that

can be assigned to optical rectification, shift and injection currents:

j(t) = jor + jsh + jinj. (2.16)

The quantum-mechanical treatment justifies the ansatz of Eq. (2.10), but also provides

additional insight into shift and injection currents. Therefore, we briefly discuss the results

of Ref. [Sip00].

The shift current response for light polarized linearly along j ∈ {x, y, z} and band occu-

pation fnm = fn − fm is given as

σsh
ijk(0;ω,−ω) =

πe3

~2

∫
d3k

8π3

∑
m,n

fnmR
i
nm|M j

nm|2δ(ωnm − ω). (2.17)

The sum runs over all pairs of states (m,n). Here,

Rinm(k) =
(
Xi
nn(k)−Xi

mm(k)
)

+
∂φnm(k)

∂ki
(2.18)

is the shift vector component along i that has two contributions: first, a shift of the center

of charge distribution Xi
nn =

∫
cell iuk,n(r)∇kuk,n(x)d3x as determined by the periodic

part of the electron Bloch function uk,n(x), and second, a polarization that arises from

the phase φ of the transition dipole between the bands m and n that are related by the

transition matrix element M j
nm(k) = |M j

nm(k)|e−iφnm(k). If φnm = 0, the shift of Eq. (2.18)

is equivalent to the shift component in the population model (Eq. (2.10)) [Sip00].

In contrast to shift currents, injection currents vanish for linear polarized light and are

only non-zero for elliptical polarized light:

σinj
ijk(0;ω,−ω) =

πe3

2~2

∫
d3k

8π3

∑
n,m

fnm(vinn−vimm)[Mk
mnM

j
nm−M j

mnM
k
nm]δ(ωnm−ω). (2.19)
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Chapter 2. Ultrafast currents

σinj scales with the band velocity difference between ground and excited state (vinn − vimm) ,

and requires mixing of fields polarized along j and k that interfere when following different

excitation pathways, e.i., [Mk
mnM

j
nm −M j

mnMk
nm] 6= 0 [Sip00].

A relationship similar to Eq. (2.17) and 2.17 can be provided for optical rectification

[Nas06], which is a transient charge displacement that arises from nonresonant coupling of

pairs of states whose energies differ from the incident photon energy. A process that re-

quires the presence of the pump pulse inducing a transient superposition of Bloch states.
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3 The Tool: Ultrafast THz electromag-

netic pulses

Laser sources provide strong light fields that can drive a nonlinear response of matter. Con-

sequently, light waves start interacting with each other, resulting in exchange of momentum

and energy. Optical fields are generated at new frequencies, including optical harmonics

as well as sum- and difference-frequency signals.

The difference-frequency component that oscillates much slower than the incident light can

be employed for down conversion to terahertz (THz) frequencies. Similarly, such temporal

modification of the material polarization can be detected by a subsequent weak probe pulse,

a process that can be used to detect THz pulses or study charge carrier and lattice dynamics

of an excited medium.

In the previous chapter we discussed second order nonlinear effects in the time domain and

switched only to the frequency domain when necessary. Since generation and detection of

THz fields is understood as nonlinear mixing of frequency components of light pulses, it is

instructive to discuss light conversion in this chapter in the frequency domain.

3.1 Nonlinear light conversion

When an external bias field is applied to an material, its electronic charges get displaced.

The induced charge displacement (polarization) can be viewed as a classical oscillating

dipole that itself emits radiation at the oscillation frequency. Strong fields can even drive

such polarization in the nonlinear regime. To lowest order the nonlinear polarization

P scales with the field E squared. With assumptions as discussed for the time domain

description (Eq. (2.8)), we can write down the spatially local response

P
(2)
i (ω) =

∑
jk

∫ ∞
−∞

dω1

∫ ∞
−∞

dω2χ
(2)
ijk(ω;ω1, ω2)Ej(ω1)Ek(ω2) (3.1)

χ
(2)
ijk(ω;ω1, ω2) is the third-rank susceptibility tensor. For convenience we restrict our-

selves to positive frequencies ω, ω1, ω2 and exploit general symmetry properties of χ(2) to

decompose P
(2)
i into two components

P
(2)
i (ω) = 2

∑
jk

∫ ∫
ω1>ω2>0

dω1dω2

χ
(2)
ijk(ω;ω1, ω2)Ej(ω1)Ek(ω2)︸ ︷︷ ︸

SFG

+χ
(2)
ijk(ω;ω1,−ω2)Ej(ω1)E∗k(ω2)︸ ︷︷ ︸

DFG

. (3.2)

The first term describes sum-frequency generation (SFG), whereas the second term is
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Chapter 3. The Tool: Ultrafast THz electromagnetic pulses

2.3. Nonlinear Polarization: 2 Examples

Figure 2.1.: Principle of THz generation.
Each frequency pair (ω1, ω2) within the spec-
trum of a visible laser pulse generate a po-
larization at the difference frequency Ω =
ω1 − ω2.

w1w2W = w -w1 2

electric field ( )
of visible

laser pulse

E w

induced polarization

in theP
(2)

(W)

far- and mid-infrared

frequency w

c
(2)

with the abbreviation

χ(2)(ω, ω1, ω2) = χ(2)(ω1, ω2) δ(ω − ω1 − ω2).

Here, χ(2)(ω1, ω2) is the third-rank susceptibility tensor which vanishes in media with inver-
sion symmetry. The δ-function shows that only the sum or difference of 2 light frequencies
ω1 and ω2 can be generated by this 2nd-order process.

It is convenient to restrict oneself to positive frequencies ω, ω1, ω2 > 0. By exploiting
general symmetry properties of χ(2), the 2nd-order polarization can be written as [Boy92]

P
(2)
i (ω) = 2

∑

jk

∫∫

ω1>ω2>0

dω1 dω2 (2.3)

[

χ
(2)
ijk(ω, ω1, ω2)Ej(ω1)Ek(ω2)

︸ ︷︷ ︸

sum-frequency components

+ χ
(2)
ijk(ω, ω1,−ω2)Ej(ω1)E

∗

k(ω2)
]

︸ ︷︷ ︸

difference-frequency components

The 1st term in the integrand contributes for ω = ω1+ω2 and thus describes sum-frequency
generation (SFG), whereas the 2nd term becomes operative for ω = ω1− ω2 and describes
difference-frequency generation (DFG).

THz Generation

As visualized by Fig. 2.1, DFG can be employed to generate THz radiation of frequency
Ω = ω1 − ω2 from spectrally broad visible light of high intensity. For example, one of
the lasers used in this work delivers pulses with a 100-nm bandwidth centered at 780 nm.
Applying DFG to these pulses should result in THz pulses covering the spectrum from 0
to about 50 THz. In reality, however, propagation effects restrict the DFG process to those
frequencies which fulfill the so-called “phase matching” condition. This point is discussed
in Section 2.6.1.

It must be emphasized that the polarization induced by DFG does not depend on the
absolute phase of all spectral components Ej(ω) since only the phase differences enter in
Eq. (2.3).
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Figure 3.1: Frequency down conversion. Each frequency pair (ω1, − ω2) within the spectral

bandwidth of the driving pulse E induces a polarization P(2) at frequency Ω = ω1 − ω2.

the difference-frequency component (DFG). The photocurrent response (Eq. (2.8)) can be

obtained from Eq. (3.2) by accounting for the timederivative that relates the second-order

susceptibility χ(2) and the conductivity tensor σ(2), J = ∂P/∂t.

3.1.1 THz Generation

DFG can down convert optical pulses to THz frequencies Ω = ω1−ω2 (Eq. (3.2)). Within

the bandwidth of the excitation all pairs of ω1 and ω2 induce a polarization P(Ω) that itself

emits radiation at frequency Ω. As depicted in Fig. 3.1 the bandwidth of the excitation

pulse determines the bandwidth of the generated THz pulse. For instance, driving pulses

from a Ti:Sa laser provide 100 nm (≈ 50 THz) broadband pulses centered at 790 nm (≈
400 THz) that can, in principle, generate THz pulses covering a spectrum from 0 to 50 THz.

However, in real crystals the total THz field ETHz(x, ω) is a coherent superposition of fields

induced by polarizations P(2)(x′, ω) generated along the excitation path throughout the

crystal. Consequently, constructive interference is required to generate a sizeable field.

The total field is given by

ETHz(x, ω) = −4π
ω2

c2

∫
d3x′Gx′(x, ω)P(2)(x′, ω) (3.3)

where Gx′(x, ω) is the propagation function that is an outgoing spherical harmonic as

depicted in Fig. 3.2 for the simple case of a spatially homogenous and isotropic medium.

Effectively only those components contribute to ETHz(x, ω) that propagate in phase with

the group velocity of the excitation. This condition is best fulfilled in isotropic media with

frequency-independent refractive index. In real materials, however, a frequency-dependent

refractive index causes interference, and only “phase-matched” frequency components con-

tribute to ETHz. Details on the calculation of THz emission from GaP and ZnTe are given

in Appendix 6.A.
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3.1. Nonlinear light conversion

nonlinear medium

�
outgoing

wave∝ ��′ � � �′, �
Figure 3.2: Example of an elementary THz wave. The visible pump field E propagates through
the nonlinear medium, thereby inducing a microscopic polarization P(2) at each point x′. All fields
generated along the propagation path add to the macroscopic field ETHz ∝ Gx′P(2)(x′, ω).

Nonlinear-

optical

crystal

Delay t

THz
field

ETHz(t)
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Figure 3.3: Electro-optic sampling of a THz waveform ETHz with a short optical gate pulse. The
THz field induces a transient birefringence of the detection crystal via the linear electrooptic effect
that changes the polarization state of a co-propagating time delayed sampling pulse. The detection
process is most efficient for THz frequencies with a phase velocity that matches the group velocity
of the sampling pulse.

3.1.2 THz detection

THz radiation can be detected by SFG and DFG mixing of a THz field ETHz and a

short visible pulse E that co-propagate through a crystal with χ(2) 6= 0 (Eq. (3.2). ETHz

effectively modulates the refractive index of the detection crystal, which consequently

changes the polarization of the optical pulse. In this way, the THz field information is

transferred to the polarization state of the sampling pulse.

In more detail, this electrooptic or Pockels effect is caused by the nonlinear polarization

induced by propagation of the total field E = ETHz + E in the detection crystal. The

relevant cross term P
(2)
i ∝

∑
jk χ

(2)
ijkE

THz
j Ek corresponds to an electric polarization that

is linear in E and
∑

j χ
(2)
ijkE

THz
j is a change of the linear optical properties in response to

ETHz.

The change in the linear crystal response along the THz field axis induces a transient bire-

fringence that can be measured by a co-propagating time-delayed visible sampling pulse.

As illustrated in Fig. 3.3 the transient birefringence induces a perpendicular probe-field

component that results in an ellipticity of the probe-polarization. The polarization change

is detected as intensity modulation on a pair of balanced photodiods behind polarizing

21



Chapter 3. The Tool: Ultrafast THz electromagnetic pulses

optics. As the THz generation, also the efficiency and bandwidth of the detection process

is limited by propagation effects.
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4 Experimental setup

In this work, ultrafast THz spectroscopy is used (i) to excite and detect ultrafast photocur-

rents and (ii) to drive electrical currents with intense THz pulses. Their investigations

are highly relevant for ultrafast opto-electronics and electrical currents pushing clock rates

of data processing towards THz frequencies. Concept (i), THz emission spectroscopy, is

illustrated in Fig. 4.1a. An optical femtosecond laser pulse is incident on matter, where

it excites a photocurrent. The accelerated charges re-emit radiation at THz frequencies

that can be detected by optical means. The experimental configuration (ii) is depicted in

Fig. 4.1b. In a pump-probe configuration, illumination of a sample with intense THz pulses

drives an electrical current. A subsequent optical pulse monitors the pump induced change

of the linear material properties.

The two concepts call for laser sources driving the THz setups optimized for the experi-

mental needs. Concept (i) requires extreme laser stability and signal to noise ratio (SNR)

to detect the small photocurrent signals. In contrast, (ii) aspires for highest available field

strength and high SNR as well. This chapter will introduce the used laser systems and

THz sources as well as the novel modulation technique that was developed to detect small

amplitude signals only limited by shot noise.

4.1 The THz emission spectrometer

The ultrafast amperemeter for photocurrent measurements is depicted in Fig. 4.2. Visible

laser pulses (20 fs, 11 nJ, 75 fs) from a MHz oscillator are tightly focused onto a sample.

A potentially emitted THz field is collected by a parabolic mirror and sent to a detection

crystal, e.g., ZnTe.

As discussed in Section 3.1.2, the THz field is detected by the induced transient bire-

fringence of the detection crystal that changes the polarization of co-propagated visible

sampling pulses from initially s to elliptically polarized. Behind the detection crystal,

quarter and half wave plates transform the unperturbed gate polarization to 45°. A po-

larizing beam splitter cube then splits the pulses in s and p polarized components that

are equally intense if no THz radiation is present. Power detection by a pair of balanced

photo diodes eliminates intensity fluctuations of the gate pulses, but THz signal-induced

polarization changes are converted into a current difference on the diodes. The complete

THz waveform is scanned by a fast, continuously moving translation stage that delays the

train of the THz pulses with respect to the train of gate pulses. To detect signals from

THz-opaque materials, the setup can be easily modified to measure samples in reflection

and 45° angle of incidence.
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Chapter 4. Experimental setup

Figure 4.1: The two concepts of THz spectroscopy used in this work. a, Illustration of THz
emission spectroscopy. An 20 fs optical pulse is incident on a sample. The ultrafast stimulus
launches a short current burst that emits THz radiation. The detection of this THz radiation
provides inside into the photocurrent dynamics by calculating the source current from the emission
signal. b, A THz field-transient drives an electric current inside a sample. The induced carrier
dynamics are sampled with a time-delayed probe pulse in the optical or THz (not shown) frequency
range that monitors the pump-induced change in the dielectric function.

Figure 4.2: THz spectrometer. A near-infrared pulse from a Ti:sapphire laser generates THz
radiation in a nonlinear crystal. The emitted THz radiation is collimated by a 90° off-axis parabolic
mirror. The remaining pump light is blocked by a high-resistivity Si wafer that transmits THz
pulses and combines the THz pulses with near-infrared sampling pulses such that both propagate
collinearly through the detector. In the nonlinear crystal, the THz-induced birefringence causes
elliptical polarization of the gate pulses that is detected by using a combination of λ/4 and λ/2
wave plates and a polarizing beam splitter (PBS) that sends perpendicular polarization components
to a pair of balanced photo diodes (PD1,PD2).
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4.2. The THz transmission spectrometer

Figure 4.3: Pump-probe setup. The sample is excited by intense THz pump pulses from either
the LiNbO3 1 THz or the Multi-THz source. After a delay, a weak probe pulse in the visible or
THz frequency range interacts with the sample, thereby gaining information about the current
sample state. Pump and probe propgate non-collinear to spatially separate these pulses before the
detection. For THz probing the detection is analogue to Fig. 4.2. For an optical probe the Si wafer
and the detection crystal are removed and probe-polarization changes are detected with half or
quarter wave plates before the balanced photodiods.

4.2 The THz transmission spectrometer

Prior to time-resolved experiments, samples are characterized by broadband THz trans-

mission measurements. For this purpose, a similar setup to the one described in Section 4.1

and Fig. 4.2 is used to detect the linear response of a sample at THz frequencies. The THz

transmission spectrometer has an additional focus before the sample, where THz pulses are

generated in a nonlinear crystal, e.g., ZnTe. Subsequently, the THz pulses are transmitted

through the sample and sent to the detector.

For such single excitation pulse applications the “MHz setup” is well suited as it provides

high signal to noise ratio.

4.3 The THz pump-probe setup

The second class of experiments performed in this work uses intense THz pulses to drive an

excitation and probes the subsequent dynamics with a second probe pulse co-propagating

through the sample, as illustrated in Fig. 4.3. Sampling pulses are either directly visible

pulses or a second weak THz probe pulse train is generated. Pump and probe beam are

sent to the sample non-collinear to spatially separate both beams at the detector position.

Optical probe pulses are detected directly with polarizing optics and a pair of balanced

photo diodes, while THz probe pulses require electro-optic sampling detection as described

above.

25



Chapter 4. Experimental setup

4.4 The laser and the THz sources

THz generation by light conversion of optical fields imposes stringent technological re-

quirements on suitable laser systems. The optical driving pulses have to be optimized

addressing the following issues:

• Bandwidth. The THz center-frequency and bandwidth are determined by the opti-

cal excitation bandwidth. Broadband radiation is especially desired for spectroscopic

applications. 10 fs pulses naturally meet the bandwidth requirement and are also

short enough to detect THz frequencies from ∼ 1 to 50 THz. In contrast, extremely

intense narrowband THz radiation requires convenient tune ability of the excitation

to match the desired difference frequency.

• Stability. Detection of small signals close to the ultimate “shot noise” limit require

extreme stability of the laser pulses. As any additional component, such as laser

amplifier, may cause additional noise, the system should be as simple as possible.

• Repetition rate. The modulation technique employed in the newly developed fast-

scan THz detection (Section 5.2.3) pays off most at modulation frequencies above

10 kHz, thereby setting a lower limit on the repetition rate of the laser source.

• Pulse energy. The application of THz pulses to drive matter into the nonlinear

regime requires extreme pulse intensities which are beyond the reach of stable fem-

tosecond oscillators operating at high repetition rate.

The requirement of high stability and large bandwidth for THz emission spectroscopy

is best fulfilled by a simple high-repetition rate system. Therefore, we use a MHz-laser

oscillator that provides extremly stable 10 fs, 11 nJ pulses at 75 MHz repetition rate to

drive our THz emission spectrometer developed to operate at the fundamental “shot noise

level”. In contrast, a kHz-amplified laser providing 40 fs, 15 mJ pulses at 1 kHz repetition

rate drives our high-field THz sources to excite samples with > 1 MV/cm fields at 1 THz

and > 30 MV/cm at 25 THz.

4.4.1 MHz-Laser Oscillator

Our laser oscillator is illustrated in Fig. 4.4. The light-amplification medium is a titanium-

doped sapphire crystal that is pumped by a continuous wave Nd:YVO4 laser at 532 nm.

The Ti:sapphire provides emission over a very broad band from 670 to 850 nm [Fer02b].

The very broad gain profile originates from a homogeneous fluorescence band between 670

- 1070 nm and the design of the laser cavity of length l, which favors only longitudinal

modes with an equidistant frequency spacing ∆f = c/2l.

For pulsed operation, the phases of these modes have to be locked, which requires the mod-

ulation of a cavity parameter with frequency ∆f . Passively such modulation is achieved by

the optical Kerr-effect in the Ti:sapphire crystal. Due to the linear intensity dependence

of the Kerr-effect, the Gaussian beam profile induces a lateral refractive index modulation,

which allows in phase propagation of multiple modes. Acting as a transient lense [Fer02b],

the lateral refractive index modulation favors the amplification of the most intense modes.
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532 nm
Ti:Sa

Lense
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532 nm, 6.75 W 
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Figure 4.4: MHz-laser oscillator (Femtosource M1, Femtolasers GmbH). A continuous-wave,
532 nm, Nd:YVO4 laser pumps the light-amplifying Ti:sapphire crystal. The optical resonator
is formed by the end mirror EM and the slightly transmitting output coupler OC. A high power
density in the crystal is achieved by the focusing mirrors FM1 and FM2. The dispersion along
the cavity path is compensated with a pair of chirped mirrors CM1 and CM2. The double-wedge
chape of the OC avoids multiple reflections into and out of the resonator. The wedges and the
external cavity dispersion control ECDC, pair of chirped mirrors, can be adjusted to optimize the
pulse dispersion according to optical elements in the setup.

The light intensity profile is extremely important for the laser operation and “chirped mir-

rors” are required to compensate for pulse dispersion. Good dispersion management allows

for the generation of ultra-short 20 fs pulses. Details of the femtosecond laser-oscillator

used are described in Fig. 4.4.

4.4.2 kHz-Amplified Laser System

Very high laser fields are obtained by amplifying the MHz oscillator pulses in another

Ti:sapphire crystal. Since the Ti:sapphire sets an output power limit of 1-10 W, the

repetition rate of the amplifier system is reduced to 1 kHz to allow for high peak amplitudes.

To prevent undesired nonlinear processes or even damage of optical elements, the pulses

are temporally stretched prior to amplification and compressed afterwards. Fig. 4.5 shows

the kHz amplified laser system used in this work.

The amplified pulses are either directly used to drive our 1 MV/cm THz radiation source

or sent into an optical parametric amplifier (OPA), which generates pulses with a central

wavelength tunable in the visible spectral region. An OPA transfers intensity from a pump

beam (of frequency ωpump) to a signal beam ωs that needs to be amplified by a nonlinear

process according to Eq. (3.2). This parametric amplification process works by repeated

difference-frequency mixing. First, an idler beam ωi = ωpump−ωs is generated and second

ωs = ωpump − ωi is amplified. Wide tunability of the output wavelength is achieved by

choosing the incoming weak seed pulse ωs from a white-light continuum generated from a

small portion of the pump pulse. A twin system of two OPAs tuned typically to wavelength

1200 nm and 1400 nm delivers the pump pulses for the Multi-THz source.
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Figure 4.5: kHz-laser amplifier (TOPAS Legend Elite Cryo, Coherent GmbH). Seed-laser pulses
(8 fs,75MHz) from a laser oscillator similar to Fig. 4.4 are temporally stretched. Pockels-cell pulse
picker PC1 and PC2 allow only every kHz shot to pass the two amplification stages, that consist
of two individual Ti:sapphire crystals pumped by a Nd:YLF laser. 800 nm, 10 mJ output pulses
at 1 kHz are subsequently split compressed to 40 fs as input for the twin OPA system.

4.4.3 The THz sources

The generation of intense THz pulses is based on DFG (see Eq. (3.2)) and requires a

large nonlinear coefficient of the conversion media. Among the strongest nonlinear coef-

ficients are found in GaP (0.97pm/V), ZnTe (3.9pm/V), GaSe (14.4pm/V) and LiNbO3

(33.3pm/V). In addition, the excitation pulse has to propagate in phase with the THz

field inside the nonlinear generation medium, thereby setting limits for the application of

different crystals.

Broadband THz pulses: GaP/ZnTe

GaP and ZnTe illuminated with 20 fs laser pulses at 790 nm provide very broadband

THz pulses ranging from 0.3 to 40 THz. Coincidental phase matching enhances signal

contribution below 3 THz in thick crystals, while above 3 THz random phase matching

dominates the emission signal. Therefore, the broadband emission has a strong band below

3 THz whose amplitude can be reduced by using thin crystals. THz absorption that always

limits THz generation in the vicinity of fundamental phonon resonances, occurs in these

crystals only in a very narrow range of the Reststrahlen band. The unperturbed emission

range is in GaP even larger than in ZnTe.

This THz source is used in this work to calibrate the THz emission spectrometer to allow

the extraction of source currents from THz signals.
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4.4. The laser and the THz sources

Figure 4.6: THz generation in LiNbO3. a, The pulse front of the spatially extended optical exci-
tation is tilted to achieve an in phase propagating THz pulse front. Efficient THz field outcoupling
requires an optimized crystal cut angle. b, Phase matching in LiNbO3 by formation of a shock
wave, illustrated for a point like optical pump pulse with a group velocity much higher than the
THz phase velocity, vphase

THz < vgroup. The shock wave is formed due to the large difference in the
refractive index at optical and THz frequencies in LiNbO3.

Strong THz pulses at 1 THz: LiNbO3

Intense THz fields of ∼1 MV/cm field strength centered at 1 THz can be generated in

LiNbO3 [Heb02] having an extremely high nonlinear coefficient (33.3pm/V). To achieve

phase-matched THz emission the pump pulse front has to be tilted as shown in Fig. 4.4.3a.

Phase matching is achieved by exploiting the fact that in LiNbO3 the THz phase velocity

is significantly lower than the excitation pulse propagation velocity, vphase
THz < vgroup, and

consequently a THz shock- or Cherenkov wave is formed that has a front as illustrated in

Fig. 4.4.3b. To collect the phase matched THz light the crystal has to be cut along this

phase front angle.

Strong THz pulses at ∼25 THz: GaSe

An extremly intense multi-THz source is driven by two incident beams from the two OPAs

tuned to provide the desired THz difference frequency. Phase matching between the two

driving fields and the THz wave is achieved by mixing them in GaSe, which is birefringent.

The difference in the refractive index between ordinary and extraordinary axis can be used

to tune the phase matching condition by rotating the crystal. For details see Ref. [Hub00].

The source delivers THz pulses that are highly tunable with the frequency difference of

the incident light pulses and crystal orientation. Maximum fields of ∼ 30 MV/cm are

delivered at ∼ 25 THz [Sel08].
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5 Low noise data acquisition

In our THz spectrometer optical signals are transformed to a current difference at the

balanced photo detection, ∆I = I1 − I2. Such current signals ∆I carry the actual mea-

surement signal S and parasitic effects such as intensity fluctuation of the probe pulses or

pointing instabilities. To obtain S at good signal to noise ratio, the data acquisition has to

suppress parasitic effects as good as possible. In the following the data acquisition methods

of the two laser systems are introduced with focus on the 75 MHz system, which presents

an important development made in the course of this work.

5.1 DAQ “kHz setup”

In the “kHz setup”, THz pump pulses are generated with a repetition rate of 1 kHz, but

the oscillator sends a probe pulse train with 75 MHz repetition rate. Therefore, only one

of the MHz-probe pulses carries the desired signal ∆Ij and all other probe pulses measure

noise. Thus, subtracting the previous ∆Ij−1 or the subsequent ∆Ij+1 probe pulse from

∆Ij suppresses the noise floor (< 75 MHz). This is performed by a passive electronic

difference loop, which subtracts any pair of subsequent 75 MHz pulses, δj = ∆Ij −∆j+1.

The only two remaining pulses δ1 = −δ2 carry the desired signal with strongly reduced

noise floor. These signals are amplified and send to the computer, where fast digitizer card

(100 MHz) allows to sample both signals individually for further analysis.

5.2 DAQ “MHz setup”

In the “MHz setup” every MHz pulse carries a signal and the procedure described above

is not feasible. A general current difference signal (I1 − I2) on the photo diodes is

S(t) = I1(t)− I2(t) = s(t) + n(t), (5.1)

where s is the real pump induced signal and n is noise. External noise sources are om-

nipresent in all measurements and the noise power spectrum of our setup presented in

Fig. 5.1 shows that below 10 kHz the spectrum is dominated by acoustic and 1/f noise

that is typical for electronic devices. Above 10 kHz the fundamental shot noise is the only

limitation and, thus, signal detection beyond 10 kHz is desired.

To measure signals only limited by shot noise, we developed a new data acquisition tech-

nique that allows the detection of extremely small signals. The operation principle com-

bines the strengths of two data acquisition concepts established for high repetition rate

laser systems, namely (i) rapid-scanning schemes using a fast delay stage to sample signals

in the time domain and (ii) step-scan schemes using lock-in amplifiers to extract rapidly

modulated signals.
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Figure 5.1: Noise power spectrum and rapidly scanned THz signals. The noise power spectrum
of the “MHz setup” shows acoustic and 1/f noise that dominates the spectrum below 5 kHz. Above
10 kHz noise is constant at the shot noise limit. THz signals, ranging from 0.3 to 35 THz, obtained
for rapid-scanning only (red), and the first sideband of rapid-scanning with Ωch = 36 kHz modu-
lation (black) used for data aquisition in the time-domain multiplexing (TDM) technique, as they
appear in the electronic signal spectrum. Curves are offset for clarity.

5.2.1 Rapid delay scanning

In our setup a fast delay sweep is implemented by a sinusoidal oscillating retro-reflector

that spans a time window of up to 40 ps with a repetition rate of 25 Hz. A fast digitizer

card reads the photodiod current with a 2 MHz sampling rate, which results in 2 MHz/(2 ·
25 Hz = 40000 data points per unidirectional scan. The factor two accounts for forward

and backward motion.

To process the data the acquisition procedure is as follows. First, all waveforms measured in

a given total measurement time window are averaged. Second, the time axis is transformed

from real time t to the non-equidistant axis τ given by the shaker motion. Finally, forward

and backward motion of the shaker are split and averaged again over the two directions.

Thus, the complete measurement time is used and the duty cycle is 100%.

To determine the signal to noise ratio, we measured the resulting THz waveform signal

STHz and also the noise background with blocked THz signal as shown for the Fourier

transformed signals in Fig. 5.1. The signal spectra reveal that STHz still has significant

overlap with the increased noise level below 5 kHz. An even faster scanning is difficult with

mechanical delay lines that suffer from uncertainties in the positioning reproducibility and

inaccurate position readout. Therefore, another signal modulation is required that shifts

the signal to higher frequencies. This modulation is exactly the idea of the ubiquitous

lock-in scheme.
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Figure 5.2: Modulation of rapidly scanned signals. a, Raw signal S obtained in a single run
(only forward scan) of the 25 Hz rapid-scanning unit. The signal consists of 40000 data points
converted from the photo detector output by an analogue to digital converter operating at 2 MHz.
The desired signal s has components oscillating with a time period in the range of 3 ps to 30 fs
(real-time axis not shown). b, Zoom into 200 fs time window (delay time, box in a) that shows the
signal modulated with M(t) induced by a mechanical chopper with Ωch ≈ 36 kHz. The rectangular
periodic dotted line shows the modulation function M(t) simultaneously optically detected. For
demodulation, D(t) is obtained from M(t) with the temporal regions of ill defined chopper state
(vertical lines) set to zero. Curves are offset for clarity.

5.2.2 Step scan, lock-in detection

Lock-in detection uses fast modulation to shift signals to higher and less noisy frequencies.

In our setup, modulation of the optical beam by a mechanical chopper results in a signal

S(t) = I1(t)− I2(t) = s(t)M(t) + n(t). (5.2)

The modulation function M(t) is approximately periodic with frequency Ωch and each

period has an approximately rectangular shape with a duty cycle of ≈ 0.5. M(t) is shown

in Fig. 5.2b as obtained by a photo diode monitoring the status of the optical chopper.

It is instructive to consider the frequency spectrum of S(t),

S̃(ω) =
∑
j

Aj s̃(ω − jΩch) + ñ(ω). (5.3)

Here, Aj is the Fourier amplitude of the j-th harmonic of the periodic function M with

Aj ∝ (eiπj − 1)/iπj. Therefore, S̃(ω) consists of noise ñ(ω) and renormalized copies of the

pure signal spectrum s̃(ω) centered at harmonics jΩch of the chopper frequency.

A lock-in amplifier (LIA) multiplies S with a harmonic function of frequency Ωch. There-

fore, the modulated signal sM shifts to frequency zero, ω = 0, where it is isolated by a

low-pass filter of bandwidth 1/TC. TC is the time-constant of the LIA that determines

approximately the averaging time at a single data point. Note this slow response enforces

step-scan detection, that is, go to delay τ , wait for some time (5 TCs) to settle to new

signal value s and acquire LIA output. The procedure has to be repeated for every delay

position τ . The result shown in Fig. 5.3 has a signal to noise ratio (SNR) clearly better
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Noise* 100: time 233s, ENBW 6dB, TC=30ms, setteling time 150ms: SNR ratio 2.0; theory 2.5
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Figure 5.3: Signal to noise ra-
tios (SNR) for three data aqui-
sition schemes under comparable
measurement conditions. A sig-
nal of a THz transient is superim-
posed with the background noise
scaled by a factor 100 for two to-
tal measurement durations: 233 s
(grey) and 324 s (blue). The
time-domain multiplexing (TDM)
scheme is especially useful, when a
measurement requires a high SNR
in shortest possible time. For in-
stance, within a total measure-
ment time of 233 s a factor of 2
is gained compared to the step-
scan, lock-in acquisition (ENBW
6 dB, TC=30 ms, setteling time
150 ms). For optimized lock-in set-
tings (ENBW 24 dB, TC 30 ms,
setteling time 300 ms) the setteling
time and, thus, the total measure-
ment time (324 s) increases signifi-
cantly and the SNR ratio with the
TDM method is still a factor of
≈ 1.5 higher.

than for the fast scan scheme (Fig. 5.3). However, there is still room for improvement

because the duty cycle is quite low, and slow signal changes, such as laser drift or sample

degradation can distort a measured waveform in an unnoticed way.

5.2.3 Time-domain multiplexing

The time-domain multiplexing developed here combines the high duty cycle of a rapid-

scanning technique with the low noise background of a lock-in modulated signal. Our

strategy is to acquire S(t) = s[τ(t)]M(t) + n(t) over a full cycle of the shaker motion and

then process this data set to extract the desired signal s(t) with maximum SNR. This

scheme is repeated for subsequent shaker runs. After averaging over all runs, the signal is

transformed from t to τ [see Section 5.2.1].

Fig. 5.2b shows an example of signal S and the modulation function M . Variations of

S and M are in phase showing that the pump-beam chopper multiplexes the signal S

between pump on and off. The modulation M is much faster than the slowly drifting

background noise of S, which will allow us to separate signal and 1/f noise. By Fourier

transformation we obtain the power spectrum S̃ shown in Fig. 5.1. S̃ shows a similar

structures at ω = 0 and at the chopper frequency Ωch and its harmonics. These features

are shifted copies of S̃ as predicted by Eq. (5.3). We emphasize that the sideband at

ω = Ωch is already in a spectral region where a constant shot-noise floor is virtually the

only noise contribution (see Fig. 5.1). This sideband has the highest of all amplitudes
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and, thus, exhibits the best SNR. We extract the sideband by multiplying S with the

demodulation function D(t) = W (t)sin(Ωcht+ Φ0) and cut out the signal containing time

window from ω = 0 to Ωch/2. Ωch and Φ0 are obtained from the synchronously acquired

M(t) which has to be in-phase with D(t). The additionally introduced window function

W (t) assumes values of 0 or 1 and is used to set the noise to zero, when the beam is

blocked, and also eliminates the ill-defined status of the chopper at times when the pump

beam is only partially blocked by the chopper blade.

After averaging and transition from t to τ we obtain the waveform of Fig. 5.3. Note

the SNR achieved with our rapid scan time-domain multiplexing scheme is by a factor

two larger than with the step-scan scheme. We emphasize that our scheme works online,

implemented using LabVIEW, although two million data points have to be processed per

second.
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6 An ultrafast multimeter for measuring

photocurrents and -voltages with 40 THz

bandwidth

In this chapter, we present how THz emission spectroscopy can be exploited for photocur-

rent detection with a time resolution as fast as 20 fs. We show that measurement of the

transfer function of a THz emission spectrometer is straightforward by using transparent

and broadband GaP and ZnTe crystals as reference emitters. Once the transfer function is

known, the THz near-field accompanied by an ultrafast photocurrent in a sample of interest

can be determined robustly and reliably.

The development of this reference technique is essential for the ultrafast photocurrent mea-

surements in Chapter 7 and our recent publications in Nature Photonics [Sei16] and Nature

Communications [Bra16].

6.1 Motivation

Photoinduced charge currents are ubiquitous in physics, chemistry and biology. Examples

include charge separation in photovoltaic materials [Hen04], photochemical reactions in

the human eye [Gro08] and ultrafast charge and spin currents in electronic [Lei99a] and

spintronic [Kam13a] devices. To study the very first steps of these processes, we need to

trigger and detect charge transfer with a time resolution comparable to the time scale of

electronic scattering processes, that is, down to a few femtoseconds. Therefore, femtosec-

ond laser pulses are the ideal stimulus to trigger the photoinduced charge transfer (see

Fig. 6.1).

The most direct way to access the ultrafast evolution of the charge current is to measure

the electromagnetic pulse that is emitted by the moving charges (Fig. 6.1). Once the

electric field E(t) directly behind the sample is known as a function of time t, we can in

principle calculate back to the source current that has generated E(t). Since the dynamics

are triggered by a femtosecond laser pulse, we expect the emitted pulse to cover the full

spectrum from zero up to tens of terahertz (THz).

Such THz emission spectroscopy is a very general approach and has been used to study

the initial steps of ultrafast photoinduced charge-transfer processes. Examples range from

charge transfer in molecules [MCB02, Gro08], electron transport in semiconductors [Lei00],

nanostructures [Erh15] and metals [Ram14] over quantum beats of electronic wavepack-

ets in semiconductors [Nus94] to acoustic pulses in multilayers [Arm09]. In addition to

such charge dynamics, coherent spin precession [Kan11, Nis12] as well as spin transport

[Kam13a, Hér06] were monitored in this contact- and destruction-free manner.

The THz electric field E(t) directly behind the sample and the source current are linearly

connected by an impedance whose precise form depends on the geometry and the linear
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Figure 6.1: Ultrafast photocurrent amperemeter. A femtosecond laser pulse launches a transient
photocurrent J(t) in a sample, thereby generating a THz electric field E(t) directly behind the
sample. The resulting THz electromagnetic pulse propagates to a detector where its field is elec-
trooptically sampled. The resulting measured signal S(t) and THz near-field E(t) are related by
the linear transfer function h = hdet∗hprop which is measured by replacing the sample by a suitable
reference emitter.

optical constants of the sample in the THz range [Kam13a]. As calculation or measurement

of the sample’s impedance is uncritical [Sha04, Wyn05, Sei16], extraction of the THz

current from E(t) is straightforward.

Note, however, the THz near-field E(t) is not directly measured in THz emission spec-

troscopy. Instead, the THz pulse propagates away from the sample to a detector in

which its field is sampled, resulting in the signal S(t) (Fig. 6.1). Extraction of the de-

sired E(t) from the actually measured S(t) is a challenging task because the relationship

between S and E sensitively depends on the details of the setup, in particular the align-

ment of the focusing optics and the detector characteristics. Consequently, only a few

works [Lei00, MCB02, Kam13a] have made attempts to calculate back from S to E and,

eventually, the underlying transient current. To fully exploit the potential of THz emis-

sion spectroscopy, a reliable and easy-to-use procedure is required that takes us from the

measured signal S(t) to the waveform of interest: the THz near-field E(t) directly behind

the sample.

Here, we present a general and robust procedure to extract the THz near-field over a

large bandwidth (0.3 to 40 THz) and with excellent (20 fs) time resolution. Our approach

is based on suitable reference emitters and a time-domain deconvolution procedure that

allow us to determine the transfer function connecting S and E in a reliable way. We

anticipate our results will help make THz emission spectroscopy a standard technique to

measure ultrafast photocurrents in a contact-free manner.

6.2 Basic principle

A schematic of our THz emission spectrometer is shown in Fig. 6.1. An optical pump

pulse (duration of ∼ 20 fs) is incident onto the front surface of the sample where it triggers

a transient photocurrent. This current, in turn, generates the electric near-field E(t)
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6.2. Basic principle

directly behind the sample’s rear interface. Subsequently, the THz electromagnetic pulse

propagates over several focusing optics, apertures and filters and is eventually focused onto

an electrooptic detector [Fer02a] where its field is sampled by another femtosecond laser

pulse, resulting in the actually acquired signal S(t).

Although the processes that take us from E(t) to S(t) are quite complex, it is important

to realize that S scales linearly with E. Therefore, the measured signal and the THz

near-field are connected by the general linear time-invariant relationship [Kam09]

S = h ∗ E =

∫
dt′ h(t− t′)E(t′). (6.1)

In this convolution, all details of the propagation and detection of the THz wave are

captured by the linear transfer function h. In principle, h can be calculated using es-

tablished models of THz detection [Bak98, Gal99, Lei99b, vdV04, Kam07] and THz wave

propagation [Kuž99, C0̂3, Fau04, Kam13a, Tom13, Ahm14] that include peculiar effects

of sub-wavelength source volumes, apertures and Gouy shift. However, these models rely

on idealized assumptions (such as perfectly aligned setups and Gaussian beams) which are

difficult to fulfill in practice over the broad bandwidth from 0 to 50 THz. Therefore, we

need a method to measure rather than to calculate the transfer function h.

In our approach, we make use of a broadband THz reference emitter that generates a

near-field Eref(t) of known temporal shape. By measuring the resulting reference signal

Sref and inverting Eq. (6.1), we obtain the desired transfer function h.

Note the reference emitter has to fulfill important requirements: first, the reference THz

beam should exhibit the same spatial characteristics (such as divergence and diameter) as

the signal beam emitted from the sample under study. This goal can be achieved with

a reference emitter having identical optical thickness as the sample emitter. Second, it

should be possible to calculate the reference field Eref(t) in a reliable manner. In this

respect, photoconductors and other pump-absorbing emitters are problematic since their

output is noninstantaneous with respect to the driving field and depends on numerous

parameters (such as charge-carrier and current relaxation times) which are not easy to

determine. In contrast, pump-transparent materials are much better suited as they respond

instantaneously to the pump pulse. Therefore, the χ(2) response function quantifying the

photocurrent is often well known and described by just a few parameters [Fau66].

Consequently, we here employ pump-transparent ZnTe and GaP crystals as reference emit-

ters. The choice of a thickness of 50 µm is a compromise. On one hand, the crystals are

thin enough to support phase matching over a bandwidth of tens of terahertz. In addition,

the relatively small thickness does not lead to notable modifications of the THz beam

path. On the other hand, the crystals are thick enough to deliver a THz signal of sufficient

strength and to provide a free time window of 1.3 ps until the first generation echo due to

reflections at the crystal faces occurs.
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6.3 Experimental details

Our sample emitter is a Co40Fe40B20 (3 nm)/Pt(2 nm) bilayer on a 0.5 mm thick glass sub-

strate, which provides broadband (0.3-20 THz) emission without spectral features [Sei16]

(for details of the THz-emission process see Chapter 8). As reference emitters, we use

(110)-oriented 50 µm thick GaP or ZnTe crystals attached to a glass substrate identical

to that of the sample film. In the experiment, the THz emitters are excited by linearly

polarized laser pulses (duration 20 fs, center wavelength 790 nm, energy 2.5 nJ) from

a Ti:sapphire laser oscillator (repetition rate 80 MHz) under normal incidence from the

substrate side (beam diameter at sample 50 µm full width at half maximum of the inten-

sity). Laser excitation triggers an in-plane charge current and results in the emission of

broadband THz radiation toward the air side of the emitters.

We use 90◦ off-axis parabolic mirrors to collect and focus the emitted THz wave on an

electrooptic crystal of either (110)-oriented GaP (thickness of 250µm) or ZnTe (300µm)

[Bak98, Gal99, Lei99b, vdV04, Kam07]. The THz electric field is sampled by copropagating

optical pulses (0.6 nJ, 20 fs) from the same laser. The resulting signal S(t) equals twice

the THz-field-induced ellipticity of the probe where t is the adjustable delay between the

THz and sampling pulse. All measurements are performed at room temperature in a N2

atmosphere.

The THz near-field Eref(t) generated by the GaP and ZnTe reference emitters is calculated

following the theory of [Vug12] with optical constants taken from Ref. [Lei99b, Die12] (see

Appendix 6.A).

6.4 Determining the transfer function

Electrooptic signals Sref(t) obtained from the GaP and ZnTe reference emitters and the

GaP sensor are shown in Figs. 6.2a and 6.2e, respectively. For comparison, the calculated

THz near-fields Eref are also shown (Figs. 6.2b,f). They rise almost instantaneously with

the duration of the pump pulse (dashed line in Fig. 6.2a) for both reference emitters. In

contrast, much slower rise is found for the signal Sref, which can be considered as a clear

signature of the transfer function h.

By applying a Fourier transformation to Sref and Eref for GaP and ZnTe, we obtain the

amplitude spectra displayed in Figs. 6.2c and 6.2g. Features in the range from 5 to 15 THz

coincide with the Reststrahlen band of GaP and ZnTe [Lei99b]. The reduced amplitude

of Sref at frequencies above 10 THz attests to a significant low-pass behavior of h.

Since both signal Sref(t) and field Eref(t) are known, we extract the transfer function h

by inverting Eq. (6.1). We emphasize that this numerical procedure is directly performed

in the time domain [Han02] (see Appendix 6.B). The resulting h(t) is shown in Fig. 6.3a

for both the GaP and ZnTe reference emitter. Note that the two transfer functions agree

excellently, for instance in terms of the slow initial rise, the sharp negative peak at t = 0 and

the subsequent oscillation. Good agreement is also found in the frequency domain as can

be seen by comparing the amplitude and phase of the Fourier-transformed h in Fig. 6.3b.
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Figure 6.2: THz reference emitter. a, Measured electrooptic signal Sref(t) from the 50 µm thick
GaP reference emitter. b, Calculated near-field Eref(t) directly behind the emitter exit face.
c,d, Amplitude Fourier spectra of the waveforms of a,b. Data normalized to peak amplitude.
e-h, Same as a-d, yet for the 50 µm thick ZnTe reference emitter.
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and electrooptic detection of the THz radiation. b, Spectral amplitude and phase spectra of a.
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Figure 6.4: Calculated transfer-function components. a, Amplitude spectrum of the component
hprop describing the propagation from the sample to the electrooptic detection crystal. b, Ampli-
tude spectrum of hdet which describes the response of the electrooptic detection in 250 µm thick
GaP(110) crystal in conjunction with a 20 fs, 790 nm sampling pulse.

These results show that suitable reference emitters permit the consistent determination of

the spectrometer transfer function h over the very large bandwidth from 0.3 to 40 THz.

The good agreement

6.5 Transfer-function modeling

To gain more insight into the precise shape of the transfer function, we develop a model

for the propagation and the detection of the THz pulse, each of which is captured by the

transfer function hprop and hdet, respectively. As detailed in Appendix 6.C, our modeling

accounts for the sub-wavelength diameter of the THz source [Bud98], focusing elements,

apertures [Kuž99, C0̂3, Fau04, Kam13a, Tom13, Ahm14] and the electrooptic detection

process [Bak98, Gal99, Lei99b, vdV04, Kam07]. As seen in Fig. 6.3, the calculated total

transfer function h = hprop ∗ hdet excellently reproduces the structure of the measured h,

in both the time (Fig. 6.3a) and frequency domain (Fig. 6.3b). Such good agreement

indicates the alignment of our setup is quite close to the idealized situation underlying

our model. Therefore, we use the peak value (2.5 · 105mV−1) of the calculated response

(Fig. 6.3a) to get the global amplitude of our measured transfer functions.

To identify the origin of prominent temporal and spectral features of h, we separately

consider its components hprop and hdet. The spectral amplitude of hprop exhibits high-

pass behavior (Fig. 6.4a) which is a result of the imaging of the THz near-field onto the

detector. For THz wavelengths smaller than the diameter of the emitting area (∼ 50 µm,

corresponding to a frequency of ∼ 15 THz), the THz focus is diffraction-limited. Therefore,

its diameter increases with the THz wavelength, and the field amplitude in the focus

approximately scales with the THz frequency ω. Further amplitude losses at long THz

wavelengths are due to beam clipping at the circular apertures of the parabolic mirrors.

Ultimately, at ω = 0, h vanishes because DC electric fields cannot propagate into the far

field. Interestingly, our calculations also reveal that the longitudinal position of the THz

detection focus becomes strongly frequency-dependent if the source is not positioned in

the pump focus (Appendix 6.C).
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The detector response hdet of a 250 µm thick GaP(110) crystal in conjunction with a

sampling pulse (duration 20 fs, center wavelength 790 nm) is shown in Fig. 6.4b. The

low-pass behavior is due to the decreasing coherence length of the detection process with

increasing frequency and due to the time resolution that is limited by the duration of the

gate pulse [Kam07]. Spectral features in the range from 8 to 15 THz are related with the

Reststrahlen band of GaP. The dip at 8 THz arises because electronic and Raman contri-

butions to the electrooptic response of GaP cancel at this frequency [Fau66]. Remarkably,

in the modeled total transfer function (see Fig. 6.3b), the low-pass behavior of hdet is to

a large extent compensated by the high-pass characteristics of hprop, resulting in a useful

bandwidth as large as 40 THz.

In the time domain, h(t) can be understood as the signal that is measured for a (fictitious)

δ-like THz pulse. The dominant peak at t = 0 (Fig. 6.3a) shows that a large part of this

δ-like input survives in the electrooptic signal. Oscillatory components at t > 0 are related

to sharp spectral features of the Reststrahlen band (Fig. 6.3b). The slow signal at t < 0

does not violate causality but rather reflects the fact that part of the THz pulse propagates

more slowly in the electrooptic detector crystal than the optical probe does. Therefore,

even when the probe arrives after the THz pulse (t < 0), it may catch up with the trailing

part of the THz field and lead to a nonvanishing electrooptic signal.

6.6 Field extraction and robustness

We now use the measured h(t) to extract the THz near-field generated by the sample

emitter by numerically solving Eq. (6.1) for E(t) in the time domain. The blue curve in

Fig. 6.5a shows the electrooptic S(t) obtained with the GaP detector, and Fig. 6.5b displays

the resulting THz near-field E(t). The field exhibits a very sharp rise and subsequently

changes sign on a time scale of 100 fs.

Note that the setup configuration is subject to inevitable modifications from day to day,

for example in terms of direction and divergence of the pump beam, which may have a

strong impact on the propagation of the induced THz beam. Therefore, it is important to

test the robustness of our method. For this purpose, we apply three kinds of changes to

our experiment. (i) We put an additional aperture (diameter of 1 cm) in the collimated

THz beam. (ii) We move the detection crystal out of the THz focus along the optical axis

by 1 mm. (iii) We substitute the GaP detection material by ZnTe.

As seen in Fig. 6.5a, the resulting signal waveforms S(t) strongly differ from each other.

While modification (i) is accompanied by significant high-pass filtering, changes (ii) and

(iii) rather result in low-pass filtering. After measuring the transfer function of each modi-

fied setup, we extract the THz near-fields E(t) shown in Fig. 6.5b. Note that the resulting

field traces excellently agree with one another, in terms of both shape and amplitude,

despite the drastic modifications we applied to the setup. Therefore, the results of Fig. 6.5

demonstrate that our method for extracting the THz near-field is robust and reliable.
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Figure 6.5: Robustness of field extraction. a, Electrooptic signals S from our test sample for three
distinct setup conditions (see text). b, THz near-fields E extracted from the signals of panel a.

6.7 Discussion

Despite the robustness of our extraction procedure, one has to acknowledge that the degree

to which E(t) is faithfully retrieved relies critically on how well Eref(t) is known. Two

observations strongly indicate that our calculations of the reference field are sufficiently

accurate. First, we obtain almost identical sample fields E(t) for two different reference

emitters, GaP and ZnTe. Second, the extracted field E(t) fulfills the causality condition

and rises nearly step-like with a time constant comparable to the duration of the pump

pulse. Deviations of Eref(t) from the true reference near-field would easily lead to violations

nd distortions of the causal and sharp step-like shape of E(t).

We emphasize that the method presented here is significantly more reliable than methods

based on modeling of the transfer function [Kam13a, C0̂3, Fau04]. The reason is that

calculation of the reference field Eref requires a less complex model and is based on only

few well-known and easily accessible parameters.

Figure 6.2 indicates that GaP is a slightly more preferable reference emitter than ZnTe.

The GaP emitter provides gapless emission up to 8 THz, thereby avoiding long-lived re-

sponse components arising from spectrally sharp features. Problems due to reference pulse

echoes may be mitigated by using either thicker or, even better, much thinner reference

emitters in which the multiple echoes merge into one pulse. Here, the recent develop-

ment of THz emitters made of spintronic metals may open up a promising route as these

THz sources are extremely thin and provide gapless and efficient emission from 0.5 to

30 THz [Sei16].
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6.8 Conclusion

To summarize, we have shown that measurement of the transfer function h of a THz

emission spectrometer is straightforward by using transparent and broadband GaP and

ZnTe crystals as reference emitters. Once h is known, the THz near-field accompanied by

an ultrafast photocurrent in a sample of interest can be determined robustly and reliably.

Crucial ingredients of our approach are suitable reference emitters as well as performing

the numerical deconvolution in the time rather than the frequency domain.

This work may help push ultrafast spectroscopy to a level that routinely permits mea-

surements of charge transport on the timescale of elementary interaction processes. For

example, we have recently used this method to reveal a first direct time-domain fingerprint

of a surface shift current in a topological insulator on a 10 fs time scale [Bra16]. Since

our method is applicable to all polarization components of the THz field, it provides ac-

cess to ultrafast photocurrents flowing both parallelly and perpendicularly to the sample

surface.
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Appendix Chapter 6

6.A Reference-field calculation

The THz near-field Eref generated by the GaP and ZnTe reference emitters can be cal-

culated within the dipole approximation following the theory of Ref. [Vug12]. Note our

samples are homogeneous media and, therefore, we consider only propagation along the

z-axis of a suitable component Eref of Eref. We first calculate the pump field E(ω, z′) at

position z′ and optical frequency ω inside the sample:

E(ω, z′) = Einc(ω, z′) ·
(
t12eikz′ + t12r23e−ikz′

)
·M. (6.2)

Here, Einc is the incident pump field and the terms in brackets relates to forward and

backword propagating waves. tij = 2ni/(ni+nj) andM(ω) = (1−r21r23e2ik(ω)L)−1 account

for the glas-sample transmission and multiple reflections inside the sample, associated with

terms rij = (ni − nj) / (ni + nj). The indices i = 1, 2, 3 denote the media glas substrate,

GaP (ZnTe) and air, respectively.

The pump field drives a second order nonlinear polarization P
(2)
i (Eq. (3.2)) of which we

are interested in the difference-frequency component oscillating at Ω,

PDF
i (Ω) = 2

∑
jk

∫ ∫
ω1>ω2>0

dω1dω2χ
(2)
ijk(Ω;ω1,−ω2)Ej(ω1)E∗k(ω2). (6.3)

The magnitude of the induced polarization is given by the quadratic susceptibility [Lei99b]

χ(2)(Ω) =
re(1 + CFH)

1− (Ω2 + iγΩ)/(ω2
TO)

. (6.4)

Here, CFH = ri/re is the Faust-Henry coefficient that represents the ratio between the ionic

and the electronic part of the electro-optic effect at ω = 0 and re = 1
2n

4
grr41/(1 + CFH)

[Ber89] is the pure electronic contribution. All material constants are given in Table 6.1.

The induced polarizations emit THz radiation. We obtain the THz near-field Eref by

Table 6.1: Material constants used in the calculation of THz emission and detection with ZnTe
and GaP crystals. Data optimized to our crystals based on parameters given in Refs. [Lei99b,
Die12, Ber89, Gal99, Xue97]. The transverse and longitudinal optical phonon frequencies, the
lattice damping, the dielectric coefficient, the Faust Henry coefficient, the electrooptic coefficient
and the group refractive index at a wavelength of 790 nm are denoted by ωTO, ωLO, γ, ε∞, CFH,
r41, ngr.

ωTO/2π (THz) ωLO/2π (THz) γ (THz) ε∞ CFH r41(10−12 m
V ) ngr

GaP 11.01 12.082 0.129 9.65 -0.46 0.88 3.2

ZnTe 5.19 6.18 0.025 7.45 -0.07 4.45 2.9
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z′-integration of all contributions PDF
i (z′,Ω)

Ẽref(L,Ω) = −4π
Ω2

c2

∫ L

0
dz′PDF

i (z′,Ω)Gz′(L,Ω)CPh. (6.5)

Gz′ is the Green’s function, which relates PDF
i at z′ to the THz near-field Eref directly

after the crystal excite face at z = L,

G(L) =
exp[iΩ

c n(L− z′)]
2iΩ

c n
· t23. (6.6)

Here, t23 accounts for the crystal-air transmission. Multiple reflections are neglected in

the short time window (∼ 1ps) considered here. The refractive index n at THz frequencies

can be parameterized by only a few constants [Lei99b],

n(ω) =

√[
1 +

ω2
LO − ω2

TO

ω2
TO − Ω2 − iγΩ

]
· ε∞. (6.7)

The transverse ωTO and longitudinal ωLO optical phonon frequencies and the damping γ

are given in Table 6.1 for GaP and ZnTe.

6.B Time-domain deconvolution

Eq. (6.1) states that knowledge of the signal Sref(t) and field Eref(t) allows to extract

the transfer function h by an inversion. Such procedure requires the deconvolution of

(h ∗ Eref), which is usually done in the frequency domain. However, the essential Fourier

transform requires well defined time domain data on a sufficiently long time window with

an amplitude vanishing within this window. Unfortunately, the time window over which S

is measured is limited. Thus, a finite measurement window has to be included in Eq. (6.1)

by multiplication with a rectangular window function a,

S = a · (h ∗ E). (6.8)

Problems arise when there is non-zero signal at the edges of the time window. They cause

discontinuities (jumps) abd, consequently, artificial frequency components. More precisely,

in the Frequency domain we get
S̃

Ẽ
=
a ∗ (h̃ · Ẽ)

Ẽ
(6.9)

Eq. (6.9) shows that Ẽ does in general not cancel in the ratio S̃/Ẽ. Therefore, assuming

S̃/Ẽ = h̃ is not generally valid and can lead to artifacts. To minimize artificial signals, an

appropriate choice of the window function [Nay07] as usually done in FTIR measurements

can smoothly force S to zero when t approaches the edges of the measured time window.

This affects signal shape (especially broadens resonance features) and shrinks the effective

measurement window.
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Since this problem arises from the Fourier transformation, our solution is to deconvolve

Eq. (6.8) in the time domain. We implement this by writing Eq. (6.9) as a matrix equation

[Han02] which needs to be inverted. More precisely, we first rewrite the convolution in

terms of a discrete mesh (t′j , ti)

S(ti) =
n∑
j=1

E(t′j , ti)h(t′j , ). (6.10)

The elements E(t′j , ti) can be interpreted as elements mij of the m×n matrix M where m

is larger than n to obtain an overdetermined matrix equation. The set of Equations (6.10)

can be solved by inversion of

S = M · h (6.11)

with respect to h. We choose m and n such to obtain a stable solution.

6.C Modeling the transfer function

In Fig. 6.3 we show the calculated spectrometer transfer function, that contains (i) the

propagation from the sample excite face to the detector (Fig. 6.4a) and (ii) the detector

response (Fig. 6.4b).

(i) When the THz pulse propagates through any focusing optics, its spatial properties are

modified. Such propagation is often accounted for in the framework of Gaussian-beam

optics using the geometrical paramters of our spectrometer (distances, focal lengths and

apertures of the parabolic mirrors) [Kuž99]. We note that that small changes of the beam

propagation can significantly modify the spectrometer response function. For example, to

reduce the pulse intensity but simultaneously increase the emitting area it might be of

interest to move the THz emitter away from the focus position of the spectrometer. Such

modification of the spectrometer response function has severe consequences on the beam

focus itself as can be seen by considering the complex beam parameter q defined by the

radius of curvature R of the phase front and the beam waist w [Yar89]

1

q
=

1

R
+

2i

kw2
. (6.12)

At the focus, 1/q0 = i/kw2
0 is purely imaginary, and since R = R0 =∞ for all frequencies,

the emitted radiation has a common focus independent of the frequency. But, when

we generate THz radiation at z1 6= z0 the corresponding beam parameter is q(z1) =

q(z0) + z1 − z0. Importantly, this implies that the distance between the field generation

and the beam tail (z1 − z0) becomes frequency dependent

z1 − z0 = Re q(z1) =
R

1 +
(

2R
kw2

) . (6.13)

In consequence, THz generation in a divergent beam induces a detection focus that depends

on k, which sets a bandpass dependent on the detector position. The sensitivity to this
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effect grows with decreasing Rayleigh length (∝ beam waist2and ω) and therefore it mainly

appears as lowpass filter (Fig. 6.5). The detector z position used in our model to calculate

h is adjusted within our alignment error of ∼ 100µm to match the frequency role off

observed in our measurement (Fig. 6.3).

(ii) The detector response is calculated as published in references [Kam07] with the optical

constants given in Table 6.1.
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7 Ultrafast photocurrents at the surface

of the three-dimensional topological in-

sulator Bi2Se3

In this chapter, we excite and measure photocurrents in the model topological insulator

Bi2Se3 with a time resolution as high as 20 fs by sampling the concomitantly emitted broad-

band THz electromagnetic field from 0.3 to 40 THz. We use the THz-signal to extract the

underlying source currents and find surface and bulk contributions. Strikingly, the surface

current response is dominated by an ultrafast charge transfer along the Se-Bi bonds. In

contrast, photon-helicity-dependent photocurrents are found to have orders of magnitude

smaller magnitude than expected from generation scenarios based on asymmetric depopu-

lation of the Dirac cone.

This chapter has been published in Nature Communications 7, (2016) 13259,

http://dx.doi.org/10.1038/ncomms13259.

7.1 Motivation

Many efforts in current solid-state research aim at pushing the speed of electronic devices

from the gigahertz to the terahertz (1 THz = 1012 Hz) range [dA11] and at extending

their functionalities by the spin of the electron.[Sta14] In these respects, three-dimensional

topological insulators (TIs) are a highly promising material class. While having an insu-

lating bulk, their surface is metallic due to a band inversion that is topologically protected

against external perturbations. Bi2Se3 is a model TI [Zha09] as its surface features a sin-

gle pair of linear Dirac-type electronic energy bands [Qi11] with spin-velocity locking and

forbidden 180° backscattering.[Moo10] These properties are ideal prerequisites to induce

large spin polarizations by means of surface currents.

Part of this considerable potential was demonstrated by recent works which reported the

exciting possibility of launching TI surface currents by simply illuminating the sample

with light.[McI12b, Dua14, Olb14, Luo13, Zhu15, Tu15, Bas15, Kas15] The direction of

the photocurrent could be controlled through the polarization state of the incident light

beam. The assignment to a surface process was supported by picosecond time-of-flight

measurements [Kas15] showing that the ballistic photoinduced carriers were propagating

at a speed comparable to the band velocity of the Dirac states. There is, however, still an

intense debate about mechanisms leading to TI surface photocurrents. Scenarios based on

asymmetric depopulation of the Dirac cone,[McI12b] transitions into other, higher-lying

cones [Kas15] and asymmetric scattering of electrons [Olb14] have been proposed. To

directly resolve the generation of TI surface photocurrents, we need to boost the time

resolution of the experiment from so far ∼ 250 fs and longer[Luo13, Zhu15, Tu15, Bas15,

Kas15] to the scale of elementary scattering events, which can be shorter than 10 fs.
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Figure 7.1: Schematic of the ultrafast photocurrent amperemeter. A Bi2Se3 crystal is excited
by a femtosecond laser pulse, resulting in a photocurrent burst and, consequently, emission of a
THz electromagnetic pulse. Measurement of the transient THz electric field components Ex(t) and
Eyz(t) by electrooptic sampling provides access to the sheet current J(t) flowing inside the sample.

Here, we use ultrabroadband THz emission spectroscopy [Lei99a, Lei00, Kam13a] from

0.3 to 40 THz to probe the ultrafast evolution of photocurrents in the Ca-doped model

TI Bi2Se3 with unprecedented time resolution. Based on an analysis of their temporal

structure and symmetry, we identify distinct current sources. First, a slow drift current

of photoinduced bulk charge carriers along the TI surface field is found. Second, we

observe that currents depending on the pump helicity are orders of magnitude smaller than

expected from the photocurrent generation scenario based on asymmetric depopulation of

the Dirac cone [McI12b]. This remarkable result suggests a strong mutual cancelation

of the contributions of the various optical transitions, much reduced matrix elements for

surface-to-bulk transitions and/or relatively small pump-induced changes in the electron

band velocity. Finally, for the first time, we observe a new type of photocurrent, a surface

shift current, which originates from an instantaneous displacement of electron density

along the Se-Bi bond. This charge transfer is localized in a surface region of ∼ 2 nm

thickness, the natural confinement scale of topological surface states. Its relaxation time

of 22 fs provides the time scale on which the optically excited surface carriers relax to an

isotropic distribution. In terms of applications, the instantaneous electric field generated

by the shift current could be employed to drive highly spin-polarized THz electric currents

at the TI surface along an easily tunable direction.

7.2 Experimental details

7.2.1 Ultrafast photocurrent amperemeter

A schematic of our experiment is depicted in Fig. 7.1. A femtosecond laser pulse is incident

on the specimen and launches a transient charge current density j(z, t). This photocurrent,

in turn, emits an electromagnetic pulse with transient electric field E(t), in particular

covering frequencies up to the THz range, as expected from the inverse duration of the

femtosecond stimulus. The measurement of E(t) over a large bandwidth (0.3 to 40 THz)
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permits extraction of the sheet current density

J(t) =

∫
dz j(z, t) (7.1)

with ultrafast time resolution.

As detailed in Appendix 7.B and 7.C, this approach allows us to separately determine

the current component Jx directed along the x axis and the component Jyz, which is

a linear combination of the roughly equally weighted Cartesian components Jy and Jz
(see Fig. 7.1 and Appendix 7.C). By virtue of a generalized Ohm’s law, the currents Jx
and Jyz are, respectively, connected to the s-polarized electric-field component Ex and

the perpendicular, p-polarized component Eyz directly behind the sample (Fig. 7.1). The

THz near-fields Ex and Eyz are obtained by measuring the THz far-field using electrooptic

sampling, resulting in the electrooptic signals Sx and Syz, respectively (see Appendix 7.B).

THz waveforms are acquired at the shot-noise limit of the setup and for various settings

of the pump polarization and sample azimuth φ (Fig. 7.2a).

7.2.2 Ultrafast THz emission setup

To drive ultrafast photocurrents, laser pulses (duration of ≈ 20 fs, center wavelength of

790 nm, energy 2.5 nJ) from a Ti:sapphire oscillator (repetition rate 80 MHz) are focused

onto the sample (beam diameter of 200 µm full-width at half intensity maximum) under

45° angle of incidence, resulting in an average intensity < 0.3 kW cm−2, well below sample

damage threshold. The specularly emitted THz pulse is focused onto an electrooptic crystal

in which the THz electric field is detected by broadband electrooptic sampling [Fer02a].

We use a (110)-oriented GaP crystal (thickness of 250 µm) owing to its relatively flat

and broadband response function [Kam13a]. The only exception are the measurements of

the two-dimensional data set S(t, φ) (Fig. 7.4 and Fig. 7.8) which are sped up by using

a (110)-oriented ZnTe crystal (thickness of 300 µm) which exhibits an enhanced detector

response at the expense of reduced bandwidth. To calibrate the direction of the measured

photocurrent, we use a photoconductive switch as a reference emitter in which the direction

of the initial photocurrent burst is along the direction of the external bias field.

Optical wave plates are used to set the polarization state of the pump pulse to linear (with

arbitrary rotation angle) or circular. Here, it is essential to avoid any optically birefringent

elements (including mirrors) between wave plate and sample. A THz wire-grid polarizer

(field extinction ratio of 10−2) allows us to measure the x- and yz-components Ex and

Eyz of the THz electric field separately, thereby disentangling current components Jx and

Jyz, the latter being a linear combination of Jy and Jz [see Fig. 7.1 and Eq. (7.8)]. To

ensure the electrooptic THz detector has an identical response to Ex and Eyz, a wire-grid

polarizer with 45° orientation is placed in front of it. Variation of the sample azimuth φ is

performed by attaching the sample to a computer-controlled rotation stage.
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Figure 7.2: THz emission from Bi2Se3. a, Typical x- and yz-polarized THz electrooptic signals
Sx and Syz measured for various settings of pump polarization and sample azimuth φ. Signals are
offset for clarity. b, Amplitude spectra of the THz signal and c, THz electric field directly behind
the sample as extracted from a.

7.2.3 Sample properties

We study a freshly cleaved, n-type, Ca-doped Bi2Se3 single crystal in ambient air (see

Appendix 7.A). While dipolar photocurrents in the inversion-symmetric crystal bulk (space

group D5
3d) cancel, optical excitation can in principle launch a current at the surface (space

group C3v) [Liu10]. The surface region can be thought of as being comprised of the air-

crystal interface with locally relaxed lattice structure which overlaps with the Dirac surface

states (thickness of ∼ 2 nm) [Zha10, Roy14], followed by a space-charge region with bent

bulk bands (thickness of tens of nanometers) [McI12a, Par13]. As the sample thickness

(> 300 µm) is much larger than the pump penetration depth (24 nm) [McI12a], the front

but not the back surface of the sample is probed. Further details on sample properties

and characterization can be found in Appendix 7.A.

In what follows, we will show that our broadband current measurements allow us to dis-

criminate different types of photocurrents and their generation in the various surface re-

gions. This goal is achieved by first identifying two dominating components in the THz

emission signal using symmetry analysis. Finally, based on their temporal structure and

symmetry, the two underlying photocurrent components are assigned to microscopic gen-

eration scenarios.
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Figure 7.3: Long-term signal changes. Evolution of the amplitudes of THz signals Sx and Syz and
the reflectance of the 790 nm pump beam following cleaving of the sample. The constant 790 nm
signal indicates that no sample damage occurs.

7.3 Results

7.3.1 Raw data

Typical THz electrooptic signal waveforms S(t) obtained from our Bi2Se3 sample are shown

in Fig. 7.2a. The THz waveforms depend sensitively on the setting of the THz polarization

(x vs yz), the pump polarization and the sample azimuthal angle φ. The signal amplitude

grows linearly with increasing pump power, without any indication of saturation (inset of

Fig. 7.2b). This behavior implies that the number of excited carriers is proportional to

the incident photon number.

As detailed in the following, we make the striking observation that the x- and yz-polarized

components of the emitted THz field (and, thus, Jx and Jyz) behave very differently

in terms of their magnitude (Fig. 7.2a), temporal shape (Fig. 7.2a), their behavior after

sample cleavage (Fig. 7.3) and their dependence on the sample azimuth φ (Fig. 7.4b). First,

as seen in Fig. 7.2a, Syz exhibits much larger amplitude than Sx but evolves significantly

more slowly. Accordingly, the amplitude spectrum of Sx exhibits a larger bandwidth than

Syz (Fig. 7.2b). This trend becomes even clearer when we apply an inversion procedure to

these data to extract the transient THz fields Ex and Eyz directly behind the sample (see

Appendix 7.B). The resulting spectral amplitudes are displayed in Fig. 7.2c as a function

of angular frequency ω and show that |Ex(ω)| is much broader than |Eyz(ω)|, indicating

much faster temporal dynamics. The spectrum exhibits features such as the dips of |Ex(ω)|
at ω/2π = 2 THz and 4 THz whose origin becomes clear further below.

Second, to investigate the impact of surface modification on Sx and Syz, we freshly cleave

the sample and subsequently acquire THz signals continuously over > 2 h with the sample

exposed to air. While the shape of the THz waveforms does not undergo measurable modi-
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Figure 7.4: Azimuth dependence and dominant components of THz signal Sx. a, THz signal
waveforms at various sample azimuth angles φ and for fixed pump polarization. b, Extracted
THz amplitude vs φ for various pump-polarization settings (→ and differential signals ↖ − ↗
and � − 	). While both Sx and Syz exhibit a 3φ-type-dependent component of comparable
magnitude, Syz has a much larger and dominant component independent of φ. c, Dominant
temporal components of signal sets Syz(t, φ) and Sx(t, φ) for various pump polarizations, extracted
by using Eq. (7.2) (see Appendix 7.E).

fications, their global amplitude increases by a factor of ≈ 2 in the course of time (Fig. 7.3).

Note this rise proceeds within 30 min for Sx but significantly slower (within 100 min) for

Syz. We will later use this different evolution speed of Sx and Syz to draw conclusions

concerning the degree of surface localization of the currents Jx and Jyz. In contrast to Sx
and Syz, measurable changes of the sample reflectance at a wavelength of 800 nm are not

observed, thereby ruling optical degradation of our sample out. In addition, we did not

observe temporal changes in the signal symmetry which is discussed in the next section.

7.3.2 Signal symmetries

In addition to their different amplitude and temporal structure, Sx and Syz also depend

very differently on the sample azimuth φ. To quantify this behavior, we measure waveforms

Sx(t, φ) and Syz(t, φ) for an extended set of φ-values, example traces of which are shown
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in Fig. 7.4a. To reliably extract an average signal amplitude for each φ, we project the

time-domain signal on a suitable reference waveform (see Appendix 7.D). The resulting

signal amplitude as a function of φ is displayed in Fig. 7.4b. While both Sx and Syz exhibit

a 120°-periodic component of comparable magnitude, Syz has a much larger and dominant

component independent of φ.

The threefold rotational symmetry of the THz signals is fully consistent with the symme-

try groups of sample surface and bulk as shown by a detailed analysis of the second-order

conductivity tensor (see Appendix 7.F) [Zha09]. Importantly, it allows us to significantly

reduce the large amount of experimental data contained in S(t, φ): for a given THz polar-

ization (x or yz) and pump polarization, each two-dimensional set S(t, φ) can be written

as a linear combination of just three basis functions (see Appendix 7.E),

S(t, φ) = A(t) +B(t) sin(3φ) + C(t) cos(3φ). (7.2)

Therefore, three basis signals A(t), B(t) and C(t) fully characterize the entire data set

S(t, φ). They are, respectively, obtained by projecting S(t, φ) onto the mutually orthogonal

functions 1, sin(3φ) and cos(3φ) (Appendix 7.E). Extracted waves are shown in Fig. 7.4c

and Fig. 7.8d for the two THz polarizations and various pump polarizations.

We begin with considering the impact of the pump helicity on the photocurrent. The

bottommost curve in Fig. 7.4c represents the φ-independent component Ax(t) of the dif-

ference of the signals taken with right-handed (�) and left-handed (	) circularly polarized

pump light. The amplitude of this waveform is comparable to the noise floor. In other

words, a helicity-dependent yet simultaneously φ-independent THz signal is small and be-

low our detection threshold. This notion is consistent with time-domain raw data (blue

vs green trace in Fig. 7.2a) and the absence of an offset in the φ-dependence (blue curve

of Fig. 7.4b). An analogous behavior is observed for THz signals Syz (see Fig. 7.10).

We note that such small magnitude of the pump-helicity-dependent and φ-independent

photocurrent does not contradict the previously reported observation of time-integrated

currents [McI12b] as will be addressed in the Discussion section.

7.3.3 Ultrafast photocurrents

Figure 7.4c leads to another important conclusion of our symmetry analysis: regardless of

the pump polarization, all signals Sx and Syz are, respectively, dominated by just one fast

and one slow waveform. We use these signals to extract the underlying source currents

(see Appendix 7.B and 7.C) which are displayed in Fig. 7.5. After an initial onset, both

Jx and Jyz change sign, indicating a backflow of charge. Note, however, Jx proceeds much

faster than Jyz: the rise time from 10% to 90% of the current maximum is 16 fs and 40 fs

for Jx and Jyz, respectively. Subsequently, Jx decays with a time constant of 22 fs, while

Jyz decays within 700 fs.

To determine the origin of Jx and Jyz based on their ultrafast dynamics, we briefly re-

view known photocurrent generation mechanisms.[Nas10, Lew14, Olb14, McI12b, Hos11,

Gan03a, Sch15, Pri12] In general, optical excitation transfers electrons from initial states

|i〉 into final states |f〉 (Fig. 7.6a), followed by relaxation processes such as scattering into
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other states, phonon emission and recombination.[Sob14] Photocurrents can arise in both

regimes, that is, during the optical transition and during the subsequent relaxation. As

our pump photon energy (1.57 eV) is much larger than the Bi2Se3 band gap, numerous

vertical interband transitions are allowed [Bos15] (Fig. 7.6e) and expected to outnum-

ber the contribution of phonon- or impurity-assisted nonvertical transitions.[Web08] In

the subsequent relaxation regime, currents can arise from, for instance, scattering by a

noncentrosymmetric potential,[Olb14] asymmetric recombination [Gla74] and carrier ac-

celeration in an intrinsic surface field (drift current).[Joh02, Mal08] In all cases, inversion

symmetry needs to be broken to obtain a macroscopic dipolar net current.

Drift current

As seen in Fig. 7.5, the slow current Jyz(t) has a rise time (40 fs) significantly slower than

the excitation pulse (23 fs). Therefore, it cannot arise from the initial optical transition.

In fact, previous works on Bi2Se3 assigned the slow Jyz component to a carrier drift in

the surface field, consistent with the strong dependence of Jyz on the doping level of

Bi2Se3.[Luo13, Zhu15, Tu15] This notion is further supported by additional observations

made in our experiment: first, the initial electron flow is directed toward the sample

surface, along the direction of the space-charge field of our effectively n-doped sample.

Second, the 40 fs rise time (Fig. 7.5) is on the order of the bulk Drude scattering time

of our sample (∼ 18 fs, see Appendix 7.A) that limits charge acceleration in the surface

field.

Following its initial rise, Jyz is found to change sign. Plasma oscillation[Sha04] of the

charge carriers cannot account for this feature because the short Drude scattering time

(∼ 18 fs, see Appendix 7.A) would strongly attenuate such dynamics in less than 100 fs, in
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contrast to our observation. We consequently assign the sign change of Jyz to the back-flow

of charge that accompanies the overall relaxation of the photoexcited system back to the

equilibrium state. From photoemission studies,[Sob14] the relaxation of optically excited

bulk carriers is known to occur on a time scale of 1 ps, in agreement with the relaxation

time of Jyz (see Fig. 7.5).

Shift current

Having assigned the slow, dominant part of current Jyz, we now focus on the very fast, sub-

100 fs dynamics of the photocurrent Jx. Concerning immediate photocurrent generation

by an optical transition |i〉 → |f〉, Sipe et al. [Sip00, Nas10] used perturbation theory

and identified three distinct mechanisms: injection currents, shift currents and optical

rectification.[Nas10, Lam05] Injection currents Jinj arise because initial and final state of

the perturbed electron have different band velocity. An example is the asymmetric band

depopulation scenario [McI12b] shown in Fig. 7.6a: a circularly polarized pump excites

electrons from the Dirac cone into higher-lying states with different band slope (group

velocity). Therefore, for short enough excitation, Jinj should rise instantaneously to a

magnitude that scales with the average velocity change ∆v and the density N of the

excited electrons. In this simplified model, the resulting current is

Jinj = σinj∆v [Θ(t)e−t/τinj ] ∗ Ip (7.3)

where the initial sheet charge density σinj = eN∆zinj is proportional to the thickness

∆zinj of the emitting sheet, and Θ(t) is the unit step function. Note that relaxation

processes such as electron scattering are not covered by the theory of Ref. [Nas10]. We

have introduced them phenomenologically by an exponential decay with time constant τinj.

Backflow of electrons is diffusive [Apo14] and ignored on the short timescales considered

here. Finally, the convolution with the pump intensity envelope Ip(t) (normalized to unity)

accounts for the shape of the pump pulse, resulting in a current with the typical temporal

shape shown in Fig. 7.6b.

Shift currents,[Nas06] on the other hand, arise when the electron density distribution of

the excited state |f〉 is spatially shifted with respect to |i〉 (Fig. 7.6c). For short excitation,

this process leads to a step-like charge displacement ∆xshΘ(t) whose temporal derivative

is proportional to the shift current Jsh. With arguments analogous to the injection case,

we obtain

Jsh = σsh∆x
∂

∂t
[Θ(t)e−t/τsh ] ∗ Ip, (7.4)

with σsh = eN∆zsh. This model implies Jsh initially follows the profile of Ip(t) and

becomes bipolar if the relaxation time τsh is comparable to or longer than the pump

duration (Fig. 7.6d).

Finally, optical rectification can be understood as a transient, nonresonantly driven charge

displacement that follows the intensity envelope of the pump pulse. It arises from all

transitions between the initial and final states whose energy difference is different from the

incident photon energy of 1.57 eV.[Côt02] To evaluate the relative importance of optical

rectification in our experiment, we compared the emitted THz amplitude of our TI sample
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to that of a pump-transparent ZnTe(110) crystal which is known for relatively strong

optical rectification at the pump photon energy used here.[Fer02a] We find that, normalized

to the thickness of the emitting crystal, the THz signal Sx from the TI sample is about two

orders of magnitude larger than that from ZnTe. Therefore, optical rectification in Bi2Se3

is expected to make a negligible contribution, and we are left with considering ultrafast

injection and shift currents.

Note the characteristic shape of Jinj and Jsh is very distinct: unipolar (Fig. 7.6b) vs

bipolar asymmetric (Fig. 7.6d). Having understood how the temporal shape of a current

is intrinsically linked to its origin, we now look for such fingerprints in our data (Fig. 7.5).

Indeed, we find that the measured photocurrent Jx (Fig. 7.5) has bipolar asymmetric

temporal shape: the signature of a shift current. In addition, fitting Eq. (7.4) to Jx yields

excellent agreement (Fig. 7.5) for a pump duration of 23 fs, τsh = 22 fs and ∆xsh∆zsh ≈
36 Å

2
. In this procedure, we use the excitation density (N = 6.9× 1024 m−3) as inferred

from the absorbed pump fluence (4 µJ cm−2), the pump photon energy (1.57 eV) and the

pump penetration depth (24 nm at 1/e intensity) [McI12a]. The amplitude spectrum of

the calculated Jsh peaks at 6 THz (not shown), consistent with the peak position of the

measured Ex amplitude spectrum (Fig. 7.2c).

One could argue that the current Jx is not a pure shift current (Fig. 7.6d) but still contains

a component arising from a rapidly decaying injection current (Fig. 7.6b). We can exclude

this possibility based on a symmetry analysis and photocurrent theory work [Nas10]. For

example, for linear pump polarization at 45° with respect to the plane of incidence, the

resulting current Jx is solely related to the second-order conductivity tensor element σxxy
(see Appendix 7.F and 7.G). As dictated by symmetry, this element equals σxyx and

becomes, therefore, real-valued when the photocurrent frequency approaches ω = 0. From

the microscopic analysis of Sipe and Nastos [Nas10], it follows that this tensor element and

the related photocurrent Jx are not due to an injection current, provided that photocurrent

frequencies ω higher than the current relaxation rate are considered (see Appendix 7.F).

7.3.4 Surface localization

Our photocurrent measurements and analysis directly reveal an ultrafast shift current

and a drift current in the time domain. It is so far, however, unclear to which extent

these currents are localized at the surface. Since the photocurrent observed here is a

quadratic nonlinear-optical effect (see inset of Fig. 7.2b), it only flows in regions where

inversion symmetry is locally broken [She84]. In our sample, this breaking arises from

two perturbations of the inversion-symmetric bulk: (i) the surface, which extends over the

first 1 to 2 quintuple layers (∼ 1 to 2 nm) as indicated by the thickness of surface states

[Zha10] and the depth of surface lattice relaxation [Roy14], and (ii) the space-charge field

ESC, which points along the surface normal and extends ∼ 15 nm into the depth of the

sample, as implied by an estimate analogous to Ref. [McI12a].

Since the slow component of Jyz is a drift current of photoexcited carriers in the space-

charge field [Luo13, Zhu15, Tu15], it is also localized in a depth of ∼ 15 nm. In addition,

its amplitude changes during sample aging must arise from gradual modifications of ESC
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(Fig. 7.3). If Jx were also dominated by ESC, its amplitude should evolve analogously to

Jyz following sample cleaving. In contrast, we observe that Jx evolves about 5 times faster

than Jyz (see Fig. 7.3) such that Jx cannot arise from perturbation (ii) but rather from

the remaining perturbation (i). Therefore, the shift current is localized in the first 1 to 2

quintuple layers of the Bi2Se3 surface. The resulting ∆zsh of less than 2 nm and the above

extracted estimate for ∆xsh∆zsh imply the shift distance ∆xsh is on the order of 1 Å.

We note that the THz emission spectra exhibit sharp features at 2 and 4 THz (Figs. 7.2b

and 7.2c) which coincide with the frequencies of long-wavelength bulk phonon modes at

1.9, 2.1 and 4 THz (Ref. [Mad98b]). While the 1.9 THz mode is infrared-active and can

thus absorb pump-generated THz radiation, the 4 THz mode is exclusively Raman active in

the inversion-symmetric bulk. Therefore, the presence of the 4 THz feature in the emission

spectrum suggests this mode is infrared-activated in the TI surface region where inversion

symmetry is locally broken.[Gne11] This effect further underlines the surface sensitivity of

THz emission spectroscopy.

7.4 Discussion

To summarize, we have shown that our ultrabroadband THz emission data are fully con-

sistent with the notion that (i) the photocurrent Jx arises from an instantaneous pho-

toinduced shift of charge density by ∼ 1 Å in a ∼ 2 nm thick surface region of Bi2Se3.

The displacement relaxes on a very fast time scale of 22 fs. The much slower current Jyz
is dominated by a drift current of optically excited carriers in the surface field. (ii) A

helicity-dependent and simultaneously azimuth-independent photocurrent is smaller than

our detection threshold of 1018 em−1 s−1. This assertion is also valid for other injection-

type transport scenarios such as photon-drag currents.[Pla16] It is instructive to discuss

these observations and compare them to previous works.

7.4.1 The source of the shift current

Finding (i) represents the first observation of a surface shift current, which was predicted

by Cabellos et al. very recently [Cab11]. We note that we also observe signatures of

ultrafast surface shift currents in other TI samples, including thin films [Kru11] of Bi2Se3

and Bi2Te3 (not shown). We emphasize that revealing the time-domain fingerprint of

shift currents relies on the 20 fs time resolution of our experiment. Longer pump pulses

can easily obscure this signature, even in materials with broken bulk inversion symmetry

[Lam05]. The surface shift current is probably the source of the linear photogalvanic

surface currents that have been reported previously [McI12b], but not assigned.

Our results show that the displacement of bound charges occurs in a sheet with thickness

∆zsh ∼ 2 nm, which is the thickness of the layer where the Dirac states are expected to

dominate charge transport [Zha10]. This notion is consistent with reports [Roy14] showing

that only the first quintuple layer exhibits inversion asymmetry on the order of 10%. The

shift distance ∆xsh ∼ 1 Å compares well to reported charge shifts on the order of the bond

length (∼ 3 Å) in noncentrosymmetric semiconductors [Nas06].
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Figure 7.6: Photocurrent assignment. a, Example of an injection-type photocurrent. The
pump pulse promotes electrons from the Dirac cone into other bands, thereby changing the electron
band velocity. An asymmetric depopulation of the Dirac cone and, thus, nonzero net current is
achieved by using circularly polarized light [McI12b]. b, Typical shape of the resulting photocurrent
Jinj(t). Here, Ip(t) is the intensity envelope of the laser pulse. c, Scenario of a shift photocurrent
arising from an ultrafast transfer of electron density along the Se-Bi bond. d, Typical bipolar
temporal shape of the resulting sheet current Jsh(t). e, Schematic of the electronic band structure
of Bi2Se3. While BB1/BB2 represent bulk bands below/above the Fermi level EF, SS1/SS2 refer
to surface states. Red arrows indicate three examples of pump-induced optical transitions (photon
energy of ∼ 1.5 eV). To better illustrate the excitation process, thin black/red lines indicate copies
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displayed shaded.
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The threefold azimuthal symmetry of Jx (Fig. 7.4b) suggests the electron density is dis-

placed along the 120°-ordered p-type Se-Bi bonds [Mis97]. In fact, previous studies have

shown that the electron density associated with the Dirac states is known to shift grad-

ually from Se toward Bi atoms when energies below and above the the Dirac point are

considered [Zha09, Mis97, Rou09]. As Bi and Se atoms lie in different layers, the Bi-Se

bond forms an angle of about 45° with respect to the sample surface normal. Therefore,

the shift current also has a z-component with a strength comparable to Jx, consistent with

the sharp peak present in Jyz at t = 0 fs (see Fig. 7.5 and Fig. 7.8d).

In principle, the ultrafast Se-Bi charge transfer can be driven by all kinds of optical

transitions involving surface states. Examples of possible transitions induced by the

1.57 eV pump photons are shown in Fig. 7.6e: (1) surface-to-bulk, (2) bulk-to-surface

and (3) surface-to-surface (intercone) transitions. Following excitation, the charge carriers

undergo multiple scattering processes, finally resulting in an isotropic distribution. The

time constant (22 fs) of this process found here is consistent with other measurements

of anisotropy relaxation at the TI surface: ultrafast optical Kerr effect (time constant of

∼ 25 fs) [Wan16] and equilibrium transport experiments (substantially smaller than 300 fs,

see Appendix 7.H) [VA12, Ban12]. Note that due to spin-momentum locking at the TI

surface, the decay of the anisotropy of the charge-carrier distribution is strongly connected

with the decay of the transient surface spin polarization [Zha13]. The time scales of these

processes are much shorter than that of the energy relaxation of the surface charge carriers

(∼ 1 ps) [Sob14].

7.4.2 The absence of circular photocurrents

Result (ii), the absence of a pump-helicity-dependent photocurrent, is surprising and im-

poses significant constraints on the generation mechanism of this current. We first note

this result is consistent with the photocurrent magnitudes found by previous electrode-

based time-integrating [McI12b] and picosecond-resolved [Kas15] measurements. From

these works, it follows that under excitation conditions similar to ours, the pump-helicity-

dependent photocurrent reaches a peak value that is slightly below the detection threshold

1018 em−1 s−1 of our setup (see Appendix 7.I).

It is instructive to compare the upper photocurrent limit set by our experiment to a

recently suggested microscopic scenario[McI12b] in which the pump-helicity-dependent

photocurrent arises from asymmetric depopulation of the Dirac cone by optical transitions

into rapidly decaying bulk states (Fig. 7.6a). Based on this injection-type scenario, we

use Eq. (7.3) to estimate the initial ballistic sheet-current density as NevD∆zD, where

vD = 0.5 nm fs−1 is the band velocity in the Dirac cone [Sob14], ∆zD = 2 nm the thickness

of the Dirac states [Zha10], and N is the bulk excitation density. The resulting magnitude

of 1022 em−1 s−1 is four orders of magnitude larger than the maximum current measured

in our experiment.

Possible reasons why the photocurrent magnitude predicted by this plausible scenario so

drastically exceeds the actually measured pump-helicity-dependent photocurrent are as

follows. First, matrix elements for bulk-surface optical transitions are much smaller than
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for bulk-bulk transitions. In other words, light absorption is much more pronounced in

the bulk than at the surface, in contrast to the tacit assumption of homogeneous ab-

sorptivity made in the estimate above. Second, the band velocity of initial and final

state are approximately equal [see Eq. (7.3)]. Finally, there is a great deal of cancelation

when summing over the contributions of all optical transitions. Indeed, as shown theo-

retically, a zero net current results when only optical transitions within the Dirac cone

are considered [Jun13]. Experiments employing pump pulses with tunable pump pho-

ton energy [Kur16, SB14] will likely provide more insights into the nature of the pump-

helicity-dependent photocurrent, in particular in terms of intracone and below-gap optical

transitions [Hos11, Jun13, Kur16].

7.5 Conclusion/Outlook

In conclusion, we have measured the dynamics of ultrafast photocurrents on the surface

of the Ca-doped three-dimensional model TI Bi2Se3 with a time resolution as short as

20 fs. We find that the peak amplitude of pump-helicity-dependent photocurrents is much

smaller than predicted by a recent model based on asymmetric optical transitions between

Dirac-cone and bulk states [McI12b]. For the first time, we have observed a surface shift

photocurrent which arises from a charge displacement at the TI surface. The fast decay

time (22 fs) of this current attests to the rapid loss of charge-carrier surface anisotropy.

On a more applied note, the shift current is potentially interesting for ultrafast optical

manipulation of the TI surface, thereby ultimately modifying its topological properties

[Liu15]. The local electric field generated by the shift current could be employed to drive

highly spin-polarized THz electric currents at the TI surface. The direction of this sec-

ondary current could easily be controlled by the pump-beam polarization, thereby opening

up new possibilities to access the TI surface states. Finally, our results highlight broadband

THz emission spectroscopy as a novel and highly sensitive probe of surfaces.
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7.A Sample details

Single crystals of Ca-doped Bi2Se3 were grown by the Bridgman-Stockbarger method by

pulling a sealed quartz ampoule in a vertical temperature gradient. A fresh surface is

obtained by cleaving using adhesive tape. The dimensions of the sample used for THz

emission spectroscopy are approximately 2× 3× 0.3 mm3.

For characterization of the sample by angle-resolved photoelectron spectroscopy (ARPES),

the sample was studied directly after cleaving under ultrahigh-vacuum conditions (pressure

2 · 10−10 mbar) and, a second time, after exposing the sample to an ambient-pressure

atmosphere of N2 for a few seconds. ARPES measurements on the N2-exposed surface

confirm the presence of Dirac surface states with the Fermi energy located roughly 100 meV

above the bulk conduction band minimum (see Fig. 7.7). From these data, a conduction-

band electron mass of 0.115 bare electron masses is inferred [Xia09].

Hall measurements [Hru11] yield a bulk hole density of 1.34 × 1017 cm−3 and a mobility

of 275 cm2 V−1 s−1. Using these values, the effective mass inferred from ARPES data and

the Drude formula, we extract a velocity relaxation time of 18 fs in the bulk material.

7.B From electrooptic signals to THz fields

To proceed from the measured electrooptic signal S(t) to the THz electric field E(t) directly

above the sample surface, we note that there is a linear relationship between the two

quantities. For example, in the frequency domain, the THz field component Ex and the

corresponding signal Sx are connected by the transfer function h(ω) through the simple

multiplication

Sx(ω) = h(ω)Ex(ω). (7.5)

A completely analogous relationship is valid for Eyz and Syz. We measure the transfer

function of our setup by using 50 µm thick GaP(110) as a reference emitter placed before

the TI sample that has been substituted by an Ag mirror.

Fig. 7.9 shows the steps and transfer functions that take us from the detected electrooptic

signal to the THz electric field directly after the sample (Fig. 7.9f). The calculated transfer

functions [Kam13a] account for the effects of THz field propagation (hprop, see Fig. 7.9a)

and electrooptic detection (hdet, Fig. 7.9b), resulting in a total transfer function h that

agrees well with that determined experimentally (Fig. 7.9c).

Fig. 7.9d displays spectra of electrooptic signals Sx and Syz. Spectral features in the

range from 8 THz to 15 THz correspond to the Reststrahlen band of the GaP electrooptic

detector. The dip at 8 THz arises because electronic and Raman contributions to the

electrooptic response of GaP cancel at this frequency. Division of the signal spectra by
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Figure 7.7: Photoemission data of the Ca-doped Bi2Se3 sample crystal. a, Angle-resolved pho-
toemission data confirm the existence of topological surface states in our sample. Measurements
on the pristine surface, obtained directly after cleaving in ultrahigh vacuum, reveal the chemical
potential at the lower edge of the conduction band minimum. b, Following exposure to 1 bar of N2

gas, n-type doping shifts the chemical potential into the conduction band, indicating a downward
band bending at the surface on the order of 100 meV.

h(ω) greatly cancels these features and yields the field spectra Ex and Eyz shown in

Fig. 7.9e and Fig. 7.2c. The frequencies of the spectral features at 2 THz and 4 THz agree

with Bi2Se3 phonon resonances[Mad98b]. Below 1 THz, the response decreases sharply to

zero because electromagnetic radiation is emitted less efficiently at decreasing frequency.

7.C From THz fields to THz currents

To finally obtain the source current J(t) from the THz electric field E(t) measured directly

above the sample surface, we make use of the following generalized Ohm’s law [Sha04]:

Ex(ω) = − Z0

cosα+
√
n2 − sin2 α

Jx(ω) (7.6)

Eyz(ω) = − Z0

√
n2 − sin2 α

n2 cosα+
√
n2 − sin2 α

Jyz(ω). (7.7)

Here, ω/2π is the THz frequency, Z0 ≈ 377 Ω is the vacuum impedance, n(ω) is the

refractive index of Bi2Se3 taken from Ref. [VA12], α = 45° is the angle of incidence, and

Jyz(ω) = Jy(ω)− sinα√
n2 − sin2 α

Jz(ω) (7.8)

is a weighted sum of the currents flowing along the y and z directions. For Bi2Se3 and

frequencies above 5 THz, the weighting factor sinα/
√
n2 − sin2 α of Jz is on the order of

0.3. The inverse Fourier transformation of the resulting current spectra yields the currents

in the time domain (Fig. 7.5).

We note that the overall magnitude of the extracted currents is subject to an estimated

uncertainty on the order of 3 which arises from the cumulated effects of uncertainties of

beam parameters (such as beam diameter and divergence), of the precise optical material
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properties (in particular close to phonon frequencies) and from the deviations of the optical

and THz beam from a perfect Gaussian profile.

7.D Waveform mean amplitude

To characterize a complete THz waveform S(t) by a single mean amplitude S̄, an often-

used procedure is to calculate the mean root-mean square
[∫

dt S2(t)
]1/2

. The drawback of

this method is that it is based on nonlinear operations which annihilate phase information

and make the identification of additive signal components difficult. Therefore, calculation

of a mean amplitude S̄ of a given signal should be linear with respect to S(t). Our solution

is to project S(t) on a suitable and normalized reference waveform Sref(t) by means of the

scalar product

S̄ =
1

N
〈Sref, S〉 =

1

N

∫
dt Sref(t)S(t) (7.9)

where N = 〈Sref, Sref〉1/2 normalizes Sref/N to unity. As required, this operation is linear

with respect to S(t) and, therefore, does not mix up additive signal components.

In the case of our two-dimensional data set S(t, φ), we use the most intense signal (with

respect to φ) as reference. This choice is arbitrary, but we checked that other reference

waveforms yield qualitatively identical results within our signal-to-noise ratio. According

to Eqs. (7.2) and (7.9), the basis functions A(t), B(t) and C(t) of the data set S(t, φ) are

then obtained by multiplying S(t, φ) with 1/2π, sin(3φ)/π and cos(3φ)/π, respectively,

and subsequent integration from φ = 0 to 2π.

7.E Azimuthal symmetry analysis

The inset of Fig. 7.2b shows the THz signal grows linearly with the pump power, that

is, with the square of the pump field F(t). Therefore, the resulting current density can

phenomenologically be described by the general nonlocal relationship[Mil12]

ji(x, t) =
∑
jk

∫ ∫ ∫ ∫
dt1 dt2 d3x1 d3x2 (7.10)

σijk(t− t1, t− t2,x− x1,x− x2)

·Fj(x1, t1)Fk(x2, t2).

Here, Fj is the jth Cartesian component of the pump field, and σijk is a third-rank tensor

field describing the quadratic material response. Upon sample rotation described by the

matrix Ri′i, the nonlinear response function transforms according to

σ′i′j′k′ =
∑
ijk

Ri′iRj′jRk′kσijk. (7.11)

When we focus on rotations about the sample normal by an angle φ, the matrix elements

Ri′i are given by linear combinations of of the functions 1, cosφ and sinφ or, equivalently,
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1, exp(iφ) and exp(−iφ).

Since theRi′i show up in third order in the response transformation described by Eq. (7.11),

the transformed σ′i′j′k′(φ) is a third-order mixed polynomial with respect to 1, exp(iφ) and

exp(−iφ), that is, a linear combination of the terms exp(imφ) where the integer m runs

from −3 to +3. From these seven terms, however, only exp(−3iφ), exp(3iφ) and 1 remain

since our sample is invariant under rotation by 2π/3 = 120° about the surface normal. In

other words, σ′i′j′k′(φ) is a linear combination of the functions 1, sin(3φ) and cos(3φ).

As seen from Eqs. (7.1), (7.6), (7.7) and (7.8), the THz field emitted by the current-density

distribution j is linear with respect to j with a proportionality constant that depends on

the material only through the linear-optical constants at THz frequencies. Since for our

sample these constants are invariant under azimuthal rotations, the φ-dependence of the

THz signal is inherited by that of j and, thus, σ′i′j′k′ .

To summarize, the THz signal depends on the sample azimuth φ through a linear combina-

tion of the three terms 1, sin(3φ) and cos(3φ) [see Eq. (7.2)]. This conclusion is consistent

with our experimental observations (see Fig. 7.4b and Fig. 7.8c).

7.F Extended symmetry analysis

While the previous subsection focused on rotations about the sample surface normal by an

angle φ, we now also allow for variations of the pump beam’s angle of incidence α (Fig. 7.1)

and the polarization state of the pump field. By using the electric-dipole approximation

and a Fourier transformation with respect to time, Eq. (7.10) yields the photocurrent-

density amplitude[Mil12]

ji(x, ω) = 2
∑
jk

∫
ω′>0

dω′ σijk(x, ω
′ + ω,−ω′)Fj(x)f∗k (x) (7.12)

at THz frequency ω > 0. Here, F and f are the complex-valued pump-field Fourier ampli-

tudes at frequencies ω + ω′ and ω′, respectively.

The third-rank tensor σijk is nonzero only in regions of broken inversion symmetry, that is,

at the surface region of our sample. According to the C3v symmetry of the sample surface,

there are only five independent tensor elements: η1 = σxzx = σyzy, η2 = σxxz = σyyz,

η3 = σzxx = σzyy, η4 = σyyy = −σyxx = −σxxy = −σxyx and η5 = σzzz. The other tensor

elements are zero [She84].

If the driving field has an angle of incidence α and polarization components Fs, fs and

Fp, fp along the directions perpendicular and in the plane of incidence, respectively, the
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7.F. Extended symmetry analysis
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Figure 7.8: Azimuth-dependence and dominant THz signal components. a, THz signal waveforms
at various sample azimuth angles φ and p-polarized pump field. b, Additional waveforms for the
differential signals↖ −↗. c, Extracted THz amplitude vs φ for various pump-polarization settings
(→, ↑ and differential signals↖ −↗). Dotted lines indicate azimuthal angles of the data shown in
a and b. d, Dominant temporal components of signal sets Syz(t, φ) and Sx(t, φ) for various pump
polarizations, extracted by using Eq. (7.2).

resulting photocurrents are given by

jx = −η4 · (Fsf∗s − Fpf∗p cos2 α) sin(3φ) (7.13)

−η4 · (Fpf∗s + Fsf
∗
p ) cosα cos(3φ)

−(η1Fpf
∗
s + η2Fsf

∗
p ) sinα

jy = −η4 · (Fsf∗s − Fpf∗p cos2 α) cos(3φ) (7.14)

+η4 · (Fsf∗p + Fpf
∗
s ) cosα sin(3φ)

−(η1Fpf
∗
p + η2fpF

∗
p ) sinα cosα

jz = η3 · (Fsf∗s + Fpf
∗
p cos2 α) (7.15)

+η5Fpf
∗
p sin2 α.

Here, we have omitted the frequency integral and the factor of 2 of Eq. (7.12) for brevity.

These equations in conjunction with Eqs. (7.1), (7.6), (7.7) and (7.8) show that the

threefold-symmetric current contributes about equally to Sx and Syz, consistent with the
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Figure 7.9: From THz signals to THz fields. a, Transfer function hprop describing the propagation
from the sample to the electrooptic detection crystal. Focusing of the THz pulse leads to the typical
high-pass behavior of hprop. The absorption dip at 21 THz arises from the substrate of the wire-
grid polarizer used. b, Transfer function hdet of the electrooptic detection consisting of a 250 µm
thick GaP(110) crystal in conjunction with a 20 fs, 790 nm sampling pulse. c, Measured and
calculated total transfer function h(ω) = hprop(ω)hdet(ω) of our setup over a broad bandwidth
from ω/2π = 0.3 to 40 THz. Sharp spectral dips and peaks are related to the Restrahlen band of
the GaP detection crystal (see text). d, Spectra of typical THz emission signals Sx and Syz clearly
exhibit central features of the total transfer function of our spectrometer. e, Field spectra obtained
by dividing the signal spectra of panel d by the transfer function h of panel c. f, Transient
electric field E(t) of the THz pulse directly after the sample as obtained by an inverse Fourier
transformation of E(ω). Curves are offset for clarity.

observed amplitude variations seen in Fig. 7.8d.

Note the tensor element η4 = −σxxy = −σxyx is symmetric under exchange of the last two

indices. Therefore, η4 becomes purely real-valued when the frequency approaches ω = 0.

Based on photocurrent theory work [Nas10], this property is indicative of a shift current. In

contrast, injection currents require σijk to be purely imaginary [Nas10], which implies sign

inversion under exchange of the last two tensor indices. Therefore, any possible injection or

pump-helicity-dependent photocurrent is related with η1 and η2, and it is independent of

the sample azimuth φ. We note these conclusions are based on the assumption of negligible

current relaxation [Nas10]. Therefore, they apply at frequencies ω higher than the current

relaxation rates 1/τinj and 1/τsh.

7.G Signal azimuthal symmetries

The σijk symmetry analysis (see Appendix 7.F) allows us to predict the dependence of the

THz signal on the experimental geometry (including sample azimuth and pump polariza-

tion). Most notably, all signals exhibit the threefold azimuthal symmetry of the sample

surface (see Fig. 7.4b and Fig. 7.8c). We now discuss features related to the dependence

on φ and the pump polarization in more detail.
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7.H. Spin relaxation in Bi2Se3

For example, when the y-axis is parallel to an in-plane mirror axis of the Bi2Se3(111)

surface (φ = 0° in Fig. 7.1), the σijk tensor elements of the shift-current signal fulfill

σxxy = σxyx. Consequently, the pump field amplitude vectors (Es, Ep) = (1, 1) (i.e. ↗)

and (1,−1) (i.e. ↖) make an entirely reversed contribution to Jx, as is also directly

apparent from Eqs. (7.13) and (7.14). Similar arguments apply when the sample is rotated

by 30° (such that the in-plane mirror axis coincides with the x axis) and pump fields

(Es, Ep) = (1, 0) (i.e. ↑) or (1, 0) (i.e. →) are used. Finally, at arbitrary φ, we obtain a

superposition of the effects parallel/perpendicular to the mirror axis.

In Fig. 7.8, we present raw data of the shift current detected along x for (a) p-polarized

pump field and (b) the difference signal (↖ − ↗) for representative azimuthal angles

φ. As expected, when the sample is rotated by 30°, the shift current signal has maxi-

mum/minimum magnitude. After a half-cycle rotation (φ = 60°), the signal arising from

a p-polarized pump has reversed sign. In Fig. 7.8c, we plot the amplitude dependence

of the same signals (Fig. 7.8a,b) for an extended set of azimuthal angles. The amplitude

dependence for s polarization as well as for the Syz signal are also shown.

Having identified the symmetry of the signal (Fig. 7.8c), we use our projection method (see

Appendix 7.E) to extract basis signals A(t), B(t) and C(t) from each two-dimensional

data set S(t, φ) [see Eq. (7.2) and Fig. 7.8d]. We find that the signal with threefold

azimuthal symmetry observed under various pump polarizations and detector orientations

derives from only one basis waveform.

7.H Spin relaxation in Bi2Se3

The magnitude of optically excited spin-polarized currents depends strongly on the spin

relaxation time. In Bi2Se3 and at room temperature, optical pump-probe experiments

have shown that the optically spin polarization relaxes on a time scale of 100 fs [Bos15,

Wan16, McI12b].

This value is consistent with equilibrium transport measurements [VA12, Ban12]. Broad-

band THz conductivity measurements at 6 K yielded a velocity relaxation time of 1 ps

for the surface electrons [VA12]. Due to spin-momentum locking, this time constant must

equal the surface spin-relaxation time. By increasing the sample temperature to 300 K,

the DC surface resistivity has been found to increase by a factor 3 [Ban12]. Therefore,

an upper limit of the surface velocity-relaxation time is given by ∼ 1 ps/3 ∼ 300 fs. The

precise value is probably substantially smaller than 300 fs because the increase of surface

resistivity due to an increased carrier scattering rate is counteracted by the increase of

carrier density with temperature (which is known to decrease resistivity).
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7.I Current magnitude of the pump-helicity-dependent

photocurrent

In our experiment, we find the magnitude of the pump-helicity-dependent and φ-independent

photocurrent is below the detection threshold 1018 em−1 s−1 of our experiment (see Fig. 7.5).

This result is consistent with the photocurrent magnitudes determined by previous electrode-

based time-integrating[McI12b] and time-resolved[Kas15] measurements with a time reso-

lution of ∼ 1 ps.

For example, McIver et al.[McI12b] obtained a DC photocurrent of J ∼ 1013 em−1 s−1,

normalized to the pump power of our experiment. Assuming the photocurrent flows over

a time τ0 ∼ 100 fs and with a repetition rate of frep ∼ 100 MHz, we find the peak

current amounts to J0 ∼ J/frepτ0, slightly below the detection threshold of our experiment.

Note that this comparison has assumed a conservatively small current lifetime τ0 that is

determined by the pump-pulse duration used in Ref. [McI12b]. For longer lifetimes, the

peak current J0 would decrease accordingly. A similar consideration can be made for the

experiment of Kastl et al.,[Kas15] also resulting in peak current values below the detection

threshold of our setup.

We note that our straightforward comparison of electrode-based photocurrent measure-

ments [McI12b, Kas15] with our contact-free THz emission approach is justified by the

Shockley-Ramo theorem[Son14].
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8 Ultrafast spin-to-charge-current conver-

sion in BiSbTe3/CoFeB

In this chapter, we investigate the spin-to-charge-current conversion in topological insula-

tors by using bilayers of a topological insulator (TI) thin film and a ferromagentic (FM)

layer. We find an ultrafast spin-injection across the FM/TI interface, that leads to an

sizable current burst and, thus, to THz emission. Such ultrafast spin-current to charge-

current inversion is far from obvious when it is driven at THz frequencies that correspond

to the typical energy scale of spin-orbit coupling (∼ 100 meV =̂ 24 THz).

8.1 Motivation

Topological insulators (TIs) have robust metallic surface states with unique properties

including spin-momentum locking and high mobility [Qi11, Zha09, Moo10]. The coupling

of spin and momentum facilitates the exciting possibility to convert charge-currents to

spin-currents by simply applying an electric field [Li14]. The induced spin accumulation

can be used to electrically manipulate adjacent magnetic materials [Mel14]. For example,

driving a small current in the topological insulator could efficiently read information stored

in an adjacent magnetic layer, while a larger current could potentially flip the magnetic

orientation, thereby writing magnetic information.

Charge-current to spin-current conversion in TIs has been demonstrated for Bi2Se3 /

permalloy bilayers driven at microwave frequencies [Mel14]. However, to fully exploit

the potential of spin-to-charge current conversion in topological insulators for spintronic

devices one has to investigate such conversion at the cut-off frequency of conventional

field-effect transistors, which gradually approach the THz scale [dA11]. Beside its techno-

logical potential, it is also of high fundamental interest how spin currents behave, when

they are driven at THz frequencies that correspond to the typical energy scale of spin-orbit

coupling (∼ 100 meV =̂ 24 THz).

In this work, we investigate the ultrafast charge-to-spin current conversion by starting

with the exploratory and technically simpler to implement inverse effect. As schematically

shown in Fig. 8.1, a femtosecond optical laser pulse launches an ultrashort spin-polarized

current burst at the interface of a thin ferromagnetic film and a topological insulator due to

the ultrafast spin-dependent Seebeck effect [Ale16]. When the current enters the TI, spin-

orbit coupling converts the spin current into a transverse charge current. Recently, our

group could show that such spin-to-current conversion in metallic bilayer structures of thin

ferromagnetic Iron and Platinum is extremely efficient. It was shown, that the induced ul-

trafast charge current is so large that it emits radiation in the THz range that outperforms

standard THz emitters (e.g. 1 mm ZnTe) in amplitude and bandwidth [Sei16].

Here, we show in a proof-of-principle study that indeed the optical excitation of a bilayer of

CoFeB and (Bi0.63Sb0.43)2Te3, an intrinsic bulk insulating TI, emits THz radiation, thereby
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Figure 8.1: Spin-to-charge current conversion by the inverse spin Hall effect. A fs
optical laser pulse launches a spin-polarized charge current from a thin ferromagnetic CoFeB film
into a BiSbTe3 thin film due to the spin-dependent Seebeck effect. When the current enters the
TI, the strong spin-orbit coupling converts the spin current into a transverse charge current that
emits an electromagnetic pulse in the THz frequency range.

indicating ultrafast spin-to-charge current conversion. We discuss tuning parameters to

optimize the conversion process in TI materials.

8.2 Experimental details

8.2.1 Detection of ultrafast spin transfer

The experiment is sketched in Fig. 8.1. A FM/TI bilayer is excited with optical laser pulses

(10 fs, 800 nm, 50 mW, 80 MHz) focused on a 50 µm spot. The resulting ultrafast charge

transport in the FM/TI bilayer causes emission of an electromagnetic pulse, potentially

extending to frequencies up to the THz range. The emitted dipole radiation is collected

and co-propagated with a time-delayed optical probe pulse through a 1 mm ZnTe crystal,

where it is detected via electo-optic sampling [Fer02a]. The sample is excited under normal

incidence.

8.2.2 Ferromagnet/topological-insulator bilayer

The sample is a 3 nm ferromagnetic CoFeB layer on a 150 nm (Bi0.63Sb0.43)2Te3 (BiSbTe3)

film on a Si(111) substrate. We apply an external magnetic bias field of about 0.1 T that

saturates the in plane magnetization of the 3 nm FM layer. For comparison, we also

measure THz emission from a 3 nm CoFeB film on a MgO substrate and a 150 nm BiSbTe3

film on Si(111). All samples are protected against oxidation by a 2.5 nm MgO capping.
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8.3. Results

Figure 8.2: Raw data: THz emission of three samples in an external field of 0.1 Tesla.
a, Emission signals of a single ferromagnetic CoFeB layer, b, a single topological insulator (TI)
layer and c, a FM/TI bilayer. The individual components show only small THz emission signals.
The bilayer signal (c) is significantly enhanced and the magnetic field dependence is about two
orders of magnitude larger than in the pure CoFeB film (a). d, Magnetic field dependent and
independent components of data shown in (c).

8.3 Results

Fig. 8.2a shows THz emission signals from a single 3 nm CoFeB layer in an external

magnetic field excited by our 10 fs optical stimulus. The emitted field is very small, close

to our detection threshold of 0.1 V/cm (field strength directly after the sample). When

we reverse the magnetic field orientation from +0.1 T to −0.1 T, we observe an amplitude

variation of ∼ 10%. Secondly, when we excite a single TI layer we find it emits THz pulses

with an amplitude about an order of magnitude stronger than the signal from the pure

CoFeB film (Fig. 8.2b). The emission is independent of the magnetic field (not shown).

Strikingly, as seen in Fig. 8.2c, the combination of both films leads to an emission signal

enhanced by a factor ∼ 5 compared to the pure TI film. The magnetic-field-dependent

component is about two orders of magnitude larger than the signal from the pure FM

layer.

8.4 Discussion

We have shown that ultrashort laser excitation of bilayers of a thin FM and a TI (Fig. 8.2c)

leads to the emission of radiation in the THz frequency range. The emitted radiation is

found to be at least a factor of ∼ 5 higher than any other emission signal (Fig. 8.2a,b)

observed from the individual layers alone. The THz source current is found to flow in

the sample plane since our detection geometry ensures that no current along the sample

normal can be detected. We find that the field direction and, thus, the current direction
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reverses with the magnetic field aligned parallel to the sample surface.

These results are consistent with the mechanism outlined in Fig. 8.1 and, thus, consistent

with a SH current that can flow in the bulk material of topological insulators. How-

ever, in the TI interface states a transverse spin accumulation can also be induced by the

Rashba-Edelstein (RE) effect that associates spin currents to charge currents flowing in

spin split bands. Such RE charge-current to spin-current conversion was demonstrated

in Bi2Se3/permalloy bilayers at microwave frequencies [Mel14] and the inverse effect was

shown to be operative at 10 GHz [RS16].

Since both iRE and iSH effects may contribute to our signal, further studies on the spin

diffusion length may allow to separate the RE effect confined to the interface state (∼ 2 nm)

and the SH effect in the bulk by variation of the sample thickness. A further promising

route to separate interface and bulk effects is to exploit the fact that iSH and iRE effect

depend on the mobility of interface and bulk carriers and tuning the Fermi level position

may strongly alter the mobility of the interface carriers [Koi15]. Therefore, Fermi level

tuning with gate voltages or material doping as well as thickness variation of the TI film is

of fundamental interest to explore spin-to-charge current conversion in TIs and disentangle

the role of the TI bulk and the TI interface.

Finally we note that contributions of bulk and surface not only cause a more complex

spin-to-charge current conversion process in TIs than in normal metals, but also cause

a large optimization potential to significantly enhance the conversion process. Note the

amplitude of the emitted THz radiation, indicating the conversion efficiency, from our not

optimized TI/CoFeB bilayer, is already about 1% of the optimized Pt-based spintronic

THz emitter [Sei16].

8.5 Conclusion/Outlook

Our results show the proof of principle that the strong spin-orbit coupling in topological

insulators can be exploited to convert spin-currents to charge-currents in FM/TI bilayers at

THz frequencies. In the future, treatment of the interface roughness or interface-dusting

as well as variation of the TI film thickness, has to show if the iSH effect in the bulk

material and/or the iRE effect drive the conversion. We have shown that the conversion

efficiency in TIs is sizeable. Therefore, tuning of sample thickness and Fermi level position

have a great potential to enhance the THz emission to application-oriented relevance. For

example, the field of THz spectroscopy is still in need of efficient emitters of broadband

THz radiation that can be driven with a low-cost femtosecond laser oscillator.
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9 Sum frequency excitation of coherent

phonons in Bi2Te3 and Sb2Te3

In this chapter, we replace the optical pump by a strong THz electric field to drive electron

and lattice dynamics and study their relaxation with subsequent time-delayed laser pulses

that probe the pump induced optical anisotropy. Importantly, the low pump photon energy

(4meV) induces an excited state that can be described by a Fermi-Dirac distribution and,

thus, we can investigate the ultrafast energy relaxation of electrons under conditions sim-

ilar to those in electronic devices. We find that quasi-thermal electrons at the topological

insulator interface relax significantly faster than those in the bulk material. To obtain these

results, we show how THz-pump-optical probe experiments in combination with variation

of the film thickness can access electron and lattice dynamics at a buried interface. We

further find that a pump-induced charge-carrier displacement drives a coherent phonon

at the same interface. Remarkably, and in stark contrast to all previous coherent phonon

studies, the pump-induced force acting on the lattice oscillates at the sum-frequency (rather

than the difference frequency) of all frequency pairs of the THz pump spectrum. We show

that these results are general as they where observed in n-type Bi2Te3 as well as in p-type

Sb2Te3.

9.1 Motivation

Topological insulators (TIs) have robust metallic surface states with unique properties

including spin-momentum locking and reduced backscattering [Qi11, Zha09, Moo10]. The

coupling of spin and momentum facilitates the exciting possibility to launch spin-polarized

charge currents by simply applying an electric field [Bru10b, Li14], a property of high

interest for applications in spintronic devices.

Up to now, however, most transport measurements on topological insulators have been

performed at frequencies below 10 GHz [Mel14], significantly lagging behind charge car-

rier switching rates in conventional field-effect transistors, which gradually approach bit

rates on the THz scale [dA11]. Fundamental scattering processes occur on timescales of

∼ 10 - 1000 fs (1 - 100 THz), which is often addressed with fastest available stimuli [Sun02].

So far optical pump-probe experiments have provided insight into the sub-picosecond dy-

namics of carriers excited to an energy of∼ 1 eV above the Fermi energy EF [Sob14, Oni15].

In contrast, electric-field-driven transport in electronic devices is carried by electrons close

to the Fermi energy. Therefore, to address the ultrafast dynamics of near-equilibrium

carriers an excitation energy below the thermal energy (kBT ≈ 25 meV at room tempera-

ture) is desired. Beside the switching rate, a further material challenge is the high electric

peak field amplitude in transistors. For example, if we assume a source-drain distance of

10 nm and a typical bias voltage of 1 V [Fio14], the corresponding peak field amplitude is

as high as 1 MV/cm. Therefore, to fully exploit the potential of TIs for future information

processing and high field devices charge and spin transport must proceed at THz rates
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and high electric fields also. To explore the underlaying fundamental electronic scattering

processes intense THz-pulses are ideal suited.

Here, we use ultrashort electric-field pulses, centered at 1 THz (4 meV) with a peak field

amplitude of 1 MV/cm to drive near-equilibrium dynamics in thin films of the topological

insulators Bi2Te3 and Sb2Te3 that have a band gap of ∼ 150 meV [Zha09]. The small

excitation energy has the incentive benefit not to drive interband transition across the TI

band gap and the long THz-pulse wavelength allows us to excite front and rear-interface in

the TI thin-films homogeneously without field gradients. We observe electron and lattice

dynamics occurring on ∼ 100 fs - 10 ps. We find a strong dependence of signal amplitudes

on the sample thickness and show that thickness variation in the order of the optical

penetration depth can be used to separate bulk and rear-interface signals. Comparison of

n-type Bi2Te3 and p-type Sb2Te3 provides us insight into electron-phonon relaxation in

the near-equilibrium regime. Finally, we reveal a new sum frequency Raman mechanism

that drives the E2
g phonon.

9.2 Experimental details

Fig. 9.1a shows a schematic of our THz-pump-optical-probe setup. An electric field tran-

sient E(t) (1 THz central frequency, peak field ∼ 1 MV/cm, Fig. 9.1b) from a LiNbO3

source [Wu14] excites topological insulator thin-films on Si(111) substrates. A time de-

layed approximately s-polarized (that is perpendicular to the plane of incidence) sampling

pulse (7 fs, 800 nm) probes the pump-induced anisotropy change of the material [Dha94]

in reflection geometry with a pair of balanced photodiodes. Pump and probe are incident

collinear under an angle of incidence of approximately 45° to the sample normal.

Our samples are thin-films of Bi2Te3 (13 nm and 34 nm thick) and Sb2Te3 (15 nm and

37 nm) on Si(111) substrates. Their structural properties are very similar and because the

bulk of both samples belongs to space group D5
3d with a conventional hexagonal unit cell,

consisting of periodically arranged layers of Bi (Sb) and Te stacked to quintuples along

the c axis [Wan13]. The five atoms in each primitive cell give rise to three acoustic phonon

branches and twelve optical phonon branches. The twelve optical branches are two A1g

and two Eg modes (all Raman active) and two A1u and two Eu modes (IR active). The

transverse modes are degenerate [Wan13]. Throughout this study we focus on Bi2Te3 and

support our results with measurements on Sb2Te3.

9.3 Raw data Bi2Te3

The pump induces signal of a 34 nm thick Bi2Te3 thin-film is shown in Fig. 9.1b. Upon

excitation with the intense THz pump pulse, the signal features a step-like rise and a

monoexponential decay. When we perform the same measurement on a 13 nm thick

sample, we observe a similar step-like response which, however, initially decays much

faster.

Surprisingly, when we rotate the sample by 90° around the sample normal, we observe a
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9.3. Raw data Bi2Te3

Figure 9.1: Intense THz excitation of topological insulators. a, An intense THz field excites a
Bi2Te3 thin film. The transient modulation of the refractive index is detected with a time-delayed
7 fs laser pulse. b, Transient electric field of the pump pulse and pump-induced variation of the
dielectric function for two sample thicknesses and azimuthal orientations. c, Fluence dependence of
the oscillation amplitude in the 13 nm sample. d, Fourier spectra of the data shown in b. Signals
are offset for clarity

strong oscillatory component that appears in the 13 nm sample only. Remarkably, the

oscillation frequency of 3.08 THz is significantly outside the amplitude spectrum of the

pump pulse (Fig. 9.3d).

We emphasize that all signal amplitudes increase linearly with the pump fluence as shown

in Fig. 9.1c, thereby ruling out strong-field effects. This fact is important since the

1 MV/cm pump pulses could, in principle, accelerate charges to energies of∼ 1 eV[Kam13b],

much larger than the pump photon energy and the bulk band gap of the sample. Such ef-

fects, however, have a highly nonlinear fluence dependence, a behavior that is not observed

in our experiment.
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Figure 9.2: Separation of lattice and electronic response. a, Fit of the electronic background
in the 13 nm sample. b, Oscillatory component extracted from a by substracting the electronic
background. c, Electronic decay in the 13 nm sample rotated by 90°. d Signal from the 34 nm
sample and fit to electronic decay.

9.4 Signal separation

As can be seen from Fig. 9.1b, the detected signal has two contributions: a step-like

response and an oscillatory component that appears in the 13 nm sample only. The os-

cillation frequency of 3.08 THz corresponds to the E2
g Raman mode of Bi2Te3 [Wan13].

Since the E2
g mode is antisymmetric, its excitation induces a change in the offdiagonal

elements ∆εxy of the dielectric function that can be measured with our anisotropic detec-

tion scheme. The A1g Raman modes are symmetric and consequently not observed in our

experiment.

The step-like background signal relaxes on a picosecond timescale (Fig. 9.2a). we assign

it to the dynamics of the electronic subsystem. The picosecond lifetime is surprisingly

long for a pump-induced electronic anisotropy, which is expected to relax with the Drude

scattering time of 75 fs in our sample (see Appendix). Therefore, this signal cannot be

assigned to anisotropic electron decay ∆εxy but rather to isotropic electron relaxation. The

resulting ∆εxx appears in our signals even though it is strongly reduced by the anisotropic

detection scheme. Consequently, we measure anisotropic and isotropic electron and phonon

dynamics simultaneously.
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To separate electron and phonon response, we fit the electronic signal K(t) of the electrons

with a double-exponential function convoluted with our pump pulse intensity:

K(t) = {Θ(t) [A1 exp(−t/τ1) +A2 exp(−t/τ2)]} ∗ E2(t) (9.1)

Here, A1 and A2 are scaling factors and Θ(t) is the Heaviside step function.

Fig. 9.2a shows a fit of Eq. (9.1) to the data of the 13 nm sample at 0° azimuth. The fit

reproduces the sharp rice of the signal well and the picosecond-relaxation follows approx-

imately the offset of the oscillatory component (Fig. 9.2a). The fast-component allows us

to define the time zero of pump and probe overlap with a precision of 30 fs. The fit of the

offset signal enables us to separate electron and phonon dynamics by simply subtracting

the fit from the raw data. Fig. 9.2b shows the remaining oscillatory component, which we

will discuss in Section 9.6.3.

9.5 Electronic component

To gain insight into the electronic response and possibly identify signatures of surface and

bulk dynamics, we compare results for two sample orientations and two film thicknesses.

Figs. 9.2a,c,d show fits of Eq. (9.1) to the data sets of these samples. We find that the

step-like charge carrier response of the 13 nm thick sample follows a double exponential

decay (Fig. 9.2a). The resulting decay times τ1 and τ2 are shown in Table 9.1. Note τ1

and τ2 are, respectively, very similar for sample azimuth 0° (Fig. 9.2a) and 90° (Fig. 9.2c).

Since an anisotropic response is expected to occur only for Φ = 0°, the similarity of

the relaxation supports the assignment of this signal to an isotropic electronic relaxation

mainly independent of the lattice oscillation occurring at 0° azimuthal sample orientation.

The slightly shorter τ1 for Φ = 0° may indicate an additional fast component of electronic

anisotropy relaxation, not considered in Eq. (9.1) (Fig. 9.2c).

Remarkably, when we fit Eq. (9.1) to data of the 34 nm sample, we find that the electronic

signal relaxes with a single decay time, only (Fig. 9.2d). We will show in Section 9.7 that

we can use this thickness dependence to assign the two electronic decay times τ1 and τ2

to interface and bulk contributions.

9.6 Resonant sum-frequency Raman excitation

We now focus on the strong oscillations observed for the 13 nm sample only. The oscillation

frequency of 3.08 THz coincides with the E2
g transverse phonon mode [Wan13]. Since the

signal amplitude increases linearly with the pump power (Fig. 9.1c), the oscillations are

not driven by a single field interaction E (Fig. 9.3a) but rather by a two field interactions

E2, that is, a Raman-type interaction (Fig. 9.3b).

Note that conventional Raman excitation (Fig. 9.3b) is based on difference-frequency (DF)

mixing of the two interacting fields, a familiar phenomenon in nonlinear optics. However,

a quadratic field interaction is also accompanied by the generation of signals at the sum
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Chapter 9. Sum frequency excitation of coherent phonons in Bi2Te3 and Sb2Te3

Figure 9.3: Comparison of coherent phonon driving mechanism. a, IR-excitation: the pump
frequency ω is resonant with the phonon mode Ω. b, Raman excitation via difference mixing of
two fields (ω1, ω2) to drive a phonon mode (Ω). c, Excitation of the same resonance via sum
frequency Raman scattering. d, Driving field components. At the phonon frequency, 3.08 THz,
the SF component is ∼ 5 times stronger than the DF component. e, Amplitude spectrum of the
pump pulse.

of the incident frequencies (Fig. 9.3c). Such sum-frequency (SF) Raman scattering has

been so far neglected because the laser frequencies (∼ 500 THz) were typically one order

of magnitude higher than the highest phonon resonances (∼ 40 THz).

9.6.1 Sum-frequency or difference-frequency excitation?

To determine whether DF or SF Raman scattering induce the coherent phonon observed

in Bi2Te3, we write down the most general quadratic relationship between the phonon

amplitude Q(t) and the driving THz field E(t)

Q(t) =

∫ ∫
dt1dt2 R(t− t1, t− t2)E(t1)E(t2). (9.2)

We assume the two subsequent field interactions occur within a certain memory time,

which is short compared to the pulse duration. The upper limit of this memory time

is given by the Drude relaxation time, which we measure to be 75 fs (see Appendix),

more than one order of magnitude shorter than the inverse central excitation frequency

(1 THz=1/ps). Therefore, we can make the approximation R(t − t1, t − t2) ∝ δ(t1 − t2),

and Eq. (9.2) simplifies to
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9.6. Resonant sum-frequency Raman excitation

Figure 9.4: DF and SF force for three different pump configurations. a,c, Force spectra resulting
from DF and SF Raman for three pump configurations j ∈ {1, 2, 3}. b, Corresponding signal
spectra. d, DF and SF driving force magnitude at the phonon frequency 3.08 THz for each pump
configuration normalized to the phonon amplitude |Qj |, obtained from data in (a-c)

Q(t) ≈
∫

dt1 R(t− t1, t− t1)E2(t1) = (R ∗ E2)(t) (9.3)

which in Fourier space reads as

Q̃(Ω) ≈ R̃(Ω)F
(
E2(t)

)
. (9.4)

We can write the Fourier spectrum of the squared pump field E2(t) as the sum of a DF

and a SF contribution:

F
(
E2(t)

)
(Ω) =

∫ ∞
0

∫ ∞
0

dω1dω2Ẽ(ω1)Ẽ(−ω2)δ(Ω− (ω1 − ω2))︸ ︷︷ ︸
F (E2|DF) (Ω)

+

∫ ∞
0

∫ ∞
0

dω1dω2Ẽ(ω1)Ẽ(ω2)δ (Ω− (ω1 + ω2))︸ ︷︷ ︸
F (E2|SF) (Ω)

. (9.5)
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Chapter 9. Sum frequency excitation of coherent phonons in Bi2Te3 and Sb2Te3

To reveal whether DF or SF components make the dominant contribution in our experi-

ment, we exploit the fact that variation of the pump pulse should have different impact

on E2|DF and E2|SF. Therefore, we consider various pump pulses Ej(t), j ∈ {1, 2, 3},
obtained by applying various filters to the pristine pulse: 0.5 mm fused silica, 1 mm Teflon

and no filter.

Each pump configuration j ∈ {1, 2, 3} causes individual DF and SF driving fields as shown

in Fig. 9.4a together with the amplitude spectra of the respectively induced phonon re-

sponse. For convenient comparison, we normalize all amplitudes to pump configuration

j = 3:

F(E2
j )(Ω)|SF

F(E2
3)(Ω)|SF

;
F(E2

j )(Ω)|DF

F(E2
3)(Ω)|DF

and
|Q̃j(Ω)|
|Q̃3(Ω)|

. (9.6)

The normalized amplitudes are shown in Fig. 9.4d. We observe that the phonon amplitude

follows the trend of the SF component in an unambiguous manner, thereby revealing

that a sum-frequency excitation is the macroscopic mechanism that drives the 3.08 THz

phonon.

9.6.2 Is the phonon force impulsive?

Having revealed a SF Raman process as the dominant contribution, we now explore the

time structure of the force F (t) driving the lattice oscillations. For this purpose, we divide

the phonon driving mechanism in two subsequent steps:

E2(t)
CFE−→ F (t)

CQF−→ Q(t). (9.7)

First, the field E2 is transformed into a driving force F through CFE, which is almost

equivalent to the stimulated Raman tensor, and second, F drives the phonon coordinate

Q through a lattice response CQF. CFE and CQF are linear transfer functions that describe

the conversion steps. The impulse response,

CQF (t) = Θ(t)exp(−γpht)sin(Ωt), (9.8)

can be obtained from considering the phonon as a driven damped harmonic oscillator with

resonance frequency Ω0 and damping constant γ

(∂2
t + γ∂t + Ω2

0) Q(t) = F (t). (9.9)

To describe the driving force F (t) = (CFE ∗E2)(t), there are three standard models, which

we discuss in the following.

(i) Impulsive stimulated Raman scattering (ISRS)

Pump-transparent materials have a very short memory of the driving field E2, much shorter

than the phonon oscillation period. Consequently, the transfer function CFE is δ-like, and,
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9.6. Resonant sum-frequency Raman excitation

therefore, called impulsive. The resulting force F is proportional to the instantaneous laser

intensity [Yan85],

F (t) ∝ E(t)2. (9.10)

This model is known as impulsive stimulated Raman scattering (ISRS) [Yan85].

(ii) Displacive excitation of coherent phonons (DECP)

In pump-opaque matter, energy dissipation into the electronic system can cause another

extreme case of excitation: displacive excitation of coherent phonons (DECP) [Zei92].

Here, the force arises from a displacement of the electron density distribution via resonant

excitation of charge carriers [Zei92]. Consequently, the force can be longer-lived than the

driving pump field. The transfer function is often modeled as CFE ∝ Θ(t)e−t/τe where τe
quantifies the lifetime of the electronic excitation and thus, force. Therefore, the force is

F (t) ∝
∫ t

0
dt′ Θ(t′)e−t

′/τeE(t− t′)2. (9.11)

Originally, the DECP mechanism was proposed for the spatial case of high-symmetry

modes that are excited by a pump-induced gradient along the sample normal [Zei92].

To drive the E2
g mode of Bi2Te3, oscillating in the sample plane, an anisotropic charge

displacement in the (0001) plane is required. The pump-induced electronic anisotropy

vanishes on the timescale of momentum relaxation [Li13]. Therefore, we approximate τe
with the Drude relaxation time in Bi2Te3 (75 fs, see Appendix).

(iii) Generalized phonon response

A more general description of the transfer function describing the force was derived by Li

et al. [Li13] who obtained

CFE(ω1,−ω2) ∝ ε(ω1)− ε(−ω2)

ω1 − ω2 + iΓ
(9.12)

Here, Γ accounts for a finite lifetime of the excitation. Note that this expression refers to

DF Raman excitations, because it describes the excitation with a field E(ω1) going “up”

and a second field E(−ω2) going “down” as illustrated in Fig. 9.3b. Thus, for a SF Raman

excitation, we heuristically replace −ω2 by ω2 since both fields go “up” (Fig. 9.3c). We

obtain

CFE(ω1, ω2) ∝ ε(ω1)− ε(ω2)

ω1 + ω2 + iΓ
(9.13)

This transfer function is of interest for Raman excitations when the excitation cannot be

described in one of the limiting cases, impulsive or displacive. We put Eq. (9.13) to test

by assuming that the electronic response has no memory, ε(t) ∝ δ(t), which is the limiting
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Figure 9.5: Coherent phonon modulation: DECP vs ISRS. a, Time domain data of the coherent
phonon oscillation and fit for the ISRS model. A clear π/2 phase shift shows the failure of the
model. b, Same as a, but modeled for DECP. The perfect agreement shows that the driving force
is displacive. c Driving field as measured. d-e Impulsive and displacive driving forces.

case of ISRS. We follow Ref. [Li13] and Taylor-expand Eq. (9.13) around ω1 and obtain

CFE ∝
∂ε

∂ω

∣∣∣∣
ω1

ω1 − ω2

ω1 + ω2 + iΓ
. (9.14)

THE ISRS scenario implies a constant ε(ω) over all frequencies. Consequently, the differ-

ence in Eq. (9.14) is zero, and therefore this model predicts no response for the situation

considered here. It appears that the generalized model of the stimulated Raman force is

not directly applicable to the usually neglected SF excitation. For this reason, we restrict

data modeling to (i) ISRS and (ii) DECP.

9.6.3 Fit results

To reveal if the time structure of the driving force is impulsive or displacive, we fit both

models, ISRS and DECP, to the phonon oscillation obtained after subtraction of the elec-

tronic background (Fig. 9.2b). The fit function of the oscillatory component is simply

the convolution of the driving force with the impulsive response of a harmonic oscillator

(Eq. (9.8)).

S(t) ∝ Q(t) = [exp(−γpht)sin(Ωt)] ∗ F (t) (9.15)
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9.7. Spatial localization

The fit parameters are the phonon frequency Ω, the phonon attenuation γph and an am-

plitude scaling factor.

We first model the phonon contribution with the ISRS model (Eq. (9.10)). As can be seen

in Fig. 9.5a, the ISRS model fails to fit our data because the coherent oscillations are phase-

shifted by ≈ π/2 compared to the prediction of the ISRS model. This phase shift shows

that the ISRS model with its zero electronic memory is not capable of reproducing our

experimental data. Therefore, we introduce memory effects by using the DECP model.

To account for an electronic memory of the DECP model, we set the electronic isotropiza-

tion time equal to the measured Drude relaxation time, that is, τe = 75 fs (see Appendix).

Accordingly we calculate the corresponding DECP driving force (Eq. (9.11)) and plot the

result in Fig. 9.5c-e in comparison to the ISRS force and the pump field. As can be seen

from Fig. 9.5e, the relatively short electronic memory leads to a time shift of the force

peak amplitude by ∼ 100 fs with respect to the pump field E (Fig. 9.5c). In Fig. 9.5b,

we find the DECP model reproduces well the phonon’s phase in our data. The coherent

oscillation can be fitted with Ω = 3.08 THz and γph = 1/(4.3 ps).

These results demonstrate for the first time a displacive excitation of coherent phonons

via a SF Raman excitation rather than a DF excitation.

9.7 Spatial localization

We now address the question which sample regions contribute how strongly to the measured

dynamics. In principle, the signal can be generated over the entire bulk of the film, or it can

be generated at inhomogeneities, that is, the front-surface and rear-interface of the film.

Surface and rear-interface host the metallic TI surface states that were recently shown to

significantly absorb THz radiation [VA12, Luo13]. However, a residual bulk conductivity

may also significantly contribute to THz absorption in Bi2Te3. Strikingly, we show that

we can use our thickness-dependent experimental data to separate the contributions of

surface, rear-interface and bulk (see Fig. 9.6a).

Before we focus on the signal localization, it is instructive to recall our basic observations.

The pump-induced signals in Fig. 9.1b feature two kinds of responses, a step-like electronic

and an oscillatory lattice component. Remarkably, the fast electronic relaxation τ1 (Ta-

ble 9.1) as well as the phonon oscillation have a strong thickness dependence and appear

only in the 13 nm sample. In the following, we show that we can understand this behavior

by considering spatial details of the signal generation and detection.

The signal generation process is schematically shown in Fig. 9.6a. It can be described with

the following equation:

∆E(ω, 0+) ∝
∫

dz∆ε(ω, z)Eprobe(ω, z)Gz(ω, z, 0
+). (9.16)

Here, ∆E(ω) is the field component due to a pump-induced change ∆ε of the dielectric

function. ∆ε causes additional scattering of the probe field Eprobe resulting in a perpen-

dicular field component ∆E(z) that induces an rotation and/or ellipticity of the probe
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Figure 9.6: Signal generation and detection. a Probe pulses undergo a strong exponential decay.
Therefore, is the probe field (∆E(0+) amplitude directly after the sample sensitive to the location
of the source layer, as indicated for a pump induced ∆ε located in regions (i), (ii) and (iii). b, The
air-sample-substrate structure forms a Fabry-Pérot cavity for THz pump pulses. Since the THz
attenuation length is much larger than the film thickness, the field density inside the sample is
constant and independent on the sample thickness. c, Signal amplitude simulated for the three
source layer scenarios indicated in a. For details on the simulation see Appendix.

field. All the microscopic fields ∆E(z) generated at each position z contributes to the

macroscopic field ∆EΩ(0+). Details of the propagation to z = 0+, that is, z directly after

the sample excite face, are accounted for by Gz(z, 0
+), the plane wave’s Green function.

Both, incident probe field Eprobe and Gz(z, 0
+) decrease with thickness (see Appendix).

For a qualitative assignment, it is instructive to consider probe intensity profiles for three

source-layer scenarios: (i) entire bulk, (ii) 1 nm surface layer at the air-sample-interface,

and (iii) 1 nm layer at the Bi2Te3-Si-substrate interface (Fig. 9.6a). The strong probe

attenuation causes a more efficient probing of the front surface than the rear-interface.

Thus, a rear-interface signal decreases in the thicker sample (Fig. 9.6a). For exam-

ple, if the signal comes from a 1 nm layer at the TI-substrate-interface, only, the short

probe penetration depth of 12 nm Ref. [Mad98c] causes already a signal attenuation of

I(13 nm)/I(34 nm) ≈ 5.

A quantitative calculation of the signal amplitude has to account for multiple reflections

at the film interfaces (included in Eq. (9.16)) and also account for the THz pump field (for

details see Appendix). Since the pump wavelength (∼ 300µm) is much larger than the film

thickness, the pump field is homogeneous across the film (Fig. 9.6b), and the pump-induced

change in the dielectric function ∆ε is proportional to the deposited energy,
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9.8. Comparison to Sb2Te3

∆ε(Ω, z) ∝
∫

dtE2(z). (9.17)

In the bulk, ∆ε is constant, whereas it may be different at the interfaces. Therefore, we

quantitatively model the signal amplitude for the scenarios (i)-(iii) by using Eq. (9.16) and

Fig. 9.6a,b. Based on this modeling, we obtain the signal amplitude as a function of sample

thickness that is characteristic for each of the individual scenarios (i)-(iii) (Fig. 9.6a).

Fig. 9.6c shows that the film thicknesses of 13 nm and 34 nm are perfectly suited to separate

interface and bulk signal sources. For example, signals for scenarios (i) and (ii) do not

change much in the range from 13 nm to 34 nm (Fig. 9.6b). In contrast, the signal for

scenario (iii) varies significantly with thickness, and the signal amplitudes for the two

samples differ by a factor of ∼ 15. Fig. 9.6c and the significant thickness dependence of

the signal strongly indicate that the oscillations and the electronic signal relaxing with τ1

are located at the Bi2Te3-Si interface.

We note the only feature appearing for both sample thicknesses is the step-like response

that relaxes with time constant τ2 (Table 9.1). Consequently, we assign it to charge-carrier

relaxation in the bulk. Since this feature appears in all measurements we normalize the

amplitude of all data to its amplitude at t = 6 ps.

9.8 Comparison to Sb2Te3

Our measurements on Bi2Te3 and their analysis strongly indicate that SF Raman scattering

(Fig. 9.3) drives the E2
g phonon at the TI/substarte interface via a displacive charge carrier

excitation. To support our results on the phonon driving mechanism in Bi2Te3, we perform

additional measurements on Sb2Te3 with a low p-type bulk conductivity.

9.8.1 Exclusion of other phonon driving mechanism

We have so far only considered electronically mediated forces acting on the lattice (e.g.

DECP). However, a lattice mode can also be driven by anharmonic interaction with other

phonon modes [For11] and its overtones [Bow16]. Further, Raman signals from tellurium

rich sample regions of Bi2Te3 have been reported [Mis15]. To exclude these other possible

phonon signal sources and check if our results are general, not restricted to Bi2Te3, we

perform measurements on Sb2Te3 with a low p-type bulk conductivity.

In Fig. 9.7, we show measurements for a 15 nm and a 37 nm thick sample. We observe

dynamics analogous to Bi2Te3: strong oscillations on an exponential background (Fig. 9.7).

For 15 nm thick Sb2Te3, we observe a step-like response that relaxes double exponentially

(Fig. 9.7a) and strong coherent oscillations at 3.34 THz which decay with a time constant

of 1.6 ps. Importantly, the frequency of the oscillation coincides with the E2
g resonance of

Sb2Te3 [Sha12].

The fact that in Bi2Te3 as well as in Sb2Te3 the oscillation frequency coincides with the

E2
g resonance, respectively, strongly indicates that the signal originates from this mode
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Chapter 9. Sum frequency excitation of coherent phonons in Bi2Te3 and Sb2Te3

Figure 9.7: THz excitation (4 meV) of Sb2Te3. a, Raw data and electronic background fit of
a 15 nm Sb2Te3 sample upon THz excitation. b, Oscillatory component extracted from a and fit
with the DECP model. c, Excitation of a 37 nm sample reveals an electronic response similar to
a, but with the relative amplitude of the component relaxing with τ1 reduced by a factor ∼ 5.
d, Oscillatory component from data in c. Compared to the 15 nm sample the oscillation amplitude
is also reduced by a factor ∼ 5.

driven by an electronically mediated forces.

9.8.2 Displacive excitation of coherent phonons in Sb2Te3

In Fig. 9.5, we have shown that fitting of the oscillatory signal components with Eq. (9.11)

and Eq. (9.15) reveals the displacive excitation of the E2
g mode of Bi2Te3. Analogously,

we fit the oscillatory component of Sb2Te3 based on the DECP model (Fig. 9.7b). As with

Bi2Te3, the driving force generated by the pump-induced anisotropic electron distribution

is assumed to decay with the Drude relaxation rate, which is 100 fs in Sb2Te3. We find

reasonable agreement of data and fit (Fig. 9.7b) which shows that also in Sb2Te3 the

driving force of the coherent phonon is of electronic origin.

When we excite a 37 nm sample, we observe an electronic decay similar to the 15 nm

sample (Table 9.1), and also a small oscillatory component (Fig. 9.7c). Importantly, the

contribution of the fast electronic response as well as the oscillations (Fig. 9.7d) in the

37 nm sample are reduced by a factor ∼ 5. This thickness dependence is very similar to

our observations in Bi2Te3 (Fig. 9.2). The by a factor of ∼ 3 smaller amplitude difference

is caused by the slightly larger penetration depth of 16 nm (calculated from Ref. [Mad98a])

in Sb2Te3.

These very similar results in n-type and p-type TI materials show that we can separate

surface and bulk contributions in TIs, despite a residual bulk conductance.
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9.9. Discussion

Table 9.1: Electronic relaxation in Bi2Te3 and Sb2Te3 upon 4 meV excitation.

Sample
Bi2Te3

13 nm, Φ = 0°
Bi2Te3

13 nm, Φ = 90°
Bi2Te3

34 nm
Sb2Te3

15 nm
Sb2Te3

37 nm

τ1 (ps) 0.4 0.9 - 0.37 0.38

τ2 (ps) 8 7.7 6.5 13 13

9.9 Discussion

In summary, we have driven electron and phonon dynamics with photons sharing energies

below the TI band gap. In this near-equilibrium excitation regime, we observed for the first

time sum-frequency Raman excitation of coherent phonons in an opaque material. Further,

we have shown that sample thickness variation on the order of the probe pulse penetration

depth is very suitable to separate the response of the sample-substrate interface and bulk

regions. With this technique we observe electron dynamics in Bi2Te3 and Sb2Te3 that is

significantly faster at the rear-interface compared to relaxation in the bulk states. In the

following will discuss the electron dynamics at rear-interface and bulk and possible sources

of the electron displacement driving the coherent phonon at the rear-interface.

9.9.1 Electron dynamics

Table 9.1 shows the electronic relaxation times τ1 (interface) and τ2 (bulk) for all investi-

gated samples. Remarkably, we observe only very slow relaxation of bulk electrons on a

timescale of several picoseconds. To associate this timescale with a relaxation mechanism,

it is instructive to first consider what is the excited state upon 4 meV excitation, and

which scattering processes are possibly involved in the energy decay.

Electron excitation

Our excitation energy is 4 meV, which is significantly smaller than thermal energy (kBT ≈
25 meV). In this regime it was shown that intense THz radiation predominantly heats

the electrons [Mic15], which can be described always with a Fermi-Dirac distribution.

Due to the small number of interband transitions at 4 meV excitation, Drude-type intra-

band transitions significantly contributes to THz-pulse absorption [Kam05], consistently

observed in THz transmission measurements in Bi2Te3 (see Appendix). Thermalization

of the electron population may occur on a sub-100 fs timescale [Mic15]. Thus, ultrafast

thermalization, much faster than the 1 ps timescale of the THz field oscillation (Fig. 9.1b),

allows to consider the pump process as intraband heating of a Fermi-Dirac like electron

distribution.

Electron relaxation

Upon excitation, the pump-induced thermal electrons can relax through electron-phonon

and phonon-phonon coupling [Sun02]. Electron-phonon scattering in the surface states
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and at the conduction band minimum is restricted to phonons close to the Γ point, which

was similarly observed in graphite [Kam05]. The small size of the Fermi surface causes a

maximum phonon wavevector of qmax = 2kF where kF is the Fermi wavevector [Kam05].

Remarkably, we find electron-phonon relaxation to occur much faster at the rear-interface

than in the bulk.

In the bulk, we observe a slow single exponential electronic decay (τ2 Table 9.1), which

indicates that electron-phonon scattering heats the Γ-phonons to thermal equillibrium

with the electrons within the excitation pulse duration (� 1 ps), and is therefore not

resolved in the experiment. Consequently, we consider the pump to heat electrons and

Γ-phonons in the bulk in thermal equilibrium. Subsequently, further energy relaxation is

limited by phonon-phonon cooling to the cool phonon bath. Therefore, we assign τ2 to the

time constant of phonon-phonon scattering. Consistently, similar slow electron relaxation

in the bulk conduction band has been observed upon optical excitation of p-type Bi2Se3

[Sob14].

On the surface, we find a much faster electronic decay (τ1 Table 9.1), which we assign

to electron-phonon coupling on the interface. Remarkably, we find no signature of quasi-

steady filling of the surface state from an excited bulk population as it was observed upon

optical excitation of Bi2Se3 [Sob12]. Since we only heat Fermi-Dirac electrons such fill-

ing effect would dominate already directly after excitation. Thus, we conclude that the

observed relaxation time constants can be assigned to bulk and interface relaxation with-

out significant interaction. The discrepancy between τ1 detected in the 13 nm Bi2Te3

film for different sample orientations is likely caused by fast decay of the initial elec-

tronic anisotropy that contributes only for Φ = 0, when also the oscillatory component is

present.

9.9.2 Source of electron displacement

The short-lived anisotropic charge distribution is an interface charge current. Such current

can be induce by intraband or interband transitions that either launch a rectified current

by asymmetric intraband scattering in the TI-surface state proposed for THz-AC currents

[Olb14] or drive, in principle, interband transitions between initial (interface) and final

(bulk) states with a shifted center of charge distribution as observed for optical (1.5 eV)

excitation of Bi2Se3 (see Chapter 7). At 4 meV a interband transitions can only occur,

when the surface band approaches the conduction band. Since the transition energy be-

tween the linear interface state and the parabolic bulk bands depends strongly on the

Fermi level further systematic tuning of the Fermi level has to reveal the role of inter-

band transitions to the anisotropic charge distribution. However, both scenarios might

be enhanced at the sample-substrate interface compared to the air-sample interface due

to strain of the first film monolayers and step edges of the substrate, which both may in-

crease the anisotropy, or suppression of the front surface state conductance by oxidation.

Even though the high quality of our films [Kru11] reduces these perturbations to a mini-

mum, transport measurements on similar TI thin films [Bac16] have revealed a surprising

dominance of a single interface state, consistent with our observation.
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9.9.3 Sum frequency DECP

Regardless of its origin, the anisotropic charge displacement drives a coherent phonon at

the rear-interface of our thin films. Our anisotropic detection suppresses the A1g modes and

from the remaining Eg Raman modes we observe only the E2
g oscillating at 3.08 THz. We

find that this phonon mode is coherently driven via sum-frequency Raman scattering, that

is, the THz-pump-pulse deposits electromagnetic field energy at its sum frequency com-

ponent into the electrons that causes a transient charge displacement driving the phonon.

We emphasize that the new sum-frequency Raman excitation was only recently observed

in Diamond and is here reported for an opaque material for the first time.

9.10 Conclusion/Outlook

Our experiment revealed insight into the poorly explored regime of near-equilibrium ex-

citation and relaxation dynamics of electrons and phonons in TIs with ultrafast time

resolution. We have found a new sum-frequency-excitation mechanism that can drive

coherent phonons in opaque materials via the displacement of charges. We have further

shown how THz-pump-optical probe experiments in combination with variation of the film

thickness can access electron and lattice dynamics at a buried interface. We find that near-

equilibrium electrons in the bulk and at the interface relax without significant interaction,

in contrast to highly non-equilibrium electron populations [Sob12]. The found interface

sensitivity is of fundamental importance for further studies on electron dynamics in bulk

insulating and non insulating TIs, but has also the potential for fast and destruction free

characterization of interface properties, for instance, in post-production investigation of

interface sensitive devices.
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Appendix Chapter 9

9.A TI dielectric function at THz frequencies

In order to measure the timescale of momentum relaxation in the Bi2Te3 bulk material we

performed THz transmission spectroscopy on our thin film sample to obtain the dielectric

function at THz frequencies. The principle idea of THz transmission spectroscopy is that

a THz probe field is transmitted through a sample and changes in the waveform due to

the dielectric response of the material are detected. Such THz transients after sample

transmission are shown in Fig. 9.8a for a Si-substrate as reference sample and a sample

with Bi2Te3 film. The THz field amplitude is attenuated in Bi2Te3 showing that THz

radiation is absorbed. To extract the dielectric function we are interested on the field

directly behind the sample E(0+). This field is related to the actual detected signal S

by

S(ω) = h(ω)E(0+, ω) = h(ω)R(ω)Einc(0
+, ω) (9.18)

The function h(ω) describes the THz pulse propagation from the sample to the detector

and the detector response function (details see Chapter ??). The measurement of sample

and reference than allows to cancel the spectrometer response and extract the desired

sample response
E(0+, ω)

Einc(0+, ω)
= t12t23Mexp(2πi

ω

c
n2d) (9.19)

Here, M = 1/
(
1− r21r23exp

(
4πiωc n2d

))
accounts for multiple reflections inside the sample

and the quantities tij = 2ni/(1+n2) and rij = (ni − nj) / (ni + nj) are Fresnel transmission

and reflection coefficients. ni =
√
εi is the refractive index of medium i where i = 1, 2, 3

denotes air, Bi2Te3 and Si substrate, respectively.

We fit the extracted dielectric function in Fig. 9.8 with the Drude formula

εDrude(ω) = 1−
Ω2

pl

ω2 + iω/τe
. (9.20)

The fit yields a screened plasma frequency Ωpl ≈ 100 THz and a drude relaxation time of

τe = 75 fs.

9.B Modeling of pump and probe propagation

To find the spatial localization of the pump-induced change in the dielectric function of the

Bi2Te3 thin films it is essential to understand the details of pump and probe propagation

The incident pump field Einc induces a field E(ω, z) that we have to evaluate for all

positions z along the pump propagation inside the sample
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Chapter 9. Sum frequency excitation of coherent phonons in Bi2Te3 and Sb2Te3

Figure 9.8: TI refractive index from THz transmission spectroscopy. a, Raw data of THz signals
obtained after transmission through the Bi2Te3 sample and a Si-substarte as reference. b, Fourier
transformed data of a. c, Refractive index (n) extracted from data in b. The line is the fit result
to a Drude-type optical response.

E(ω, z) = t12(1 + r23)/(1− r21r23) · Einc. (9.21)

E(ω, z), is related to the incident field Einc by the air-sample transmission t12 = 2/(1+n2)

and multiple reflections inside the sample, associated with terms rij = (ni − nj) / (ni + nj).

The indeces i = 1, 2, 3 denote the media air, Bi2Te3 and Si substrate, respectively. This

thin film formula is independent of the film thickness d, since d/λ << 1, which simplifies

the more general multiple reflection term M used below in Eq. (9.24). Consequently, the

total sample integrated signal increases linearly with the source layer thickness.

In contrast to the pump field, the probe field is sensitive to the sample thickness. The

main reason is the short penetration depth of only 12 nm [Mad98c] . However, the large

refractive index causes that also multiple reflections are not negligible. To include the full

propagation and simulate the influence of different source layer as shown in Fig. 9.6, we

model the whole probe process as follows. The probe field propagates through the sample

and “feels” a pump induced change of the dielectric function, ∆εΩ, causing a microscopic

polarization ∆P = ∆εΩEprobe. Along the probe path, all these microscopic polarizations

at positions z induce a macroscopic field at (z = 0+) directly after the sample

∆EΩ(0+, ω) ∝
∫

dz∆εΩ(z, ω − Ω)Eprobe(z, d, ω − Ω)Gz(0
+, d, ω). (9.22)

Here, both the plane waves Green’s function determined at the air sample interface (0+)
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9.B. Modeling of pump and probe propagation

Gz(0
+, ω) = t21M(eik2z + r23e2ik2d−ik2z)/(2ik2). (9.23)

and the probe pulse

Eprobe(z, ω) = t12M(eik2z + r23 · e2ik2d−ik2z) · Einc(ω) (9.24)

depend on the sample thickness d; M = 1/
(
1− r21r23exp

(
4πiωc n2d

))
accounts for multiple

reflections. The thickness dependence of Gz and Eprobe significantly modifies the linear

factor between the interference signal S on the detector and ∆εΩ. Most importantly,

according to Eq. (9.22) S also depends on the source layer position (∆εΩ(zsource) 6= 0)

along z: S(d, zsource) ∝ ∆E(zdet, d, zsource, ω + Ω)E∗probe(zdet, d, ω).
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10 Electron-phonon dynamics on the sur-

face of (BixSb1−x)2Te3

In this chapter, we replace the optical probe by a THz pulse, to probe more selectively

electrons around the Fermi energy. Such THz-pump/THz-probe technique is used to drive

and probe TI surface carriers with photon energies below the band gap (< 150 meV).

We chose the system (BixSb1−x)2Te3 as variation of x permits control over the Fermi-

level alignment in these films. We find a strong dependence of the electron relaxation

dynamics on the Fermi level. While in n-doped samples electron-phonon coupling in the

bulk material dominates the excited state relaxation, we observe in p-type samples, and

excitation across the Dirac point, strong indications for surface dominated electron-phonon

relaxation. Remarkably, we find that upon excitation the phonons on the TI surface reach

thermal equilibrium with the electrons within ∼ 3 ps. Then, the small Fermi surface

acts as a bottleneck that limits further cooling of the electrons by the lattice for times

longer 400 ps.

10.1 Motivation

The surface of topological insulators hosts robust [Zha09] and highly mobile [Qi11] charge

carriers that have a spin orientation locked to the propagation direction [Moo10]. The lin-

ear surface band dispersion of massless Dirac particles [Qi11] was shown in angle-resolved

photoemission spectroscopy (ARPES, [Hsi09b]). However, the direct measurement of sur-

face transport at roomtemperature remains challenging due to residual bulk conductance

[Bar14, She14, Ait13].

To access the charge carrier dynamics, the relaxation of non-equilibrium carriers has been

investigated with optical pump-probe techniques [Sob14, Wan12]. These studies have

clarified the processes of thermalization and subsequent cooling of highly excited (∼ 1 eV)

surface and bulk states by emission of acoustic phonons [Wan12], and revealed a quasi-

steady filling of the surface state from the bulk [Sob14]. Recently, low energy excitation

pulses (∼ 1 eV to 0.25− 0.4 eV) [Oni15, Kur16]) were used to reduce the excess energy of

bulk electrons and, thus, their signal contribution. In this regime, Auger recombination

reduces the surface-state filling from the bulk [Oni15], and surface state excitation by

intercone transitions have been reported [Kur16]. So far, the in-gap (< 300 meV) transport

properties, measured with probe energies as small as 4 meV (1 THz), have been investigated

mainly upon excitation with optical photons and, thus, the surface electron dynamics were

found to be strongly coupled to highly nonequilibrium bulk electrons [VA15, Sim14]. To

exploit the full potential of probing with THz pulses and potentially reveal signatures

of surface-carrier relaxation unperturbed by hot bulk electrons, pump and probe photon

energies below the band gap are desired.

Here, we present a novel THz-pump/THz-probe technique to drive and probe TI sur-
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Figure 10.1: Suggested THz transitions involving the TI surface states. a, Schematic of the
electronic band structure Sb2Te3 [Zha11] along with electronic transitions excited with sub-band
gap photons (26 THz ≈ 100 meV). b, Possible optical transitions driven by the 1 THz (4 meV)
probe pulse. c, Possible pump-transitions in Bi2Te3. d, Hall resistance of our (BixSb1−x)2Te3
samples. Percentages indicate the substitution of Bi by Sb from n-doped Bi2Te3 (0%) to p-doped
Sb2Te3 (100%).
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10.2. Experimental details

face carriers with both pump and probe photon energies smaller than the band gap

(< 300 meV). With this low pulse energy, we explore surface-carrier relaxation unper-

turbed by excited bulk states, that may assist energy relaxation of the surface by electron-

electron scattering.

We use 26 THz (100 meV) pump and 1 THz probe pulses (4 meV), spectrally well separated

to investigate the pump induced carrier dynamics. We chose the system (BixSb1−x)2Te3

as sample because variation of x permits control over the Fermi-level alignment in these

films [Zha11, Wey15, Kel15]. The low energy excitation below the band gap (∼ 150 meV,

Ref. [Hsi09b]) and the tuning of the Fermi level across the band gap is used to separate

surface-electron dynamics from those of bulk electrons. We find a long-lived (> 400 ps)

excited state, which we assign to reduced electron-phonon energy relaxation at the Dirac

point. In contrast, we find strong indications that electron-phonon-coupling relaxes an

excited bulk population within several picoseconds.

10.2 Experimental details

10.2.1 Sample characterization

Our samples are (Bi1−xSbx)Te3 (BST) thin films with a thickness of ∼ 30 nm on a Si(111)

substrate. Systematic substition of Bi by Sb tunes the Fermi level from n-type Bi2Te3

over (Bi1−xSbx)Te3 compounds with x ∈ {0.3, 0.43, 0.63, 0.82, 0.93} to p-type Sb2Te3. A

schematic of the band structure of Sb2Te3 is depicted in Fig. 10.1a. The indirect band gap

is ∼ 150 meV [Hsi09b] and the Fermi level is in the bulk valence band, ∼ 50 meV below

the Dirac point [Zha11].

Hall measurements confirm the p-type character of our Sb2Te3 sample (x = 1, Fig. 10.1d).

Further, the Hall resistance decreases with decreasing x, indicating a monotonous upward

shift of the Fermi level into the bulk band gap. The only exception of the monotonous

resistance change is the x = 0.63 sample. For x ≤ 0.3, n-type resistance indicates the

Fermi level is located inside the conduction band (Fig. 10.1c). This is consistent with angle

resolved photoemission (ARPES) data on similar samples to ours published in Ref. [Pla16].

For x ≥ 0.82 ARPES data in Ref. [Wey15] confirm consistently with the p-type Hall

resistance that the Fermi-level is located at the top of the bulk valence band within ∼
100 meV of the Dirac point energy (Fig. 10.1a).

10.2.2 The THz-pump/THz-probe setup

The THz-pump/THz-probe experiment is depicted in Fig. 10.2a. Pump pulses with a

central frequency of 26 THz and peak field of 10 MV/cm are generated via difference

frequency mixing of 1200 nm and 1400 nm optical pulses in a 10 µm GaSe crystal. They

are incident on the TI thin film samples. A timedelayed 1 THz pulse probes the pump-

induced transmission change. The probe pulses are detected by electrooptic sampling in a

300 µm thick ZnTe crystal. Pump and probe beam are set to a relative angle of incidence
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Figure 10.2: THz-pump-THz-probe measurement of charge carrier dynamics in TI compounds
(BixSb1−x)2Te3. a, An intense 100 meV pump field excites a TI sample. The excited state
population is detected via the pump induced transmission change of a time delayed 4 meV probe
field. b, Electric field transients of our pump and probe pulses. c, Fourier spectra of pump and
probe pulses.

of ∼ 45° to spatially separate the pulses before the detection. Field transients and spectra

of our THz pulses are shown in Fig. 10.2b,c.

10.3 Results

10.3.1 Pump-induced broadband THz transmission change

at t = 0

In Fig. 10.3a we show spectra of our 1 THz probe pulses after transmission through Bi2Te3

(x = 0) with and without 26 THz pump illumination for maximum pump-probe overlap

(t = 0). In the excited sample the THz-transmission is ≈ 20% reduced, indicating pump

enhanced probe absorption. In strong contrast, when we excite a BST sample with x = 0.82

(Fig. 10.3b), the excitation induces an enhanced probe transmission, indicating a bleaching

of the sample.

102



10.3. Results

Figure 10.3: Pump induced THz absorption at 1 THz=4 meV. a, Excitation of Bi2Te3 with
100 meV pump pulses induces enhanced probe absorption indicating increased Drude (intraband)
scattering. b, Excitation of BST x=0.82 increases probe transmission indicating blocked interband
transitions due to an population inversion.

10.3.2 Signal dynamics

To further investigate the temporal dynamics of these remarkably different responses, we

conducted measurements for different values of x. We find a very monotoneous behaviour

as a function of x. In Fig. 10.4, we show spectrally integrated (0.3-3 THz) changes of the

THz transmission upon excitation for various pump-probe delays. The bleaching signal

observed for x = 0.82 (Fig. 10.3b) appears as positive peak in Fig. 10.4a and has two

contributions: one that relaxes within ∼ 3 ps, and a second that lives much longer than

the longest available time window in our experiment (∼ 400 ps, Fig. 10.4c for x = 0.63).

When the Fermi level decreases (x = 0.93 and x = 1), the bleaching feature remains

dominant but the amplitude of the long-lived signal decreases in Sb2Te3 (x = 1). Note

the second peak at t ≈ 17 ps (Fig. 10.4a) is a echo of our pump pulse in the substrate and

the time delay depends on the substrate thickness (0.7 mm). Sb2Te3 is the only sample

grown on a thinner (0.5 mm) Si substrate and, consequently, the peak appears earlier in

time (t ≈ 11 ps,Fig. 10.4b).

When the Fermi level is increased (x = 0.63) suddenly the bleaching signal at t = 0 and

t > 20 ps is accompanied by increased absorption (t = 3 ps). For x = 0.3, 0.43 and Bi2Te3

(x = 0) this absorption feature dominates the sample response with slowest relaxation

time (≈ 7 ps) for BST 0.43.

Finally, we tune our pump pulse from 26 THz (100 meV) to 34 THz (≈ 140 meV). When

exciting the x = 0.63 sample, the higher pump energy enhances the absorption feature

(Fig. 10.4c).
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Figure 10.4: Dynamics of the TI transmittance at 1 THz (4 meV) following excitation with sub-
band gap photons (26 THz ≈ 100 meV) of BST. a, Peak at time zero and step like feature indicate
the enhanced probe transmission upon excitation of (BixSbx)2Te3 (x = 0.92). b, Variation of x
from 0 to 1 corresponds to a gradual Fermi-level change from n-type to p type across the band gap.
For x < 0.63 the THz pump induced probe transmission is reduced. In contrast, when x > 0.63, the
probe transmission is enhanced. c, Increasing the pump energy from 26 THz to 34 THz (140 meV)
enhances THz absorption in the x = 0.63 for t < 5ps, while for longer times the transmission is
enhanced.
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10.4. Discussion

10.4 Discussion

We performed THz-pump-THz-probe measurements on topological insulators (BST) with

the Fermi level tuned through the band gap across the Dirac point (Fig. 10.1). For n-type

samples (x ≤ 0.3), we observe a decrease of THz transmission upon excitation. In sharp

contrast, for p-type samples (x ≥ 0.82), the THz transmission increases. In the following,

we suggest an explanation of these findings, which also provides a key to identify bulk and

surface state dynamics.

10.4.1 Pump-induced bleaching

We first focus on the bleaching signal observed when x ≥ 0.82. To understand the pump

induced transmission enhancement we consider likely optical transitions between initial

and final states. The initial state is approximately given by Hall resistance measurements

(Fig. 10.1d), which imply the Fermi level localized inside the valence band for x ≥ 0.82.

ARPES data further shows that the Fermi level coincides with the Dirac point (DP)

within 100 meV when x ≥ 0.82) [Wey15, Kel15]. This consensus of the Fermi-level local-

ized around the DP with the appearance of the bleaching signal motivates us to consider

possible optical transition at the TI surface. At the DP, two sorts of transitions can absorb

THz radiation, depicted in Fig. 10.1. A Bloch electron can either absorb a THz photon by

a direct optical transition (DOT), which conserves the electron wave vector k, or by an in-

direct optical transition (IOT). An indirect transition requires some additional wavevector

k that can be provided by scattering with phonons, lattice defects, or other electrons.

The 100 meV pump pulses excite electrons into the top of the bulk valence band and

into the surface states (Fig. 10.1a,c). The observed bleaching signal (Fig. 10.4a) indicates

that the newly created electron-hole pairs block some of the originally possible DOTs in

a range of kBT around the Fermi energy EF and, thus, the absorption of probe photons

decreases. A similar effect was observed in Graphite [Kam05], where interband transitions

significantly contribute to THz probe absorption. Pump-induced electron-hole pairs block

this transition, thereby increasing the probe transmission. In the x ≥ 0.82 TIs, such

bleaching may occur at the DP and may block the DOT of the probe as depicted in

Fig. 10.1b. Consistently, the bleaching signal (Fig. 10.4a) appears only in TI samples that

have the DP close to the Fermi level[Wey15, Kel15]. Only these samples (x ≥ 0.82) allow

transitions across the DP that are found to reduce probe absorption.

One may wonder why such intercone transition across the DP between states with opposite

spin are allowed, since spin-flip excitations are forbidden in the dipole approximation.

However, this selection rule is softened if spin-orbit coupling reduces the spin polarization

below 100%. Indeed, a spin polarization of below 80% has been discussed for the TSS

in different 3D TIs[Yaz10] and Kuroda et al. reported similar intercone transitions in

Sb2Te3.
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10.4.2 Pump-induced absorption

When x ≤ 0.3 the n-type doping (Fig. 10.1) causes the Fermi level to lie inside the bulk

conduction band. As seen in Fig. 10.1c, such occupation of the initial state allows a large

number of final states in the bulk conduction band. Accordingly, we assign the pump-

induced absorption enhancement to hot bulk electrons in the conduction band. To support

this hypothesis we focus on BST (x = 0.63), since this is the only sample that shows pump-

induced absorption enhancement (t = 3 ps) but also bleaching (t = 0 and t > 10 ps). If the

absorption feature is induced by occupation of the bulk band, the absorption is expected

to increase when the pump energy increases from 100 meV to 140 meV, which is in the

order of the indirect band gap (∼ 150 meV) and, therefore, transitions across the band

gap can contribute to the excited-state population. Indeed, Fig. 10.4c shows a significantly

enhanced absorption feature for the higher pump photon energy compared to Fig. 10.4b.

Such THz absorbtion increase in metallic states occurs in many optical-pump/THz-probe

experiments due to a broadened Fermi edge that causes increased Drude (intraband) ab-

sorption [Kam05]. Similarly, increased probe absorption is found for our x = 0.43 sample

that has the Fermi level inside the gap. The similar response to the n-doped samples indi-

cates that the Fermi level is less than 100 meV below the bulk conduction band (consitent

with ARPES in Ref. [Pla16]). Therefore, surface-to-bulk transitions can populate the bulk

conduction band and, thus, enhance Drude-type probe-absorption in the bulk conduction

band.

10.4.3 Excited-state dynamics

Having assigned the spectroscopic signature of excited electrons at the DP and in the

bulk, we can discuss their very different relaxation dynamics. While the absorption feature

(x ≤ 0.3) decays monoexponentially on a time scale of several picoseconds (Fig. 10.4b),

the bleaching signal (x ≥ 0.82) follows an initially fast (≈ 3 ps) decay but has also a slow

component that persists for more than 400 ps (Fig. 10.4c).

Such long-lived signals indicate a strong relaxation bottleneck in samples with x ≥ 0.82.

Bottleneck features of electron relaxation have been observed in ARPES measurements

[Sob12, Neu15, Haj14, SB16] and have been assigned to (i) a surface state filling from

bulk states [Sob12], (ii) electron transport out of the probe volume inducing a long-lived

transient shift of chemical potential [Neu15, Haj14] and (iii) a substantially reduced phase

space for electron relaxation at the Dirac point [SB16].

To assign the bottleneck in BST (≥ 0.82), we can exclude (i) and (ii), since our pump pulse

(i) has an energy smaller than the band gap, and (ii) excites the sample homogeneously

over the entire film thickness. Therefore, our assignment of the bleaching signal to (iii) a

blocking of THz optical transitions at the DP is consistent with Ref. [SB16].

Finally, we suggest implications of the observed relaxation dynamics. The pump-induced

hot-carrier population quickly relaxes via carrier-carrier and carrier-phonon interactions

to an isotropic thermal distribution (∼ 1 ps, [Oni15]), which is then followed by energy

transfer to the lattice [Mih16]. Owing to the small excitation energy ∼ 100 meV, the
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emission of low-energy optical and acoustic phonons is the only efficient cooling pathway

to the lattice. The double exponential decay of the bleaching signal indicates that phonons

on the TI surface reach thermal equilibrium with the electrons within τ1 ∼ 3 ps (Fig. 10.4).

When thermalized, the small Fermi surface around the Dirac point appears as strong

bottleneck, since scattering occurs only with a small number of phonons that have a

wavevector smaller than qmax = 2kF where kF is the Fermi wavevector [Kam05]. Pauli

blocking than causes the excited surface state to persist for times τ2 > 400 ps (Fig. 10.4c).

While on the surface, the Γ-phonons are quickly heated to thermal equilibrium with the

electrons, which blocks the excited state population, in the bulk the larger set of available

phonons can relax the excited state within picoseconds (Fig. 10.4b). When x increases,

the relaxation time increases from 5 ps (x = 0) to 7 ps (x = 0.43). This fact shows

the decrease of the excited state Fermi surface, when approaching the conduction band

minimum, similar to the reduced cooling at the DP.

10.5 Conclusion/Outlook

We have performed first pump probe measurements on topological insulators with pump

and probe photons sharing energies below the band gap. Our results show signatures of

bulk and surface electron dynamics with a contribution strength that strongly depends on

the Fermi-level position with respect to the Dirac point and the conduction-band minimum.

We find that the small Fermi surface around the Dirac point is a strong bottleneck for

electron-phonon relaxation. This assignment is consistent with optical pump experiments

Ref. [SB16]. However, an extremely long lifetime of the excited state population at the

DP for τ2 > 400 ps is reported here for the first time. Such long excited-state population

suggests that at excitation energies smaller than the band gap, the excited surface state

in BST (x ≥ 0.82) is strongly decoupled from the bulk even under ambient conditions.

Detailed studies of the frequency dependence of THz absorption are underway and will

reveal further insight into the mobility of the involved charge carriers, which is beyond

the scope of this proof of principle study. Further investigation has to show if the extreme

lifetime of the excited state population can be exploited for long-lived currents and spin

polarizations.
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11 Summary

The work presented in this thesis investigates ultrafast charge carrier and lattice dynam-

ics of topological insulators by employing complementary time-resolved techniques. To

explore the ultimate speed limits of charge transport, photocurrents are launched with

femtosecond (fs) optical pulses that create a highly non-equilibrium electron distribution.

While optical pulses induce highly excited electrons (~ω > band gap > kBT ), gentle per-

turbation of the system is possible with THz electric fields having photon energies well

below the thermal energy (~ω < kBT < band gap). Thus, physically two complementary

regimes of non-equilibrium and near-equilibrium carrier interactions are addressed. Note

low energy photons offer the possibility to study the underexplored regime of ultrafast

energy relaxation of electrons under conditions met in electronic devices.

In Chapter 7, we explored the capability of Bi2Se3 surface currents for THz opto-spintronics.

Photocurrents are launched by 20 fs optical laser pulses and measured by detecting the

concomitantly emitted terahertz (THz) electromagnetic radiation. The mechanisms un-

derlying the photocurrents are identified based on their temporal structure and their de-

pendence on surface modification. For the first time, we have observed a surface shift

photocurrent which arises from a charge displacement at the topological insulator sur-

face. The fast decay time (22 fs) of this current reflects the rapid loss of the optically

induced anisotropic surface electron distribution. Such a fast anisotropy decay indicates

that electron-electron scattering is the dominant relaxation mechanism [Sun02]. Due to

spin-momentum locking, the spin relaxation must proceed on the same time scale. Inter-

estingly, pump-helicity-dependent currents are orders of magnitude smaller than expected

from the photocurrent generation scenario based on asymmetric depopulation of the Dirac

cone [McI12b]. This remarkable result suggests a strong mutual cancelation of the contri-

butions of the various optical transitions, much reduced matrix elements for surface-to-bulk

transitions and/or relatively small pump-induced changes in the electron band velocity.

Our results highlight broadband THz emission spectroscopy as a novel and highly sensitive

probe of surfaces.

On a more applied note, we were able to demonstrate a sizeable spin-to-charge current con-

version at THz frequencies, which shows that topological insulators are of direct relevance

for broadband optoelectronic devices.

To study the poorly explored regime of near-equilibrium carrier dynamics and electron-

phonon interactions at the surface and in the bulk of Bi2Te3 and Sb2Te3 (Chapter 9),

we reduced the pump photon energy from 1.5 eV (optical) to 4 meV (THz). Since this

photon energy is significantly smaller than the characteristic thermal energy (25 meV at

room temperature), the excited electrons remain in a Fermi-Dirac distribution. The pump-

induced changes of the dielectric function were detected with optical probe pulses. Sepa-

ration of surface and bulk signals was achieved by modeling of the optical probe process

in the samples as a function of film thickness. Remarkably, our results strongly suggest

that near-equilibrium electrons in the topological-insulator bulk and at the topological-

insulator/substrate interface relax independently of each other. This observation is in
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Chapter 11. Summary

contrast to highly non-equilibrium electron populations, for which a population transfer

from bulk to surface states was reported [Sob12].

To further investigate carrier dynamics at the TI surface and in the bulk and to only probe

charge carriers near the Fermi energy, the optical probe was replaced by a THz-probe pulse

( Chapter 10). To spectrally separate pump and probe pulses, the pump photon energy was

increased to 100 meV. This higher photon energy had the additional benefit to more easily

drive intercone transitions across the Dirac point. Dynamics of electrons close to the Dirac

point were revealed by studying differently doped samples of (BixSb1−x)2Te3 in which the

Fermi energy monotonously descents from the conduction band (n-type) to the valence

band (p-type). Depending on the Fermi-level position, the pump induced an increase

or decrease of the THz conductance. These signals were used to assign electron-phonon

dynamics to bulk and surface contributions. Remarkably, the lifetime of the excited-state

population depends strongly on the Fermi-level position, which culminates in an extremely

long-lived excited state (> 400 ps) in p-type topological insulators. We interpret this

observation as a Dirac point bottleneck for electron-phonon relaxation, consistent with

optical-pump experiments [SB16]. However, an extremely long lifetime of the excited

state population is reported here for the first time.

The results of the THz probe measurements suggest that the often-observed coupling of

optically excited bulk and surface state electrons [Wan12, Sob14] is strongly reduced for

near-equilibrium carriers in p-type topological insulators. Detailed studies of the frequency

dependence of THz absorption are underway and will reveal the mobility of the involved

charge carriers. For fundamental and applied reasons, such studies are highly relevant for

the discussion of the often-observed bulk dominance in transport measurements at room

temperature [Bar14].

Besides these insights into the surface electron dynamics of topological insulators, Chap-

ter 9 is another remarkable result. A THz-pump-induced electronic anisotropy was found

to drive a coherent phonon at the topological-insulator/substrate interface by displace-

ment of charges. Note that the force on the phonon is a result of a sum-frequency rather

than difference-frequency process as usually observed for optical excitation.

Finally, we emphasize that the surface sensitivity of THz-emission and THz-pump op-

tical/probe spectroscopy demonstrated here, is of fundamental importance for further

studies on electron dynamics in bulk-insulating and surface-conducting topological insula-

tors.
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& M. Morgenstern. Tuning the Dirac point to the Fermi level in the ternary

topological insulator (Bi1-xSbx)2Te3. Applied Physics Letters 107, 25.

[Kit69] C. Kittel, J. M. Gress, & A. Lessard. Einführung in die Festkörperphysik, Bd. 14.

Oldenbourg München, 1969.

[Kli80] K. v. Klitzing, G. Dorda, & M. Pepper. New Method for High-Accuracy Determi-

nation of the Fine-Structure Constant Based on Quantized Hall Resistance. Phys.

Rev. Lett. 45, 6, (1980) 494.

[Koi15] N. Koirala, M. Brahlek, M. Salehi, L. Wu, J. Dai, J. Waugh, T. Nummy, M.-G.

Han, J. Moon, Y. Zhu, D. Dessau, W. Wu, N. P. Armitage, & S. Oh. Record

Surface State Mobility and Quantum Hall Effect in Topological Insulator Thin

Films via Interface Engineering. Nano Lett. 15, 12, (2015) 8245.

[Kra79] W. Kraut & R. von Baltz. Anomalous bulk photovoltaic effect in ferroelectrics:

A quadratic response theory. Phys. Rev. B 19, (1979) 1548.

[Kru11] J. Krumrain, G. Mussler, S. Borisova, T. Stoica, L. Plucinski, C. Schneider, &
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M. Bonn, & D. Turchinovich. Thermodynamic picture of ultrafast charge transport

in graphene. Nature Communications 6, (2015) 7655.

[Mih16] M. T. Mihnev, F. Kadi, C. J. Divin, T. Winzer, S. Lee, C.-H. Liu, Z. Zhong,

C. Berger, W. A. de Heer, E. Malic, A. Knorr, & T. B. Norris. Microscopic origins

of the terahertz carrier relaxation and cooling dynamics in graphene. Nature

Communications 7, (2016) 11617.

[Mil12] D. L. Mills. Nonlinear optics: basic concepts. Springer Science & Business Media,

2012.

[Mis97] S. K. Mishra, S. Satpathy, & O. Jepsen. Electronic structure and thermoelectric

properties of bismuth telluride and bismuth selenide. J. Phys.: Condens. Matter

9, 2, (1997) 461.

[Mis15] O. V. Misochko, J. Flock, & T. Dekorsy. Polarization dependence of coherent

phonon generation and detection in the three-dimensional topological insulator

Bi2Te3. Phys. Rev. B 91, (2015) 174303.

[Moo10] J. E. Moore. The birth of topological insulators. Nature 464, 7286, (2010) 194.

119



Bibliography

[Moo11] J. E. Moore. Topological insulators. IEEE Spectrum 48, 7, (2011) 38.

[Mus01] C. Musio. Vision: The Approach of Biophysics and Neurosciences: Proceedings of

the International School of Biophysics, Casamicciola, Napoli, Italy, 11-16 October

1999, Bd. 11. World Scientific, 2001.

[Nas06] F. Nastos & J. E. Sipe. Optical rectification and shift currents in GaAs and GaP

response: Below and above the band gap. Phys. Rev. B 74, 3, (2006) 035201.

[Nas10] F. Nastos & J. E. Sipe. Optical rectification and current injection in unbiased

semiconductors. Phys. Rev. B 82, 23, (2010) 235204.

[Nay07] D. A. Naylor & M. K. Tahic. Apodizing functions for Fourier transform spec-

troscopy. J. Opt. Soc. Am. A 24, 11, (2007) 3644.

[Neu15] M. Neupane, S.-Y. Xu, Y. Ishida, S. Jia, B. M. Fregoso, C. Liu, I. Belopolski,

G. Bian, N. Alidoust, T. Durakiewicz, V. Galitski, S. Shin, R. J. Cava, & M. Z.

Hasan. Gigantic Surface Lifetime of an Intrinsic Topological Insulator. Phys.

Rev. Lett. 115, (2015) 116801.

[Nis12] J. Nishitani, T. Nagashima, & M. Hangyo. Coherent control of terahertz radiation

from antiferromagnetic magnons in NiO excited by optical laser pulses. Phys. Rev.

B 85, (2012) 174439.

[Nol13] G. S. Nolas, J. Sharp, & J. Goldsmid. Thermoelectrics: basic principles and new

materials developments, Bd. 45. Springer Science & Business Media, 2013.

[Nus94] M. C. Nuss, P. C. M. Planken, I. Brener, H. G. Roskos, M. S. C. Luo, &

S. L. Chuang. Terahertz electromagnetic radiation from quantum wells. Applied

Physics B 58, 3, (1994) 249.

[Olb14] P. Olbrich, L. E. Golub, T. Herrmann, S. N. Danilov, H. Plank, V. V. Bel’kov,

G. Mussler, C. Weyrich, C. M. Schneider, J. Kampmeier, D. Grützmacher, L. Plu-
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Kärtner. Terahertz generation in lithium niobate driven by Ti:sapphire laser

pulses and its limitations. Opt. Lett. 39, 18, (2014) 5403.

[Wyn05] K. Wynne & J. J. Carey. An integrated description of terahertz generation through

optical rectification, charge transfer, and current surge. Optics Communications

256, (2005) 400.

[Xia09] Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil, D. Grauer, Y. S.

Hor, R. J. Cava, & M. Z. Hasan. Observation of a large-gap topological-insulator

class with a single Dirac cone on the surface. Nat. Phys. 5, 6, (2009) 398.

[Xue97] D. Xue & S. Zhang. Dependence of Linear Electro-optic Coefficient on Difference

in the Atomic Sizes in Zinc Blende Crystals. Journal of Solid State Chemistry

130, 1, (1997) 54 .

[Yan85] Y.-X. Yan, E. B. Gamble, & K. A. Nelson. Impulsive stimulated scattering: Gen-

eral importance in femtosecond laser pulse interactions with matter, and spectro-

scopic applications. The Journal of Chemical Physics 83, 11, (1985) 5391.

[Yar89] A. Yariv. Quantum electronics, 3rd. Edn.(John WieLy & Sons, New York, 1988)

p 389.

[Yaz10] O. V. Yazyev, J. E. Moore, & S. G. Louie. Spin Polarization and Transport of

Surface States in the Topological Insulators Bi2Se3 and Bi2Te3 from First Prin-

ciples. Phys. Rev. Lett. 105, (2010) 266806.

124



[Zei92] H. J. Zeiger, J. Vidal, T. K. Cheng, E. P. Ippen, G. Dresselhaus, & M. S. Dres-

selhaus. Theory for displacive excitation of coherent phonons. Phys. Rev. B 45,

(1992) 768.

[Zha09] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, & S.-C. Zhang. Topological

insulators in Bi2Se3, Bi2Te3 and Sb2Te3 with a single Dirac cone on the surface.

Nat. Phys. 5, 6, (2009) 438.

[Zha10] W. Zhang, R. Yu, H.-J. Zhang, X. Dai, & Z. Fang. First-principles studies of the

three-dimensional strong topological insulators Bi2Te3, Bi2Se3 and Sb2Te3. New

J. Phys. 12, 6, (2010) 065013.

[Zha11] J. Zhang, C.-Z. Chang, Z. Zhang, J. Wen, X. Feng, K. Li, M. Liu, K. He,

L. Wang, X. Chen, Q.-K. Xue, X. Ma, & Y. Wang. Band structure engineer-

ing in (Bi1−x(Sbx)2Te3 ternary topological insulators. Nature Communications

2, (2011) 574.

[Zha13] P. Zhang & M. W. Wu. Hot-carrier transport and spin relaxation on the surface

of topological insulator. Phys. Rev. B 87, 8, (2013) 085319.

[Zhu15] L.-G. Zhu, B. Kubera, K. Fai Mak, & J. Shan. Effect of Surface States on

Terahertz Emission from the Bi2Se3 Surface. Sci. Rep. 5, (2015) 10308.

125





List of Publications

Publications within this thesis

L. Braun, G. Mussler, A. Hruban, M. Konczykowski, T. Schumann, M. Wolf, M. Münzen-

berg, L. Perfetti and T. Kampfrath. Ultrafast photocurrents at the surface of the three-

dimensional topological insulator Bi2Se3, Nature Communications 7, (2016) 13259

T. Seifert, S. Jaiswal, U. Martens, J. Hannegan, L. Braun, P. Maldonado, F. Freimuth,

A. Kronenberg, J. Henrizi, I. Radu, E. Beaurepaire, Y. Mokrousov, P. M. Oppeneer, M.

Jourdan, G. Jakob, D. Turchinovich, L. M. Hayden, M. Wolf, M. Münzenberg, M. Kläui

and T. Kampfrath. Efficient metallic spintronic emitters of ultrabroadband terahertz radi-

ation, Nature Photonics 10, (2016), 483–488

F. Boschini, M. Mansurova, G. Mussler, J. Kampmeier, D. Grützmacher, L. Braun, F.
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