As conventional electronics approaches its fundamental limits, novel
concepts of ultrafast quantum control have been sought after.
Lightwave electronics has opened the door to a new regime, where
the oscillating carrier wave of intense light pulses can be used to
control electrons faster than a cycle of light. In this thesis, intense
single- and few-cycle light pulses in the terahertz (THz) spectral
regime are utilized to coherently control the electron's spin as well as
its translational motion on the femtosecond timescale (1 fs = 10" s)
and with minimal energy dissipation. The presented results offer a
promising route towards future ultrafast, low-loss information
technology based on coherent lightwave control.

First, low-energy THz pulses are utilized to coherently switch the
electron's most important quantum attribute — its spin — between two
stable states separated by a potential barrier, in the fastest and least
dissipative way. This is achieved by coupling spins in the prototypical
antiferromagnetic thulium orthoferrite (TmFeO,) with the locally
enhanced THz electric field of custom-tailored antenna structures.
The single-cycle THz pulses abruptly change the magnetic
anisotropy and trigger a large-amplitude ballistic spin motion. The
observed dynamics hallmark a novel regime of ultrafast all-coherent
spin control throughout the entire phase space. This sets the stage
for practical spin memories operating at THz clock rates, and
ultimately low dissipation close to the Landauer limit.

In a second set of experiments, the electric field of intense single-
and few-cycle THz waveforms is used to ballistically accelerate Dirac
electrons in the surface band of the topological insulator bismuth
telluride (Bi,Te,). Simultaneously, the lightwave-driven dynamics is
traced by time- and angle-resolved photoemission spectroscopy
(ARPES). For the first time, even strong light-matter interaction,
involving THz-driven intraband and interband dynamics, can be
resolved directly in the band structure and on a subcycle timescale.
The novel subcycle THz-ARPES studies will help answering key
open questions of lightwave electronics and may pave the way to
dissipation-free, topological-insulator-based lightwave-driven
electronic devices with optical clock frequencies.
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Introduction

Everything’s impossible until

someone does it.

— Bruce Wayne, Batman

Within the last decades, mankind experienced a society-transforming digital revo-
lution. This ongoing development still calls for ever faster and more energy efficient
information technology. Similar to the steam engine, which had been the backbone
of the industrial revolution, the development of compact solid-state-based electronic
devices has been the driving force of this digitalization. The starting point of the
modern semiconductor era was the invention of the transistor in 1947 by J. Bardeen,
W.H. Brattain, and W.B. Shockley [Bar48], for which they received the Nobel Prize
in Physics in 1956. After the development of the integrated circuit in 1958 by Jack
Kilby [Kil64, Kil76], for which he was awarded the Nobel Prize in Physics in 2000,
a true race for miniaturized electronic circuits started. In 1965, Gordon Moore, one
of the co-founders of the technology company Intel, quantified the escalating pace
of said race. He predicted that the number of transistors per integrated circuit chip
would double roughly every two years [Moo65]. For more than 50 years, this famous
prediction dubbed Moore’s law dictated not only the exponential rise of technolog-
ical progress, it also acted as the driving force of social change, productivity, and
economic growth [Key06]. By now, computers and processors have reached every
facet of our daily life.

Beyond that, the rate of data generation grows exponentially, whereas emerging

smart technologies like 5G networking, neural networks, artificial intelligence, and
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autonomous driving are gasping for ultimately fast and least-dissipative informa-
tion technologies. The progress in extreme ultraviolet lithography in recent years
has allowed for an ongoing miniaturization of electronic circuitry. Nonetheless, the
achievable device density is limited by the width of the gate dielectric, which re-
cently reached the few nanometer scale [Marl4]. Moreover, a further up-scaling
of the clock rates of contemporary electronic processors is hampered by the large
dissipative losses associated with the incoherent electron dynamics on these short
timescales. Thus, it seems that conventional electronic devices based on metal-
oxide-semiconductor field-effect transistors (MOSFETS) approach their fundamen-
tal physical limits [Mar14]. It becomes increasingly apparent that future high-speed
information processing technologies cannot be a simple improvement of already ex-
isting technologies. To cope with the advanced requirements of modern challenges
like 'Big Data’ or the ’Internet of Things’, it requires groundbreaking innovations
concerning both the underlying material platform and the general concept of infor-

mation processing [Marl4, Sha20].

A promising route to increasing the computing capabilities of electronic devices by
a massive scale-up of clock frequencies is to exploit the alternating electromagnetic
fields of a lightwave. This concept of lightwave electronics [Chi01, Sch13, Schl4,
Vam14, Higl4, Hoh15, Gar16, Lan17, Liul7, Yos17, Lan18b, Reil8b], has facilitated
the observation of long-sought-after quantum phenomena such as dynamical Bloch
oscillations [Gol08, Ghill, Sch14], quasiparticle collisions [Zak12, Lanl6, Banl7,
Lan18b] as well as all-optical band structure reconstruction [Vam15, Bor20], and ul-
trafast atomic videography [Cocl6, Vonl8, Nicl8, Reil8b]. Utilizing the oscillating
electric field of light as an ultrafast bias voltage to switch on and off electric currents,
would allow for electronic devices operating at optical clock rates. The finite band
mass and ultrafast scattering in conventional dielectrics, however, limit the velocity
and the excursion of the accelerated electrons. Thus, up to now, practical lightwave
electronic devices are out of reach.

In recent years, a novel class of quantum materials, so-called topological insula-
tors, whose electronic properties depend on the topology of the system, moved
into the focus of research in condensed-matter physics [Mool0, Has10]. In par-

ticular, van der Waals layered three-dimensional topological insulators, experimen-



tally observed only in 2007 [Fu07b], may provide a new route towards future ultra-
fast memory and logic technologies with minimal energy dissipation [Tok17]. Just
like an ordinary insulator, these materials, in their bulk form, feature an energy
gap, which separates the highest occupied electronic band from the lowest empty
band [Zha09, Xia09]. Owing to their nontrivial topological nature, however, con-
ducting, gapless states emerge on the sample surface, which are protected by time-
reversal symmetry [Has10, Vanl8]. Hence, these states are inherently robust against
crystal defects or any (non-magnetic) impurities and feature very long scattering
times on the order of one picosecond [Hajl2, Reil4]. In combination with the as-
sociated linear, Dirac-like energy dispersion, resulting in a large Fermi velocity of
the carriers, these properties facilitate ballistic charge transport in the conduct-
ing edge channel [Reil8b]. Consequently, topologically protected surface currents
have an extremely low dissipation rate. Future lightwave-driven electronic devices
based on three-dimensional topological insulators could exploit an all-coherent elec-
tron transfer at terahertz (1 THz = 10'? Hz) clock rates and with minimal energy
losses [Has10, Reil8b].

Simply increasing the processing speed of electronic devices only looks at one side of
the medal. Obviously, the ability to create and process more and more information
also requires ever faster and more energy efficient methods of writing and recording
data [Olel8, Kim19]. Whereas for a long time, the research on ultrafast magneti-
zation dynamics focused on ferromagnetic memories [Bac98, Bac99, Ger02, Tud04,
Baul7], recently, the material class of antiferromagnets gained tremendous atten-
tion [Kim09, Kam11, Bail6a, Bail6b, Wad16, Jun16, Stul7, Ném18, Olel8]. Ow-
ing to the strong exchange interaction of the antiferromagnetically coupled sublat-
tices, the frequency of antiferromagnetic resonances is in the terahertz range [Kir10,
Kam13, Bail6a]. Thus, magnetization dynamics in antiferromagnets are orders of
magnitude faster than in ferromagnetic materials [Kim09, Pas13, Ném18|. Further-
more, the vanishing net magnetic moment renders ultrafast antiferromagnetic memo-
ries robust against magnetic-field perturbations and inhibits unintentional magnetic
crosstalk between neighboring devices completely [Wad16, Jun16].

In general, writing information on a magnetic data storage device is achieved by

local switching of the magnetization. Microscopically, the binary information is en-
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coded in the orientation of the magnetic moment, the spin of the electron [Coe09].
Although the two spin states of a magnetic bit have equal energies, which in principle
entails switching between these states with no energy dissipation, manipulating the
magnetization on shorter and shorter timescales comes with a fundamental predica-
ment: performing a task more rapidly usually costs more energy [Kim19]. Nonethe-
less, utilizing ultrashort light pulses to control the magnetic order of a material
constitutes a promising solution for future low-loss spin memories with ultimate
speed [Kaml1, Bail6a, Stul7, Olel8, Kim19, Ved20]. According to the Landauer
principle [Lan61], the lowest theoretical limit of energy dissipation for manipulating
one bit of information is defined by () = kgTIn2, where 7' is the temperature and kg
denotes the Boltzmann constant. This can be seen as a result of inelastic scattering
of a quasiparticle of energy @), such as a collective spin excitation. At or below
room temperature, () is of the order of meV, which - by the uncertainty principle
- entails picosecond timescales for minimally dissipative switching. Consequently,
ultrashort light pulses in the terahertz spectral window with meV photon energies
and sub-picosecond pulse durations promise not only ultimately fast but also least-

dissipative magnetic control [Kam11, Bail6a, Bail6b].

The experiments presented in this thesis will show how intense single- and few-cycle
light pulses in the terahertz spectral regime can coherently control the electron’s
spin [Sch19] as well as its translational motion [Reil8b] on the femtosecond timescale
(1fs = 10'® s) and with minimal energy dissipation. In this way, the experiments
offer a path towards future ultrafast information technology with minimal energy
losses.

The topic of chapter 2 is the lightwave-driven minimally dissipative spin control,
which is achieved by coupling spins in the prototypical antiferromagnetic thulium or-
thoferrite (TmFeOj3) with the locally enhanced THz electric field of custom-tailored
antenna structures. As described in section 2.1, the magnetic anisotropy potential
of this material may be modified by THz electric dipole transitions between crystal
field-split states of the electronic ground state of the thulium ions. Thus, within
the duration of only one picosecond (1ps = 10'% s), low energy THz light pulses
abruptly change the magnetic anisotropy, which initiates coherent magnetization

dynamics. Section 2.3, introduces the custom-tailored optical antenna structures,



which selectively enhance the electric field component of the intense single-cycle
THz pulses, generated by tilted-pulse-front optical rectification (see section 2.2).
In the antenna near-field region, the large THz-induced displacive and impulsive
anisotropy torques ballistically navigate the spins over the potential barrier separat-
ing two stable states. As shown in section 2.4, the temporal and spectral fingerprints
of this all-coherent spin switching into adjacent potential minima can be identified
by tracing the THz-induced spin dynamics on a subcycle timescale. With the help
of the numerical simulations presented in section 2.5, the experimental findings can
be directly linked to the microscopic spin dynamics. Beyond that, the switchable
states can be selected by an external magnetic bias (see section 2.6). As discussed
in section 2.7, the low dissipation, which is on the order of 11eV per spin, and the
antenna’s subwavelength spatial definition facilitate scalable low-loss spin memories
operating at THz clock rates.

In chapter 3, the electron’s translational motion is coherently controlled on ultra-
short timescales. To achieve this goal, the carrier wave of intense THz pulses is
used as an ultrafast bias voltage to accelerate electrons in their band structure (see
section 3.1). Thereby, the electrons are driven through the entire Brillouin zone,
which leads to the observation of dynamical Bloch oscillations in the semiconductor
gallium selenide [Sch14], and completely flips the valley pseudospin in a monolayer
of the transition metal dichalcogenide tungsten diselenide within only a few fem-
toseconds [Lanl18b]. Nonetheless, the corresponding limited real space excursions
hamper the development of actual lightwave-driven electronic devices.

In section 3.2, the novel material class of topological insulators and, in particular, the
peculiar electronic properties of the three-dimensional topological insulator bismuth
telluride (BiyTes) are described. In combination with the concept of lightwave accel-
eration, this novel material class opens up a realistic parameter space for dissipation-
free lightwave-electronic devices. To understand the relevant complex microscopic
quantum motion, the lightwave-induced electron dynamics in the topological surface
state of BiyTes are recorded by angle-resolved photoemission spectroscopy directly
in the band structure and with subcycle time resolution (see section 3.3). The ac-
celeration of Dirac states by intense single- and few-cycle THz waveforms leads to a
strong redistribution of electrons in momentum space. As shown in section 3.4, the

ballistic, inertia-free surface currents induced by a multi-THz pulse with an elec-
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tric peak field amplitude in excess of 1MV cm™! reach peak densities as large as
28.3 A cm™!, with ballistic mean free paths of several nanometers. Future electronic
devices based on three-dimensional topological insulators may allow for a ballistic,
dissipation-free electron transfer up to optical clock frequencies.

Furthermore, with the help of the novel experimental setup established in this chap-
ter, microscopic electron dynamics can be systematically studied under strong light-
wave bias directly in the band structure and on a subcycle timescale. This directly
traces lightwave-driven intra- and interband dynamics in the band structure itself,
which will help answering key open questions of lightwave electronics. Section 3.5
gives a short outlook on high-order harmonic generation in the topological surface
state of BisTes, which can be directly linked to the observed strong-field control of
Dirac electrons in the band structure.

Finally, in chapter 4, the results presented in this thesis are briefly summarized and
future prospects of time- and momentum resolved studies of coherent lightwave-

driven carrier dynamics throughout the entire Brillouin zone are discussed.



Terahertz-driven,

all-coherent spin switching
B

Controlling magnetization with ultimate speed and minimal energy loss is a major
building block of future information processing technologies. The shortest known
stimulus to control the magnetization of a material are ultrashort laser pulses. Con-
sequently, all-optical recording bears the potential for ultimately fast magnetic mem-
ories [Kim19]. Experimentally, the ultrafast spin control with light has come a long
way from the first discovery of subpicosecond laser-induced spin dynamics by Beau-
repaire et al. [Bea96] in 1996, to all-optical non-thermal recording by Stupakiewicz
et al. [StulT7] just a few years ago. In ferromagnets, the fastest way to control
the magnetization is through a precessional motion in an external magnetic field
[Bac98, Bac99, Ger02]. As this most direct and purely magnetic interaction mech-
anism between spins and a magnetic field is fully understood theoretically, it has
been possible to determine fundamental limits for the deterministic switching time
between two magnetic states [Bac04, Tud04].

However, the desire for yet faster magnetic control triggered an extensive search for
alternative coupling mechanisms of light and magnetic excitations, leading to the
exploration of a vast range of magnetically ordered materials. These experiments
revealed e.g. the possibility of magnetic switching using electric-field induced strain
[Kat04], heating [Kim04, Ost12], spin-transfer torques [Wad16, Olel8, Siel9], mod-
ifications of the exchange coupling [Men15, Mik15], or via light-induced changes of
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the magnetic anisotropy [Gam09, Kim18, Stul7]. Thereby, in particular, the class
of antiferromagnets - initially designated as "interesting but useless" [Née70] owing
to their zero net magnetic moment - has recently gained enormous attention since it
possesses the capability for ultimately fast magnetic writing speed [Wad16, Jun16,
Ném18, Kim19].

In ferromagnets, the spin dynamics are governed by the Landau-Lifshitz-Gilbert
equation and only allow spin motion during the external stimulus [Coe09, Kim09].
Conversely, in antiferromagnets, the exchange interaction between the spins lead to
an inertial behavior that allows for switching times much shorter than the preces-
sional period [Ney02, Kim04, Kim09, Stul7, Kim20]. Despite their importance for
the field of ultrafast magnetism, all experiments using light pulses in the visible and
near-infrared spectral range face an ultimate disadvantage: Photons in this spec-
tral range feature energies on the order of eV, whereas the typical energy scale of
magnetic excitations in antiferromagnets is in the meV range. As a consequence
of this huge energy mismatch, ballistic spin switching across a local potential min-
imum at the limit of minimal energy dissipation is highly challenging. According
to the Landauer principle [Lan61], ultrashort light pulses in the terahertz spectral
window with meV photon energies and sub-picosecond pulse durations are the most
promising candidates for ultimately fast and also least-dissipative magnetic con-
trol [Kaml11, Bail6a, Bail6b]. Up to now, the available peak electric fields in the
frequency range around 1 THz which are on the order of 1 MV ecm™!, however, have
limited the maximum spin excursion far below critical values needed for a complete
spin reversal.

In this chapter, intense single-cycle THz pulses, for the first time, coherently navigate
spins over a potential barrier into a new stable spin state. This goal is achieved by
coupling spins in antiferromagnetic TmFeO3 with the locally enhanced THz electric
field of custom-tailored optical antenna structures. Within their duration of 1 ps,
the low energy THz pulses abruptly change the magnetic anisotropy and trigger
a large-amplitude ballistic spin motion that leads to coherent spin switching with

minimal energy dissipation. The results have been published in Nature [Sch19].
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2.1 Light-induced anisotropy control in rare-earth

orthoferrites

In oxides containing both 3d and 4f ions like orthoferrites [Sri95], manganites
[Forll], garnets [Bel75], or ferroborates [Vas06, Pop09], the orbital wavefunctions
are strongly coupled to the magnetic anisotropy. Consequently, changing the orbital
state of the electron, e.g. by optical pumping, modifies the magnetic anisotropy
as well as the equilibrium orientation of the spins, which can trigger coherent
magnon oscillations. The material of choice for the experiments in this chapter
is the prototypical antiferromagnet thulium orthoferrite (TmFeO3). The magnetic
and electronic properties of this and similar compounds like dysprosium orthofer-
rite (DyFeOs3) and holmium orthoferrite (HoFeO3) have been extensively studied
[Whi69, Bal85, Sri95]. As a result, rare-earth orthoferrites became a role model for
the investigation of lightwave-induced, ultrafast magnetization dynamics [Kim04,
Kim05, Per06, Kim09, De 11, Mik15, Bail6a, Gril8|.

TmFeOj3 crystallizes in a distorted perovskite structure [Eib65, Lea68] and belongs
to the orthorhombic space group D39 [Sri95]. Four thulium (Tm3*), four iron (Fe?T)
and 12 oxygen ions (O?) form a crystallographic unit cell (see Figure 2.1), which has
a size of a = 525 pm, b = 557 pm and ¢ = 758 pm [Lea68]. Owing to the fully occupied
shells and a resulting total spin S = 0, the oxygen ions are non-magnetic. Although
the spin quantum number of the thulium ions is S = 1, the thulium spins show no
magnetic order above a temperature of ~ 4K [Mik14]. As a consequence, the iron
spins dominate, below their Néel temperature of ~ 650 K, the magnetic behavior
of TmFeOs. Figure 2.1 shows the crystal structure of the compound. The bronze
spheres indicate the Tm?3" ions, whereas the iron ions are represented by the cyan
spheres. The oxygen ions, which form octahedrons around the iron ions [Mar70],
are not shown for clarity. Due to the antiferromagnetic superexchange coupling
of oxygen and iron ions, the iron spins (cyan arrows) form two antiferromagneti-
cally coupled magnetic sublattices M; and My [Kim04, Mik14]. Additionally, the
antisymmetric exchange interaction, also called Dzyaloshinskii-Moriya interaction
[Mor60], between the rare-earth and the iron ions, leads to a slight canting of the
two spin sublattices by 0.5°. This results in a small net ferromagnetic moment
F = M, + M, (Figure 2.1, violet arrow) in the z-z-plane [Tre65].
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Figure 2.1 | Spin and lattice structure of TmFeOj in the magnetic phases
[g, T4 and I'y. Thulium ions (Tm3", bronze spheres) and iron ions (Fe?*", cyan
spheres). For clarity, the oxygen ions are not shown. The iron spins (cyan ar-
rows) form two antiferromagnetic coupled sublattices M and M, which are slightly
canted by the Dzyaloshinkii-Moriya interaction. This results in a small net ferromag-
netic moment F = M; + M, (violet arrow) in the z-z-plane. The antiferromagnetic
vector G = M; + M, encloses an angle ¢y with the crystallographic z-axis. In the
[y-phase below T} =~ 80 K, G is aligned along the crystallographic z-axis (¢ = 90°).
In the I'yy transition phase (blue shaded area), ¢q shifts continuously between 0° and
90°. In the I'y-phase above T5 =~ 90°, G is oriented parallel to the crystallographic
z-axis (¢p = 0°.)

The crystal field splits the ground state of the paramagnetic rare-earth ion Tm3*
with the term symbol 3Hjg in a series of singlets spaced by a few meV [Sri95]. Thus,
already below temperatures of 7'~ 100 K, the different states are largely populated
by thermal excitations. Experimentally, one can find three active transitions with
transition frequencies around Ry = 0.6 THz, Ry = 1.2 THz, and R3 = 2.1 THz [Muk91,
Bail6a, Zhal6]. Due to efficient exchange and dipolar interactions in TmFeOs, a
thermal re-population among the Tm3* ground state multiplet can drive temperature-

dependent spin reorientation phase transitions manifesting in different magnetic
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phases [Sri95, Bail6a]. As shown in Figure 2.1, the Fe?" spins in TmFeO3 undergo
such a second-order phase transition at T} ~ 80 K and 75 ~ 90 K. The temperature-

dependent magnetic potential W (T') is given by [Hor68, Kim04]:
W(T) = K\(T) sin® ¢g + K, sin ¢y, (2.1)

where ¢q defines the angle between the antiferromagnetic spin vector G = M; — M,
(Figure 2.1, blue arrow) and the crystallographic z-axis. K;(7T) and K, are the
anisotropy constants of second and fourth order, respectively. In equilibrium, this

yields three magnetic phases depending on the lattice temperature 7"

(a) For T'< Ty, in the I's magnetic phase, the antiferromagnetic spin vector G is
aligned along the crystallographic z-axis with a weak ferromagnetic moment
F along the x-axis; ¢y = 90°.

(b) In the I'y4 transition phase (Figure 2.1, blue shaded area), between T} and T,
the spin configuration continuously rotates in the x-z-plane as the magnetic
potential changes with the thermal population of the Tm3* crystal-field-split

states. The temperature-dependent equilibrium spin angle ¢o(7') is given by

Ki(T)
2K,

T-ﬂ)é

¢o(T) = arcsin [ — T

= arcsin ( (2.2)

(c¢) In the I'y phase above T5, the magnetic anisotropy leads to an alignment of
the antiferromagnetically ordered spins along the crystallographic x-axis while
the ferromagnetic spin vector F points in z-direction. The equilibrium spin

angle ¢q is 0°.

Microscopically, this second-order spin reorientation phase transition in TmFeOj3
can be described by the thermal re-population among the ground multiplet of
Tm3*. Due to a different exchange coupling of the orbital angular momentum
of the Tm3* ground state singlets to the Fe3* spins, changing the population of the
energy levels also modifies the strength and the direction of the magnetic anisotropy
[Sri95, Kim04, Bail6a]. This, in turn, results in the temperature-dependent behav-

ior of the antiferromagnetic spin vector G as depicted in Figure 2.1.

11
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Figure 2.2 | Spin eigenmodes of TmFeOj3. a, Schematic illustration of the g-fm
magnon mode in the I'y; magnetic phase. The ferromagnetic vector F precesses with
a constant length around its equilibrium orientation, whereas G performs a fanning
motion in the x-z-plane. b, The g-afm magnon mode causes an oscillatory motion
of the length of the weak ferromagnetic moment F along the x axis. The antiferro-
magntic spin vector G moves in the y-z-plane while constantly changing its length.
For clarity, the antiferromagnetic sublattices M; and M, as well as their canting
due to the Dzyaloshinskii-Moriya interaction are shown on an exaggerated scale.

To reach a new equilibrium orientation, the Fe3* spins have to perform a collective
motion. Thereby, the magnetic structure of TmFeO3 with two antiferromagnetically
coupled magnetic sublattices supports two eigenmodes: the quasi-ferromagnetic
(g-fm) magnon mode with a resonance frequency between 0.1 THz and 0.3 THz and
the quasi-antiferromagnetic (q-afm) mode at ~ 0.8 THz [Sri95, Mik14]|. The under-
lying spin dynamics of the two magnon eigenmodes in the I'y phase are shown in
Figure 2.2. Whereas the g-fm magnon mode describes a precessional motion of the
ferromagnetic spin vector F around its equilibrium position (Figure 2.2a), the g-afm
mode leads to an oscillatory motion of the length of the vector F (Figure 2.2b).
This can be explained by the characteristic phase between the motion of the two
magnetic sublattices M; and Ms. For the g-fm mode, the y and z component of the
antiferromagnetically coupled spins oscillate in phase, whereas their  components
have a phase difference of 180°. This leads to the observed precessional motion of

the vector F, whereas the antiferromagnetic vector G performs a fanning motion

12
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Figure 2.3 | Concept of THz-induced anisotropy changes. a, The crystal
field splits the Tm3* ground state with the term symbol ®Hg into a set of singlet
states. Transitions between the energy levels E;, E; and E3 can also be induced by
an ultrashort THz pulse (red waveform). b, Normalized magnetic potential, W (¢),
as a function of the spin angle, ¢, at a lattice temperature of 7' = 83.0 K (blue
curve). THz-induced electronic transitions in the ® Hg-Thulium ground state (term
diagrams in a) abruptly modify the magnetic potential, which leads to a shift of the
equilibrium spin angle, ¢, and a reduced potential barrier between two stable spin
states (red curve).

in the x-z-plane. As for the g-afm mode, the x and z components are oscillating
in phase and the y components are moving out of phase. Thus, the weak ferro-
magnetic moment F does not precess, but its length oscillates along the z-axis. In
this case, the antiferromagnetic spin vector G oscillates in the y-z-plane with a
constantly varying length. As the temperature-dependent population of the Tm?*
ground state multiplet is accompanied by a change of the direction and strength of
the magnetic potential, the resonance frequencies of both modes are also changing
with temperature [Bail6a).

Besides thermal activation, also electromagnetic waves can be used to induce co-
herent magnetization dynamics [Kirl0, Kam11]. As already shown, in particular,
intense light pulses in the THz spectral range are a versatile tool to control spins in
magnetically ordered materials, as they interface spin dynamics directly on their in-
trinsic energy scales [Kam11, Kam13, Bail6a, Bail6b|. Thereby, the magnetic field

component of intense THz pulses can couple directly to the spins via the Zeeman
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2 Terahertz-driven, all-coherent spin switching

interaction, whereas the resulting amplitude of the induced spin dynamics scales lin-
early with the applied THz magnetic field [Kam11, Bail6b]. In the case of TmFeOs,
several transitions between the different singlet states within the Tm3* ground state
multiplet have non-zero electric dipole matrix elements [Bal85, Muk91]. In the T'y4
transition phase, the magnetic potential W (¢) strongly depends on the population
of the Tm3* ground state multiplet. Consequently, the electric-field component of
intense THz pulses can be used to abruptly modify the magnetic potential (see Fig-
ure 2.3 and reference [Bail6a]). In Figure 2.3b, the blue curve shows the magnetic
potential W (¢) in thermal equilibrium for a lattice temperature of 7' = 83.0 K. By
resonant optical pumping of electronic transition at the frequencies v = 0.6 THz
(Ey — Ey), v = 0.65THz (E; — E3) and v = 1.2THz (E; — Ej3) [Zhal6], both
the equilibrium spin orientation ¢y as well as the height of the potential barrier
between the two stable spin states change (Figure 2.3b, red curve). This ultrafast
modification of the magnetic potential results in an anisotropy torque that induces
coherent magnon dynamics, whose amplitude scales quadratically with the applied
THz electric field [Bail6a).

Despite this efficient coupling to the spin system, also Baierl et al. [Bail6a] could
only obtain spin deflection angles of A¢ ~ 2.6° by applying THz peak electric fields of
1.0MVcem™!. In this chapter, antenna-enhanced single-cycle terahertz pulses with

1

peak electric near fields exceeding 25 MV ecm™ are utilized to completely switch

spins between two adjacent minima of the magnetic potential.

2.2 THz high-field setup for subcycle probing of

ultrafast magnetization dynamics

In general, electromagnetic waves in the THz spectral window are of particular inter-
est for the investigation of numerous quasiparticles in solids, such as excitons [Poel5,
Stel7, Mer19], magnons [Kam11, Bail6b, Bail6al, phonons [Kim12, Por14] and plas-
mons [Hub17]. Whereas weak THz fields allow the observation and characterization
of these elementary processes, applying intense THz fields can lead to coherent
control. In particular, THz waveforms with atomically strong peak electric fields

have already been able to drive strong nonlinearities [Lei08, Jun12], induce novel
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2.2 THz high-field setup for subcycle probing of ultrafast magnetization dynamics

states of matter [Wan13], accelerate electrons ballistically throughout the entire Bril-
louin zone [Sch14, Hoh15, Lan16], or coherently flip the valley pseudospin [Lan18b].
Owing to the phase-stability of the applied THz waveforms, the induced dynamics
could even be traced in absolute amplitude and phase on the femtosecond timescale.
Despite these tremendous advances, the technologically most relevant quantum at-
tribute of the electron - it’s spin - has not been switchable on ultrafast timescales
so far. The extremely stable THz high-field setup established in this chapter allows
for switching spins in the prototypical antiferromagnet TmFeOg in the fastest and
least-dissipative possible way, whereas the underlying magnetization dynamics can
be probed with subwavelength spatial and subcycle temporal resolution in a highly
stable cryogenic environment.

Figure 2.4 shows the experimental setup of the THz high-field source. The start-
ing point is a commercial titanium-sapphire femtosecond laser oscillator in combi-
nation with a double-stage regenerative titanium-sapphire chirped pulse amplifier
system. The oscillator generates near-infrared light pulses with a center wavelength
of 793nm at a repetition rate of 80 MHz. A Pockels cell then couples these pulses
into the titanium-sapphire amplifier, where their pulse energy is enhanced according
to the principle of chirped-pulse amplification [Str85]. With the help of a reflective
diffraction grating configuration, the oscillator pulses get temporally stretched to
avoid damage of the optical components during the amplification process. In the
first stage, the light pulses travel 16 times through a regenerative cavity pumped
by a frequency-doubled neodymium-doped yttrium lithium fluoride (Nd:YLF) laser
with an average power of 30 W. The Pockels cell is modulated at a rate of 3kHz,
which defines the repetition rate, 14ep, of the regenerative amplifier. The pulses
then pass a single-pass amplifier, pumped by another Nd:YLF laser with an average
power of 52 W to further boost the pulse energy. After recompression by diffraction
gratings, the pulses feature a pulse energy of £, = 5.5mJ and a pulse duration of 7
= 31fs. The spectrum has a center wavelength of A\, = 807 nm, while the full-width
at half-maximum (FWHM) of the intensity is 39.5nm (see Figure 2.4).

The near-infrared pulses from the titanium-sapphire amplifier are then guided to a
custom-tailored THz source, that generates intense single-cycle THz pulses with a
center frequency around 1 THz by optical rectification in a lithium niobate (LiNbO3)

nonlinear crystal. Thereby, optical rectification can be understood as difference-
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2 Terahertz-driven, all-coherent spin switching
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Figure 2.4 | Experimental setup for the generation of intense THz wave-
forms. a, Starting point is a Ti:sapphire laser system (center wavelength, 807 nm;
pulse energy, 5.5 mJ; pulse duration, 31 fs; repetition rate, 3 kHz). A 99% beam-
splitter divides the near—infrared beam in a weak probe arm (red dashed line) and
a strong generation arm (red solid line), used for the THz generation. The grating
(G), imprints a pulse front tilt onto the near-infrared beam and spatially separates
the spectral components (blue, green and red lines). Two cylindrical lenses (L1 and
L2) image and focus the laser pulses into a cryogenically cooled lithium niobate
crystal (LiNbOj), where the near-infrared light is converted to THz-radiation by
optical rectification. A pair of wire-grid polarizers (WG) controls the intensity and
the polarization state of the generated THz pulses. With the help of an indium-
tin-oxide-coated fused silica window (ITO) the THz pulses and the near-infrared
probe pulses are spatially superimposed. The delay line (DL) controls the tempo-
ral overlap. The THz-induced polarization changes are decoded with the help of
a quarter-wave plate (A/4), a Wollaston polarizer (W) and a pair of photodiodes
and subsequently detected with a lock-in amplifier. Exigr, is the near-infrared probe
pulse polarization, Ery, indicates the polarization of the THz pulses.
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2.2 THz high-field setup for subcycle probing of ultrafast magnetization dynamics

frequency mixing within the spectrum of the same light pulse [Boy03]. Consequently,
the generated THz pulses are inherently phase-stable [Cun02], which allows for a
stroboscopic measurement of the ultrafast magnetization dynamics on a subcycle
timescale. To reach the best conversion efficiency, the generated electromagnetic
waves have to interfere constructively along the entire propagation length in the
crystal. However, this condition is only fulfilled if the nonlinear polarization, in-
duced by the fundamental near-infrared light, and the generated THz radiation
propagate with the same velocity through the nonlinear medium. In the case of

NIR

optical rectification this means that the group velocity v and the phase velocity

group
of the generated THz light v);}%, have to be the same [Heb02, Boy03]:
Vgronp = Uphace- (2:3)

NIR THz
group and Uphase

factor of 2 [Heb04]. Nonetheless, the phase matching condition can be fullfilled by
tilting the phase front of the near-infrared generation pulses by an angle y [Heb02,
Heb04]:

Owing to the natural dispersion of LiNbO3, v differ by more than a

,UT}{‘IZ
o phase
X = arccos (UNIR > : (2.4)

group
In this case, the phase difference between the two light pulses vanishes and they can
interfere constructively over the entire interaction length. Here, the near-infrared
phase front is tilted with respect to the wave vector k (Figure 2.4, inset) by the
optical grating G. As the diffraction at the grating depends on the wavelength, the
spectral components of the near-infrared pulses are spatially separated (Figure 2.4,
blue, green, and red lines). Therefore, a lens telescope, consisting of two cylindrical
lenses L1 and L2, collimates and then focuses the beam into the nonlinear crystal.
To achieve the perfect tilt angle of y = 63°, the telescope has a magnification factor
of 0.6, whereas the grating has a line density of 1800 mm™~' [Hir11]. A further boost
of the conversion efficiency is achieved by cryogenically cooling the nonlinear LiNbOj3
crystal to a temperature of 77 K. This significantly narrows the transversal optical
phonon with a frequency of 7.44 THz and therefore reduces the THz absorption in
the crystal. The generated THz pulses have a pulse energy of up to E, i, = 1pJ.

In the actual experiment, the peak field strength and the polarization state of the
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2 Terahertz-driven, all-coherent spin switching

THz waveforms are controlled by a pair of wire-grid polarizers WG.

To be able to detect the THz-induced ultrafast magnetization dynamics with subcy-
cle resolution, a small portion of 1% of the near-infrared power is separated by the
beamsplitter BS and then sent through a delay line DL. This allows for the variation
of the temporal overlap between the THz pump and the near-infrared probe pulses.
With the help of a fused silica window coated with indium tin oxide serving as a
dichroic beam combiner, the near-infrared probe and THz pump beam are spatially
superimposed. To reach the highest possible electric peak field, the THz pulses have
to be focused down to the diffraction limit. Thus, a telescope, consisting of two
parabolic mirrors, first enlarges the THz beam diameter, before a third parabolic
mirror with a focal length of f = 50mm focuses the THz light onto the sample.
The THz field amplitude in the sample focus was calibrated by measuring the THz
power transmitted through a circular aperture. Thereby, the FWHM spot size of
the THz beam can be determined to be 400 pm, which leads to a maximal THz peak
electric field amplitude of Fry, = 1.0MV cm ™.

By varying the temporal overlap between the near-infrared probe and the THz
pump pulses, the absolute amplitude and phase of the phase-stable THz transients
can be detected by means of electro-optic sampling [Wu95, Gal99, Sul20]. For this
purpose, an electro-optic zinc telluride (ZnTe) detector crystal with a thickness of
6.5um, oriented in (110) direction, is placed in the sample focus. According to
the electro-optic Pockels effect [Boy03], the oscillating THz electric field induces a
transient birefringence, which is directly proportional to the applied field amplitude.
Thus, the co-propagating near-infrared pulses exhibit a phase retardation of their
polarization components, that depends on the instantaneous THz electric field. In
the electro-optic sampling setup (Figure 2.4, EOS box) this polarization change in-
duced by the THz field can be decoded with the help of a quarter-wave plate (A/4),
a Wollaston prism (WP), and two balanced silicon photodiodes, which are read out
by a lock-in amplifier. If there is no THz field present, the quarter-wave plate trans-
lates the perfect linear polarization into a circular polarization state. This leads to
equally strong signals onto the two photodiodes and thus, the difference between the
two photocurrents is zero. If the near-infrared and the THz pulses overlap tempo-
rally, the THz-induced polarization change, however, leads to an unbalanced diode

signal. Depending on the field polarity, this difference signal can be either posi-
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Figure 2.5 | Typical THz waveform generated by tilted-pulse-front optical
rectification. a, Electro-optically detected THz field, Ery,, as a function of the
delay time, t. b, Corresponding spectral amplitude of the THz transient shown in a.
The blue arrows indicate the frequencies of the relevant ground state transitions in
Tm3*.

tive or negative. As the near-infrared pulses feature a pulse duration that is much
shorter than a half cycle of the sampled waveform, the THz electric field can be seen
as quasi-static during the duration of the probe pulse, which gives an unambiguous
electro-optic signal. By varying the temporal overlap between the THz pump and
near-infrared probe pulses, it is possible to stroboscopically detect the amplitude
and phase of the THz electric-field profile simultaneously. Figure 2.5a shows the
THz electric field, Ery,, as a function of the delay time, ¢, detected by electro-optic
sampling. The waveform shows only a single oscillation within the FWHM intensity
envelope (not shown). The corresponding amplitude spectrum (see Figure 2.5b) fea-
tures frequency components between 0.1 THz and 2.5 THz. As this frequency range
also includes the electronic transitions in the ground state multiplet of Tm3* (see
Figure 2.5b, blue arrows), these intense THz pulses with peak field amplitudes of
up to Ern, = 1.0MVem™! are perfectly suited to excite ultrafast magnetization
dynamics in the prototypical antiferromagnet TmFeOs.

In the actual experiment, the generated THz pulses are used to trigger a large-
amplitude, coherent spin precession, which leads to THz-driven spin switching be-

tween two stable states. Thereby, the subsequent spin dynamics can be probed
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2 Terahertz-driven, all-coherent spin switching

on a subcycle timescale via the polarization rotation that is imprinted on the co-
propagating near-infrared probe pulses by the magneto-optic Faraday effect [Kam11,
Bail6a]. For this purpose, the ZnTe detector is replaced by a single crystal of
TmFeO3 with a thickness of 60 pm. The sample was cut perpendicularly to one of
the crystal’s optical axes, which lies in the y-z-plane at an angle of 51° with respect
to the z-axis. Thus, the ferromagnetic vector F of the iron spins has a non-zero
component parallel to the propagation direction of the near-infrared probe pulses
knir (see also Figure 2.16). According to the magneto-optical Faraday effect, the
transmission of linearly polarized light through such a magnetically ordered mate-
rial results in a rotation of the polarization direction owing to circular birefringence
[Coe09]. The THz-induced change of the magnetization, in particular, leads to a
time-dependent rotation of the polarization, 6(t), that depends on the instantaneous

orientation of the ferromagnetic vector F(¢) at the delay time ¢ [Kam11]:
6(t) =V d (knir - F(2)). (2.5)

Here, V' is the magneto-optic Verdet constant, d is the thickness of the material and
the last term denotes the projection of the time-dependent magnetization vector
F(t) onto the k-vector of the near-infrared probe pulses. Similar to the electro-
optic sampling setup explained above, the THz-induced polarization rotation can be
measured by subsequent optics consisting of a half-wave plate, a Wollaston prism,
and two balanced silicon photodiodes. The time-dependent polarization rotation,

0(t), can be retrieved from the transient difference of the two photocurrents,

AI(t)
21,

= 0(t), (2.6)

where [y is the absolute signal on the photodiodes. The pulse duration of the
near-infrared probe pulses of 7 = 31fs is much shorter than the oscillation period
of the excited magnon modes in TmFeOj3 (see section 2.1). Thus, by detecting
the difference signal Al for different delay times, ¢, the THz-induced, coherent
spin dynamics are traced stroboscopically with subcycle resolution. In previous
experiments by Baierl et al. [Bail6a], THz pulses with a peak electric field of up

to 1.0MV cm™! have been used to induce ultrafast magnon dynamics in TmFeOs
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with maximum spin deflection angles of 2.6°. In the present work, the advantages
of the efficient electric-field control of the magnetic anisotropy in TmFeOjz (see
paragraph 2.1) are combined with the near-field enhancement in custom-tailored
gold antennas. As a consequence, spins are coherently steered over the potential
barrier between two metastable states, while the dynamics are observed directly on

the femtosecond scale.

2.3 Electric near-field enhancement in

custom-tailored optical antenna structures

Previous experiments have shown that it is possible to permanently switch the
spin orientation in magnetically ordered materials using strong electric [Gam09,
Wad16, Olel8, Stul7] and magnetic [Bac99, Ger02, Tud04] light fields. Yet, ob-
serving the underlying ultrafast spin dynamics on a subcycle timescale remained
out of reach. Utilizing the magnetic and electric field components of intense THz
pulses has however triggered coherent magnon dynamics which can be traced on the
femtosecond timescale [Kaml11]. In the frequency range of around 1THz, the THz
generation by tilted-pulse-front optical rectification usually limits the peak-electric-
field amplitudes achievable with typical table-top laser sources to a few MV cm ™!
[Hirll, Fil20]. As shown in previous studies by Baierl et al. [Bail6a, Bail6b], single-
cycle THz waveforms with an electric peak field amplitude of 1 MV ecm™! can drive
a nonlinear spin response, but only allow for spin deflection angles of a few degrees,
which do not suffice for ultrafast THz-induced magnetic switching. Meanwhile, the
near-field enhancement in custom-tailored antenna structures has been exploited to
sculpt atomically strong THz waveforms, sufficient to drive non-perturbative non-
linearities, such as THz-induced phase transitions [Liul2] and interband Zener tun-
neling, with subdiffractional spatial definition [Lan14]. In this chapter, gold antenna
structures are used to selectively enhance the electric field of the intense THz pulses
generated in the high-field THz setup described in section 2.2. This leads to peak
electric fields in the near field of the antenna on the order of 25 MV cm™!, enabling
coherent spin control in the antiferromagnet TmFeO3 throughout the entire phase

space (see section 2.4 - 2.6).
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Figure 2.6 | Optical antenna scheme.
The bowtie antenna is fully characterized
by the parameters a, b, [, and h. Upon

<Ee—“> excitation by an external electromagnetic
a wave with an electric field Fq, free car-

T riers in the gold antenna get acceler-

| h ated, which leads to a significant enhance-

—~'b ment of the electric field in the antenna

g feed gap, g. Positioning the near-infrared

probe pulse (blue circle) in the center of
the antenna gap probes the THz-induced
magnetization dynamics with subwave-
length spatial resolution.

In the micro- or radiowave regime, antenna structures are a well-established scheme
to control electromagnetic radiation on a subwavelength scale. Beyond that, in
particular, in the THz and near-infrared spectral region custom-designed resonant
circuits are utilized to precisely shape the magnetic and electric fields in the near
field, which offers a large variety of applications ranging from extreme concentration
and manipulation of light [Sch10, Nov11], nonlinear optics [Han09, Liul2, Lan14]
to antenna-assisted high-harmonic generation [Kim08, Siv17, Liul8]. However, as
the dimensions of the antenna structure are defined by their resonance frequency,
applications in the optical range demand precise fabrication accuracies down to the
nanometer scale. Nowadays, such small structures can for example be processed by
electron- or ion-beam lithography [Pea81, Tse03], which makes the advantage of an-
tennas accessible. Whereas conventional optical components like lenses or focusing
mirrors only focus light down to the diffraction limit, in the near field of an opti-
cal antenna, field components of the electromagnetic wave can be concentrated and
selectively enhanced on subdiffractional length scales [Novll, Lanl4]. Especially
in the low THz spectral range around 1THz, where the large wavelength limits
the focusability of the light pulses, optical antenna structures are the ideal tool to
realize high-field experiments. Bowtie antennas, e.g., allow for a selective enhance-
ment and localization of the electric-field component of the applied electromagnetic
wave [Fro04, Han09]. In the most straightforward geometry, these structures con-

sist of two opposing tip-to-tip triangles made out of gold. Here, in order to have
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Figure 2.7 | Custom-tailored antenna structure on TmFeOj3. a, Microscope
image of the gold bowtie antenna with a feed gap of 3.5 pum structured onto the
TmFeO3 sample with a thickness of 60pm. Antenna gap g = 3.5um, height
h = 39pm, length | = 39pm. b, Electric-field enhancement in the center of the
antenna structure shown in a as a function of the THz frequency, v. The an-
tenna resonance is centered at a frequency of 0.65 THz. The maximal electric-field
enhancement factor of 31.6 is reached at a frequency of 0.75 THz. Blue arrows,
relevant Tm?* ground state transitions.

a well-defined near-field volume, two capacitive plates, whose size is determined by
the parameters a and b, are added at the opposing tips of the two triangles (see Fig-
ure 2.6). The resonance of the structure is characterized by the length, I, and the
height, h, of the two antenna lobes. If light polarized along the line between the two
triangles excites the antenna structure as indicated in Figure 2.6, the free electrons
in the gold film are accelerated. Depending on the polarity of the external driving
field, ey, this leads to a charge accumulation on one or the other central capacitive
plate. Due to the small distance between the two antenna lobes, a strong electric
field inside the antenna feed gap, g, forms, similar to a parallel-plate capacitor.

In the experiments presented in this chapter, the antenna structures are supposed
to enhance the electric-field component of the THz waveform (Figure 2.5a) such
that the THz-induced change of the magnetic potential is sufficient to steer spins in
TmFeO3 over the potential barrier between two metastable magnetic states. Con-
sequently, the bowtie antenna has to significantly enhance the spectral components
that can resonantly drive the electronic transitions within the ground state multi-

plet of the Tm*" ions (see section 2.1). Figure 2.7a shows a microscope image of
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the custom-tailored antenna structure processed on top of the 60-pum-thick TmFeO3
crystal by electron-beam lithography of a poly(a-methylstyrene-co-a-chloracrylate
methylester) resist, subsequent evaporation of 100nm of gold, and lift-off. Fur-
ther details of the fabrication procedure can be found in Appendix A. Guided by
numerical finite element method (FEM) simulations in the frequency domain, the
parameters [ and h are optimized such that the bowtie antenna has a broad res-
onance peak centered around 0.65 THz. Thereby, the refractive index of TmFeOs
is set to ngy, = 4.92, while the gold structure is implemented as a perfect metal.
For proper convergence, a grid resolution of (100nm)? is used. The antenna gap
g = 3.5um, whereas the central capacitive plates feature a width of ¢ = 5.0 pm and
a height of b = 10.0 pym. Figure 2.7b shows the near-field enhancement in the center
of the antenna gap extracted from the FEM calculations for the frequency range
covered by the spectrum of the THz driving waveform (see Figure 2.5). The full-
width at half-maximum of the resonance peak, which is centered around 0.65 THz,
includes the transitions E; — E, and E; — Es within the Tm?3* ground state mul-
tiplet (see Figure 2.7b, blue arrows). Thereby, the electric field is amplified by a
factor of 29.5. Owing to interference effects in the substrate, however, the maxi-
mum of the electric-field enhancement is reached at 0.75 THz. At this frequency,
the spectral amplitude is even 31.6 times larger than the corresponding far-field
amplitude. For an antenna feed gap, g, of only 10nm, it is even possible to reach
enhancement factors on the order of 10* (see section 2.7). For this experiment,
however, the fact that the THz-induced magnetization dynamics are simultaneously
detected optically, limits a further miniaturization of the structure. In the sample

focus (see Figure 2.4), the co-propagating femtosecond near-infrared probe pulse
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Figure 2.9 | Near-field characteristic in the antenna feed gap. Extracted
peak near-field amplitude, Enp, in the antenna feed gap calculated by finite-
element method simulations for a real THz waveform with a peak-field amplitude of
Fra, = 1.OMVem™ in the 2-y-, 2-2-, and y-z-plane. In the center of the feed gap,
Enr readily exceeds 9.0 MV cm ™.

has a FWHM focus diameter of 6.0 pm. Thus, with a size of 3.5 pm, the antenna
feed gap, g, is large enough, to transmit a large amount of the near-infrared beam
while simultaneously maintaining the required electric-field enhancement. The local
THz electric near-field waveforms (Figure 2.8, red curve) are calculated based on the
measured far-field THz transient (Figure 2.8, gray curve) by employing the results
of the FEM calculations as a complex-valued transfer function. Figure 2.9 shows
the corresponding extracted peak electric near-field amplitudes, Enp, in the z-y-,
x-2z- and y-z-plane for the strongest electro-optically detected THz waveform with a
peak electric far field of Erg, = 1.0 MV em™!. The area, where the electric near field
exceeds the far-field amplitude, covers the whole antenna gap and reaches down to
several micrometers. In the center of the antenna gap at z = 0, the electric-near-
field amplitude, FExr, readily exceeds 9.0 MV cm ™. Close to the metal plates, Fnr
even goes beyond 25.0 MV cm™!. Thus, the custom-tailored antenna structures not

only bypass the diffraction limit but also maximize the achievable THz amplitude,
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2 Terahertz-driven, all-coherent spin switching

which facilitates large-amplitude spin dynamics and ultimately steers spins over a

potential barrier (see Figure 2.3) into a new stable state.

2.4 Ultrafast spin switching by near-field

enhanced single-cycle THz pulses

The combination of a local near-field enhancement of metal antennas as described in
the previous section and the advantages of nonlinear electric-field-induced anisotropy
changes in the antiferromagnet TmFeOj3 allows for THz peak electric fields, which
are sufficient for magnetic switching and even hold the potential for a coherent
spin control throughout the entire phase space. Thereby, with the help of the THz
high-field setup established in section 2.2, the corresponding ultrafast magnetization
dynamics are traced with subwavelength spatial and subcycle temporal resolution.

For the experiments, monocrystalline TmFeO3 with a thickness of 60 pym obtained
by floating-zone melting is used. The sample was cut perpendicularly to one of the
crystal’s optical axes, which lies in the y-z-plane at an angle of 51° with respect
to the z-axis. As shown in Figure 2.10a, the custom-tailored THz antennas with
a feed gap of 3.5um and a resonance frequency of 0.65 THz (see Figure 2.7) were
processed on top of the crystal such that the antenna gap is oriented parallel to the
crystallographic z-axis. Consequently, the THz electric field is polarized perpendic-
ular to the x-axis, which ensures the most effective excitation in the Tm3* ground
state multiplet [Sri95]. The whole structure is kept in a helium cryostat and cooled
to temperatures in the I'y4 transition phase. For the measurements discussed in this
section, a static bias field of Bexo = 100mT from a permanent magnet is applied
in the y-z-plane of the crystal at an angle of 39° relative to the z-axis, which defines
the equilibrium spin orientation, ¢g, and ensures the restoring of the magnetization
between subsequent laser pulses.

To test the efficiency of the antenna, the magneto-optical signal induced in TmFeO5
(T = 83.0K) with and without the near-field antenna is compared as a function of
the pump-probe delay time, ¢ (see Figure 2.10b). In the absence of the antenna,

1

a THz pulse with an amplitude of Eryg, = 1.0 MV cm ™ abruptly sets off coherent

magnon oscillations, which decay exponentially within 40ps (Figure 2.10b, black
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Figure 2.10 | Antenna-enhanced THz spin dynamics. a, Schematic of the
gold bowtie antenna on TmFeO3. The structure is excited from the backside by an
intense THz electric field Ery, (red waveform). The THz-induced magnetization
dynamics in the center of the feed gap is probed via the polarization rotation, 6, im-
printed on the co-propagating near-infrared pulse (hvppope, blue). Bext o, orientation
of the external magnetic bias field. For the experiments discussed in section 2.6,
B.y is rotated by the angle, «, relative to the initial orientation Beg . b, Experi-
mentally detected polarization rotation signal, @, as a function of the delay time, ¢,
obtained for a peak electric THz field of Fry, = 1.0MV cm™! on the unstructured
substrate (black curve) and when probing the gap of the bowtie antenna structure
resonantly excited by a THz waveform with a peak electric far-field amplitude of
Eta, = 0.4MVem™! (blue curve, vertically offset by 1 mrad for better visibility).
c, Corresponding amplitude spectra for the time domain data shown in b featuring
two modes at 0.09 THz and 0.82 THz. The sample was kept at a lattice temperature
of T'=83.0K.
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2 Terahertz-driven, all-coherent spin switching
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curve). The Fourier transformation of the time-domain data reveals a superposition
of two frequency components centered at 0.09 THz and 0.82 THz (see Figure 2.10c¢)
- the quasi-ferromagnetic (g-fm) and the quasi-antiferromagnetic (q-afm) mode (see
section 2.1 and reference [Bail6a]), respectively. The maximum rotation angle of
the probe polarization amounts to #,,,, = 0.5 mrad. Numerical FEM calculations for
the unstructured substrate and a THz far-field amplitude of Erg, = 1.0MVem™!
reveal a rather homogeneous peak electric field across the whole sample thickness
of Fpeax ~ 0.42MV em™ (see Figure 2.11, black line). By assuming that also the
polarization rotation originates from equal contributions across the entire sample
thickness, the corresponding average magnetization deflection can be estimated to
A¢ = 3.5° (see also Appendix B).

Now, positioning the probe pulse in the center of the antenna feed gap leads to a qual-
itatively different response. Here, a polarization rotation as high as 6,,,, = 0.9 mrad
is reached for a much weaker THz far field of Erp, = 0.4 MV cem™! (Figure 2.10b,
blue curve). In addition, the relative spectral amplitude of the g-fm mode is sig-
nificantly enhanced, whereas the amplitude of the g-afm mode is suppressed. This
behavior is expected since the g-fm mode is excited by the antenna-enhanced THz
electric-field component, whereas the g-afm magnon can only be launched by Zee-
man coupling to the THz-magnetic-field [Bail6a], which is not enhanced in the feed
gap. Nonetheless, the amplitude of the g-fm magnon is remarkably high given the
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Figure 2.12 | THz-induced nonlinear spin dynamics. a, Polarization rotation,
0, probed in the center of the antenna feed gap for various far-field amplitudes, as
a function of the delay time, t. For incident THz peak fields Erp, > 0.75 MV cm ™!,
the quasi-monochromatic oscillation is strongly distorted by a phase slip at delay
times between 25 and 35ps. The measurements are offset and scaled as indicated
for clarity. Lattice temperature 7' = 83.0K. b, Spectral amplitude of the time-
domain data shown in a. The phase slip in the polarization rotation signal for
the highest THz fields manifests in a splitting of the g-fm resonance. c, Spectral
amplitude of the d.c. offset, Ag 11, as a function of the THz far-field peak amplitude,
Eryu,. Ag Th, increases monotonically with the THz field. Gray-shaded area: Spin-
switching regime with increased slope of Ag ry,. Dashed lines, guides to the eye.

fact that the field enhancement is spatially confined to the evanescent near-field
region (Figure 2.11, red shaded area) whereas the magneto-optical signal in the
antenna-free case (Figure 2.10b, black curve) originates from the entire thickness of
the TmFeOg3 substrate of 60 pm. In the center of the antenna feed gap, FEM cal-

culations for a THz-far-field amplitude of Erg, = 0.4 MV em™! lead to a maximum
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Figure 2.13 | Long-term evolution of the THz-induced magnetization dy-
namics. a, Polarization rotation, 6, measured in the center of the antenna
feed gap as a function of the delay time, ¢, for a THz far-field amplitude of
Eri, = 1.0MV cem™t. The red-shaded area indicates the long-lived offset. b, Polar-
ization rotation, #, at a delay time of ¢ = 950 ps as a function of the THz electric peak
field, Ery,. The data are extracted from time-resolved measurements in the feed gap
of an antenna structurally similar to the one discussed in section 2.3 with a feed gap
of 3.5 pm and a broad resonance around 0.65 THz, optimized to the Tm3* ground
state transitions. Lattice temperature, 7' = 81.0 K. In the spin switching regime,
Fri, > 0.65MV cem™, the slope of the polarization rotation signal is significantly
increased. Error bars, standard deviation of §. Dashed lines, guides to the eye.

peak electric near-field amplitude of Epe = 3.67 MV em™!, whereas the antenna
near-field region reaches to a depth of z ~ 13um (Figure 2.11, red curve). A rough
estimate (for details see Appendix B) shows that the spins in the antenna gap need
to undergo a rotation by as much as A¢ = 24° in order to explain the observed
signal strength. Hence, a further increase of the incident THz field may be able to
cause complete spin switching.

Figure 2.12a shows the ultrafast polarization rotation probed in the antenna feed

1 and ETHz

gap, for various far-field THz amplitudes between Erg, = 0.15 MV cm™
= 1.0MVem™!. For the lowest field, the spin dynamics resemble the q-fm preces-
sion sampled in the unstructured crystal (Figure 2.10b, black curve). For increas-
ing fields, the oscillation amplitude grows. When the incident THz field exceeds
Fru, = 0.75MV ecm ™!, a qualitatively new behavior emerges. The period of the first

full cycle of the magnetization oscillation is distinctly stretched (see vertical dashed
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2.5 Simulation of ultrafast spin dynamics in the near field of optical antennas

line in Figure 2.12a) while a pronounced beating feature occurs in the coherent po-
larization rotation signal for 25ps < t < 35ps. Simultaneously, a long-lived offset
of the Faraday signal develops, which persists up to nanoseconds (Figure 2.13). In
the frequency domain (Figure 2.12b), these novel dynamics are associated with an
asymmetric splitting of the g-fm magnon resonance superimposed on a broad spec-
tral distribution, somewhat reminiscent of the spectral fingerprint of carrier-wave
Rabi flopping [MiicO1]. The long-lived offset manifests in a d.c. spectral component,
Ag tHz, Which grows more rapidly for Ery, > 0.75 MV cem ™! (Figure 2.12¢ and Fig-
ure 2.13b).

In the following section, a theoretical model, which describes the THz-induced spin
dynamics microscopically, will identify the observed stretching of the first oscillation
cycle, the beating of the Faraday signal, and the spectral splitting of the magnon
resonance as the hallmarks of all-coherent non-perturbative spin trajectories be-
tween adjacent minima of the magnetic potential energy, whereas the long-lived

offset directly reads out the switched spin state.

2.5 Simulation of ultrafast spin dynamics in the

near field of optical antennas

The time-resolved pump-probe experiments in the last section lead to the observa-
tion of two magnon modes in TmFeOs3. Thereby, the selective enhancement of the
THz electric field in the feed gap of a gold antenna caused a significant enhancement
of the g-fm magnon mode and also revealed unprecedented features in the ultrafast
polarization rotation above the threshold of Etg, = 0.75MV em™!. To investigate
the origin of the observed stretching of the first oscillation cycle, the beating of the
Faraday signal, and the spectral splitting of the g-fm magnon resonance it is crucial
to track the THz-induced spin dynamics microscopically. The theoretical model
presented in this section has been developed in close collaboration with Alexey V.
Kimel from the Radboud University in Nijmegen, Rostislav V. Mikhaylovskiy from
Lancaster University and Anatoly K. Zvezdin from the Prokhorov General Physics
Institute and P.N. Lebedev Physical Institute of the Russian Academy of Sciences

in Moscow.
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2 Terahertz-driven, all-coherent spin switching

Figure 2.14a shows the magnetic structure of TmFeO3. As discussed in section 2.1
the slight canting between the two antiferromagnetically coupled sublattices M and
M, causes a weak ferromagnetic moment F = M; + M, in the z-z-plane. The an-
tiferromagnetic vector G = M; - M encloses an angle, ¢, with the crystallographic
x-axis. In the I'yy transition phase, ¢ shifts continuously between 0° and 90° as
the magnetic potential, W (¢), changes with the thermal population of the Tm3*
crystal field-split states (see also Figure 2.1). Consequently, the vectorial spin ori-
entation can be mapped onto the angle ¢ between the antiferromagnetic vector G
and the crystallographic z-axis. To understand the detected polarization rotation
signal, one has to model the temporal evolution of ¢ in the vicinity of a THz pulse
with the THz electric field Ety, = (ETHZ,X, Eryy, ETHM) and a THz magnetic field
By, = (BTHZ,X, By, BTHZ,Z). To unequivocally define the equilibrium spin orien-
tation, ¢g, and to ensure the restoring of the magnetization between subsequent laser
pulses, an additional weak external magnetic bias field By = (Bext,x, Bty Bext,z>
is applied. As shown in references [Kamll, Bail6b], spins can couple directly to
the THz magnetic field via the Zeeman interaction. In centrosymmetric materials
like TmFeOs, an external electric field can also couple quadratically to the magnetic
system [Bail6a]. The excitation of the gq-fm magnon mode by an intense THz pulse
can be described with the Langrangian function, L, of the spin angle, ¢, and its

time derivative, ¢,

MFe q’b'g i MFe

= 2”)/2HE ’}/HE BTHz,y¢ - W(¢) - Wel(¢>, (27)

whereas the damping of the magnetic system is given by the Rayleigh function R
with the Hilbert damping parameter (3,

_ ﬁMFe

R
2y

P (2.8)
Here, Mg, = 1000 e.m.u. cm~? is the magnetization of a single Fe?* sublattice, v
is the gyromagnetic ratio and Hg = 2-10” Oe is the effective field due to the d-d
exchange interaction of the Tm?®" ions. The magnetic potential, W (¢), of TmFeO3
under the influence of the THz magnetic field, Bry,, and the external bias field,
Bexi, is given by [Bail6a]:
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Figure 2.14 | Microscopic picture of ballistic spin motion. a, Spin and lattice
structure of TmFeQOj in the I'yy phase (Ty < T < T3), showing the Fe3* spins (cyan
spheres and arrows), Tm®" ions (bronze spheres), and the ferromagnetic moment, F
(violet arrow). The antiferromagnetic vector, G (blue arrow), lies in the z-z-plane
and encloses a finite angle of 0 < ¢ < 90° with the z-axis. Switching the mag-
netic state from the equilibrium spin angle, ¢, to the new equilibrium position, ¢,
causes a rotation of the ferromagnetic vector, F, in the x-z-plane. The wave vector
of the probe pulse, kyr (light blue arrow), and the external magnetic field, By
(gray arrow), are oriented in the y-z-plane as indicated. b, Numerical simulation
of THz-induced ballistic spin dynamics. Upon THz excitation, the magnetic poten-
tial, W (¢), is abruptly modified near a delay time of ¢ = 0ps (magnified in inset).
Near-field THz transients with peak amplitudes of Exp = 6.0 MV cm ™! abruptly in-
duce large-amplitude spin oscillations in the same potential valley around the initial
angle, ¢y (blue trajectory). For a THz near-field of Exp = 10.0 MV cm™!, the spins
reach the adjacent local minimum (red trajectory) at ¢, where ¢1 =~ ¢ + 90°,
accumulating a phase retardation relative to spins oscillating around ¢g. The red
cuts through the magnetic potential indicate the delay times t = 9.7 ps and 27.2 ps,
respectively.
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2 Terahertz-driven, all-coherent spin switching

W(¢) = K(T)sin® ¢ + Kysin* ¢
Hp

_FMFe [ (Bext,z + BTHZ,Z) COS ¢ - (Bexmx + BTHZ,X) SiH GbL
E

(2.9)

where Hp = 2-10° Oe is the Dzyaloshinskii field and the ratio g—g defines the spin
canting angle of the two magnetic sublattices due to the Dzyaloshinskii-Moriya in-
teraction. The parameter K,(7T) = QKQ%;__% for Ty < T < T,, where K, is a
constant, sets the potential curvature by the frequency of the quasi-ferromagnetic

mode w2, = jwgwasin® ¢, for a vanishing external magnetic bias field (see also
paragraph 2.1). Here, wg = vHg, wa = 7 J\IE’ T is the spin lattice temperature, and

T1 = 80K and T, = 90 K are the lower and upper temperature bounds of the I'y4 tran-

sition phase, respectively. The thermal excitations of the crystal-field-split ground
1

T-T, \2
To—-T,

(see also Figure 2.1). The last term in equation (2.9) describes the direct Zeeman

states determine the equilibrium angle of the spin vector, ¢o(T) = arcsin (

coupling between the applied magnetic fields By and Bry, and the spin system.
The interaction of the THz electric field with the spin system leads to an additional
modification of the magnetic potential by W (¢) (see equation (2.7)). In lowest
order, Wy (¢) scales quadratically with Ety, and G and has the form

Wa(®) = > GirimG1Gm Erag,i B x, (2.10)

i,k,l,m

where g;i are the components of the nonlinear magnetoelectric susceptibility ten-
sor g, that is defined by the crystal symmetry. For TmFeOs, which belongs to
the orthorombic space group D39 [Sri95], & in the Voigt notation [Grol8] is given
by [Bail6al:

gu g1z g1z 0
g21 g2 goz O
g1 g2 g3z O
0 0 0 g4
0 0 0 0 g5 O
0 0 0 0 0 g

0
0
0
0

o O o O

(2.11)

o>
|
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2.5 Simulation of ultrafast spin dynamics in the near field of optical antennas

Taking into account that the antiferromagnetic vector G lies in the crystallographic
x-z-plane such that G = (cos ¢, 0, sin qb), We(¢) can be written as

) 1
Wa(¢) = f(E) + Esin ¢ + §g5ETHZ,XETHZ,Z7 (2.12)
where f(E) = gllE’%Hz,x + gl?E’%Hz,y + gl3E’%Hz,z and
&= XXE%HZ,X + XYE%HZ,y + XZE%HZ,Z (213)

with Xx = g12 = —g11, Xy = g22 — 911 and x, = g3 — gi3. As the function f(E) does
not depend on the magnetic phase of the crystal, it can be neglected at this point.
Equation (2.12) effectively describes how the THz electric field couples to the Fe?*
spins in TmFeO3 and how it modifies their magnetic potential. Nonetheless, the
described interaction mechanism is not material-specific but rather arises from the
D% symmetry of the crystal. In TmFeOs, the coupling is mediated by the electronic
excitation within the Tm?®* ground state, which results in an anisotropy torque that
in turn leads to a coherent spin motion. In general, the interaction can also be
carried by other elementary excitations such as phonons [Afal9] or excitons.

Now, according to the Lagrange formalism, the equation of motion for the spin
angle, ¢, accounting for a THz-induced change of the magnetic potential energy,

can be derived from the differential equation

d <8L> oL OR _ 214)

a\os) 96 95

With equations (2.7), (2.8), (2.9) and (2.12), the equation of motion assumes the

form of a generalized sine-Gordon equation:

T—T,
T, —T,

¢ + Bwre + dwpwa sin ¢ cos ¢ ( + sin? ¢> —

. H
VBTHz,y - HD TWE { (Bext,z + BTHZ,Z) sin ¢ + (Bext,x + BTHZ,X) COs ¢] (215)
E

WEWA

Ky

(2E sin ¢ cos ¢ + g5 €08 2¢ ErpyxFrsz) -
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2 Terahertz-driven, all-coherent spin switching

Solving equation (2.15) with the initial conditions
o(t =0) = ¢o(T) and ¢ =0, (2.16)

uniquely describes the coherent magnetization dynamics of the g-fm magnon mode
induced by an intense THz pulse. Thereby, the excitation of the Tm?* ions by
the intense THz electric near field abruptly modifies W (¢), which shifts both the
position, ¢y, and the depth of the potential minimum (Figure 2.14b, inset). These
non-adiabatic changes then give rise to a displacive and an impulsive anisotropy
torque, which scale quadratically with the applied THz electric field [Bail6a], in
conceptual analogy to reference [Gar96]. Moreover, as these anisotropy torques are
proportional to o< sin ¢g cos ¢y, they are only non-zero in the I'y4 transition phase,
while their relative strength is maximal in the middle of the temperature interval
between 77 and T5. The terms linear in the THz magnetic field component describe
the excitation of the g-fm mode based on the Zeeman torque.

For the numerical simulations, the effective magnetic potential, W (¢), is calibrated
by the experiment with bulk TmFeO3. Additionally, an external magnetic field along
the z-axis (o = 0) of Bexto = 150mT is included, which is compatible with the ex-
perimentally determined value. According to the experimental geometry, the THz
electric field is aligned perpendicular to the crystallographic x-axis. Consequently,
Ern.x = 0 and Bry,y = Brn,, = 0. Moreover, as shown in reference [Bail6al, the
spin dynamics in the high-field regime are dominated by the THz-induced nonlinear
anisotropy torque. Thus, also the interaction of the spins with the THz magnetic
field component, By, y, which is oriented along the crystallographic z-axis, is ne-

glected in the calculations. The equation of motion then reads

b — C?V2%p = —Apod + dwpwa cos @sin ¢ x (77 + sin® gz5>
Hp
Hy

(2.17)

. 2 .
+K sin ¢ cos @ €ongupCerEqy, — YwgBext sin ¢.

Here, 7p is the experimentally determined spin damping. The excitation by the
crystal field transitions is modeled by both an impulsive and a displacive anisotropy
torque, accounting for an increase of the angular velocity, ¢, and a shift of the equi-

librium spin angle, ¢g, respectively. The impulsive excitation is implemented by
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2.5 Simulation of ultrafast spin dynamics in the near field of optical antennas

the term proportional to the constant x, which couples the spin dynamics to the
instantaneous THz power density eonsubcaegE%Hz. Here, ¢ is the vacuum permit-
tivity, neup is the refractive index of TmFeOs, ¢ is the speed of light, and aeg is the
effective THz absorption coefficient [Zhal6]. To account for the displacive term, a
strong THz-induced excitation of the crystal field transitions is implemented, which
leads to an increase of the population density Ap(t) of the excited states of the
(M) +ApM)=p2 G here
p2—p1 ’

p(T), p1, and py are the equilibrium population densities of the crystal-field split

Tm3" ions. This is described by the excitation parameter n =

states at the temperature T', T}, and T5, respectively. The THz-induced change of
the population density leads to an abrupt change of the magnetic potential, W (¢),
of the iron spins, resulting in a displacive anisotropy torque. Quantitatively, one
calculates

Ap(t) =T [ OlsunCelign gy (2.18)

—0o  hwerr

where I' is a coupling parameter, A is Planck’s constant, and wcpr is the resonance
frequency of the electric dipole-active Tm3* ground state transition [Koz90]. Finally,
the term C?V?2¢ accounts for the interaction between different magnetic domains
of the sample, where C' is the spin-wave velocity that sets the maximal speed of a
domain boundary. In the orthoferrites, C' = 2:10° cms™![Zve79, Che78]. Thus, on
the ~ 1ps timescale of this experiment, the regions of the sample exposed to the
THz fields of different strengths can be assumed to be practically non-interacting as
the magnetic excitations travel a distance of 10 nm during this time. This distance
is also much smaller than the characteristic spatial scale of the THz near-field of
> 1pm. Therefore the term C?V2¢ is neglected in the numerical simulations.
Figure 2.14b illustrates two typical spin trajectories obtained by solving equation
(2.17) for two exemplary near-field transient extracted from the FEM calculations
(see section 2.3) featuring different peak electric-field amplitudes. For a peak near
field of Exp = 6 MV ecm™!, the spins carry out a coherent oscillation around ¢, with
a maximal excursion of A¢ = 15.8°. A field of Exgp = 10MV em™!, in contrast,
allows the spins to overcome the potential barrier at ¢ = 3.4 ps, and relax into a new
equilibrium position ¢, which corresponds to a spin rotation by ~ 90°. Thereby, as
soon as the spins leave the parabolic potential trough in the vicinity of their start-

ing position ¢y = —49.8°, their motion is slowed down and defined by the potential
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Figure 2.15 | Qualitative simulation of the beating signature. a, Polarization
rotation calculated by superimposing the responses shown in Figure 2.14b, that is,
spins oscillating in the equilibrium potential minimum at ¢ (relative weight, 0.8)
and spins driven into the neighboring local minimum at ¢; (relative weight, 0.2).
b, Amplitude spectra of the time-domain data shown in a.

curvature along the trajectory into the adjacent local minimum, ¢; = 49.8°. Dur-
ing this highly anharmonic motion, the spins acquire a characteristic phase relative
to spins oscillating with a low amplitude around ¢q. At a delay of t = 9.7 ps this
phase amounts to ~ 180°. Once the spins have reached their maximum positive
deflection, they oscillate back, which still drives them through anharmonic regions
of the potential in the target valley around ¢,. Because of damping, however, they
do not overcome the potential barrier a second time but rather stay in the new min-
imum. Owing to this enduring, strongly anharmonic motion, the spins accumulate
even more phase retardation such that the red and blue trajectories in Figure 2.14b
oscillate in phase again, around ¢ ~ 25 ps.

To link these spin dynamics with the measured polarization rotation, the local dy-
namics of the spin deflection angle, ¢, are calculated by solving equation (2.17)
separately for each near-field cell using the corresponding THz near-field transient
extracted from the FEM calculations (see paragraph 2.3). As confirmed by po-
larimetry, the THz-induced change of the magnetization leads to a rotation of the
near-infrared probe polarization. A switch-off analysis shows that the Faraday ro-
tation is almost exclusively caused by the ferromagnetic component of the magne-
tization, while the dynamics of the antiferromagnetic response plays a minor role.

Consequently, the microscopic Faraday rotation is obtained by projecting the ferro-
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2.5 Simulation of ultrafast spin dynamics in the near field of optical antennas

magnetic vector, F(¢), of each cell onto the wave vector of the near-infrared probe
beam, kyir (see Figure 2.14a). By simply superimposing the Faraday contributions
of the two exemplary spin trajectories in Figure 2.14b, the pronounced beating fea-
ture at a delay time of ¢t &~ 25 ps of the magneto-optical signal (see Figure 2.15) can
already be associated with the phase slip occurring during spin switching.

For a quantitative analysis, the overall polarization rotation is obtained by summing
up all the locally induced Faraday signals from the entire probe volume, weighed
by the intensity distribution of the probe beam. Thereby, in the direction parallel
to the capacitor plates, a diameter of 6pm (FWHM) is used, whereas, in the or-
thogonal direction, a diameter of 2 pm (FWHM) is utilized in order to account for
diffraction effects near the capacitive plates. In the non-perturbative regime, the
spin trajectory depends sensitively on the exact location in the near-field region of
the antenna. Although calibrating electric near fields in excess of ~ 10 MV cm™!
is challenging [Liul2, Lan14], the total polarization rotation is fairly robust against
variations of the maximum near fields occurring in the close vicinity of the capacitive
plates.

Figure 2.16a shows the calculated polarization rotations, 6, for Ery, = 0.4 MV cm ™!
and 1.0MV cem™! as a function of the delay time, t. For the measurement with a
far-field THz peak amplitude of Erg, = 0.4 MV cm™!, the best agreement (Figure
2.16a, blue curve) is obtained by using the experimentally determined spin dephas-
ing rate yp = 45 GHz, as well as the following fit parameters: wq.gm/2m = 88.7 GHz,
k=3.5810 m?> W52 and I' = 2.49-10'° m?®s. For the THz peak field amplitude of
Etn, = 1.LOMVem™! (Figure 2.16a, red curve), some of the parameters are slightly
adjusted t0 wy /27 = 90.0 GHz, £ = 1.02-10°* m* W~'s? and T’ = 1.01-10'% m?s.
Moreover, magnon-magnon scattering can effectively be accounted for by introduc-
ing a momentum-dependent damping of the spin system. The calculations quan-
titatively reproduce all experimental features, including the quasi-monochromatic
magnon oscillation, for low fields (Figure 2.16a, blue curve), as well as the phase
retardation of the first magnon oscillation period and the pronounced beating at
t ~ 25ps, at large THz fields (Figure 2.16a, red curve). In addition to that, the
model unambiguously connects the asymmetric splitting of the g-fm resonance and
the broad low-frequency components (Figure 2.16b) to THz-driven all-coherent spin

switching.
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Figure 2.16 | Calculated THz-induced spin dynamics. a, Calculated polar-
ization rotation, f, in the antenna feed gap for an incident THz electric peak-field
amplitude of Fty, = 0.4MV cem™! (dark blue curve) and Ery, = 1.0MVcem™ (red
curve) as a function of the delay time, ¢, for a lattice temperature of 7" = 83.0K,
normalized to the experimental peak value. The experimental data are plotted as
circles. b, Amplitude spectra of the time-domain data shown in a. ¢, Calculated
scaling of the spectral amplitude of the long-lived offset, Ay ry,, for no misalignment
(red circles) and a misalignment angle of the near-infrared kyir-vector out of the y-
z-plane of 1.25° (red spheres). In the spin-switching regime (Ftg, > 0.75 MV cm ™,
gray-shaded area) the calculations reproduce the increased slope of Ag ty, observed
in the experiment (Figure 2.12¢ and figure 2.13b). Dashed lines, guides to the eye.

Figure 2.17 displays the results of a switch-off analysis considering three scenar-
ios including the full calculation (solid lines), only the displacive (dashed lines),
and only the impulsive contribution (dashed-dotted lines). For a THz field am-
plitude of Erg, = 0.4MVem™, the sum of displacive and impulsive contribu-
tions approximates the full calculation. Conversely, the strong-field dynamics at
Ern, = 1.0MV cem™! are only rendered correctly by the full calculation, which fur-
ther corroborates the nonlinear character of the spin dynamics in this regime. In all

cases, a purely displacive effect yields an exclusively positive magneto-optical signal
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and a non-zero signal offset, while the impulsive component is responsible for the
strong oscillatory component.

The calculation also confirms that the switched spins can be directly read out. As
seen in Figure 2.12 and Figure 2.13, increasing Ery, leads to a long-lived signal
offset. This is caused by two distinct mechanisms: (i) THz excitation of Tm3* ions
slightly shifts the position of the potential minimum (Figure 2.14b, inset). (ii) A
transfer of spins over the barrier can also change the net magneto-optical signal if
knir is tilted out of the y-z-plane (Figure 2.16a). Assuming a tilt angle of 1.25°,
all measured transients can be fitted in the time domain. For the corresponding
fit parameters, Ay T, traces the experimental field scaling (Figure 2.12¢), includ-
ing the slow increase below the switching threshold of Erg, > 0.75MVem™!, and
the steep slope above (Figure 2.16¢, red spheres). In contrast, a calculation with
identical fit parameters but a tilt angle of 0° yields a slow increase of Ag Ty, for
all field strengths (see Figure 2.16¢, red circles). From this comparison, the slow

increase can be attributed to the shift of the potential minimum whereas the steep
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2 Terahertz-driven, all-coherent spin switching

slope observed for finite tilt angles can be directly related to the spin transfer over
the barrier.

As the generalized sine-Gordon equation is solved separately for each near-field cell,
it is also possible to visualize the local differences of the THz-induced magnetization
dynamics in the antenna near field, with subcycle resolution. Figure 2.18 illustrates
snapshots of the spatially resolved spin angle, ¢, for three characteristic delay times,
t (see “1%, “2“ and “3“ in Figure 2.18a), and the maximum experimental THz far-
field amplitude of Erp, = 1.0MVem™'. The THz-induced ballistic spin motion
starts out with the largest spin deflection near the capacitive metal plates, where
the field enhancement is maximal. Already after a delay time of ¢ = 1.3 ps the first
spins cross the potential barrier, which separates the two stable states centered at
¢o = —49.8° and ¢ = 49.8°, respectively (see also Figure 2.3b). The critical electric
near field, necessary for spin switching is given by Exp = 7.8 MV cm ™.
Irrespective of the exact peak electric near field, the THz-induced spin dynamics

can be divided into two characteristic regimes:

(i) For a THz electric near field of Fxp < 7.8 MV cem™', the spins perform an
almost harmonic oscillation around their initial spin orientation, ¢g (see also

Figure 2.14b, blue trajectory).

(i) For a THz electric near field exceeding the threshold of Fxp = 7.8 MV em ™,
the spins are driven over the barrier into the adjacent potential minimum,
where they perform an anharmonic motion and relax into the new stable state

¢1 (see also Figure 2.14b, red trajectory).

As shown in Figure 2.18b-d, the inhomogeneous electric-field enhancement in the
antenna near field entails that most of the spins close to the capacitative plates and
the sample surface are transferred to a new stable state, whereas below z = —1.0 pm
the threshold for switching is not reached. Moreover, the phase between the differ-
ent spin trajectories constantly changes with time. Thereby, after ¢ = 9.7 ps most of
the spins, that reside in different potential minima, are oscillating out of phase (see
Figure 2.18b). As a consequence, one can find a global minimum in the calculated
polarization rotation, 6 (Figure 2.18a, label “1“). At t = 27.2ps, the spins have
settled in their respective potential minima and a domain structure has formed (see

Figure 2.18c). Due to the phase retardation that the switched spins gain during
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Figure 2.18 | Time-resolved spin switching. a, Calculated polarization rota-
tion, #, in the antenna feed gap for an incident THz electric peak-field amplitude
Fri, = 1.0MV cem™! as a function of the delay time, ¢, normalized to the experimen-
tal peak value. The violet spheres labeled with “1%, “2“ and “3“ indicate the delay
times at which the snapshots of the spin dynamics in panels b, ¢, and d are taken,
respectively. b, ¢, d, Spin angle, ¢, in the three principal planes x-y, -z, and y-z in
the near field of the bowtie antenna for different time steps after the excitation by
a THz pulse with a peak electric far-field amplitude of Ery, = 1.0MV cm™!. The
THz-induced spin dynamics lead to a permanent reorientation of the magnetization
in a large near-field volume (violet volume).

their anharmonic motion in their new potential minimum ¢, (see also Figure 2.14b,
red trajectory), the two spin sub-ensembles are oscillating in phase now, which in
turn results in the characteristic beating feature in the polarization rotation signal
observed around ¢t =~ 25ps (Figure 2.18a, label “2“). For even longer delay times
t > 80 ps (Figure 2.18d), the two domain borders sharpen even further as the coher-
ent spin precessions have decayed within ~ 40 ps. On a much longer timescale, the
spins tunnel back to the equilibrium orientation (not shown). In the experiment,

this final relaxation step was enforced by the external magnetic bias field, Bys.

43



2 Terahertz-driven, all-coherent spin switching

2.6 Subcycle ballistic spin control in tailored

magnetic potentials

Based on the theoretical model described in the previous section, the experimentally
observed characteristic phase flip, the asymmetric splitting of the g-fm magnon res-
onance, and the long-lived offset of the Faraday signal are identified as hallmarks
of coherent spin switching into adjacent potential minima. Beyond that, the com-
bination of the numerical FEM calculations of the local near-field enhancement in
the custom-tailored antenna structures with the efficient electric-field control of the
magnetic anisotropy in TmFeO3 provides superior insights into the microscopic mag-
netization dynamics, that guide the spins throughout the entire phase space. Based
on this microscopic understanding of the THz-induced spin dynamics, the spin tra-
jectory can now be shaped by tailoring the magnetic potential, while keeping the
peak THz far-field amplitude constant at Fry, = 1.0MV cm ™.

As a first control parameter, the crystal temperature is lowered to T' = 82.5 K, where
the barrier height, w, separating the two stable spin states ¢g and ¢, is slightly in-
creased (Figure 2.19a). Consequently, the switching dynamics are decelerated and
the beating signature in the experimentally detected Faraday rotation signal, 6, is
delayed to t = 45 ps (Figure 2.19e, red curve). Meanwhile, the spectrum remains
qualitatively similar (Figure 2.19f, red curve). The barrier height can also be raised
by rotating the external magnetic bias field, By, by an angle o = 15° about the
optical axis (see Figure 2.10a and Figure 2.19b), resulting in a shift of the beating
feature to a delay time of t = 55ps (Figure 2.19e, dark red curve). Thereby, the
potential shoulder at ¢ = —115° is lowered (Figure 2.19b), which enables large-
amplitude oscillations throughout a slightly wider potential trough, causing a weak
red-shift of the spectrum. The g-fm magnon resonance is now centered around
Wqtm = 0.085 THz (see Figure 2.19f, dark red curve). For o = 60° (Figure 2.19c¢),
the dynamics are strongly altered (Figure 2.19e, f, brown curves). After the spins
are driven up the potential barrier at ¢ = 0° during the first half cycle, the non-
switching spins oscillate back through the wide potential minimum that is extended
by the shoulder at ¢ = —115°. This results in a strong red-shift of the g-fm magnon
center frequency to wqsm = 0.050 THz. On the potential shoulder, the projection

knir - F(¢) drops below its initial value at ¢y and becomes negative for ¢ < —90°
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Figure 2.19 | Ballistic navigation of spins. a-d, Magnetic potential, W (¢), for
a lattice temperature of T' = 82.5 K and various orientations « of the static external
magnetic bias, Bey. w, potential barrier height relevant for switching; black arrows,
potential shoulder associated with the red-shift. Gray spheres and arrows, initial
spin orientation and direction after excitation; violet spheres, final orientation of
switched spins. e, Polarization rotation, 6, as a function of the delay time, t, for the
potentials shown in a-d and a THz peak far-field amplitude of Fry, = 1.0MV ecm™!.
Dashed-dotted curve, transient negative polarization rotation. f, Amplitude spectra
of the time-domain data shown in e. The black arrows mark the computed center
frequencies.
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2 Terahertz-driven, all-coherent spin switching

(see Figure 2.20a), which leads to a transient negative offset of the Faraday signal
(Figure 2.19¢, dashed-dotted line) until the oscillations of the unswitched spins have
decayed in the starting local potential minimum. Still, a sufficiently large fraction
of spins reaches the target valley (Figure 2.19¢, violet sphere), leading to a beating
feature. Finally, o = 95° sets a new starting position and direction of acceleration
(Figure 2.19d and Figure 2.20b, gray sphere and arrow), which causes a reversal
of the transient polarization rotation signal and offset (Figure 2.19¢). The wide
potential minimum leads to a reduced center frequency reproduced by calculating
the single spin dynamics (Figure 2.19f, black arrows). The large barrier to the
neighboring valley (Figure 2.19d, violet circle) inhibits switching completely and no

beating is observed.
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Figure 2.20 | Faraday signal for spin dynamics in different magnetic po-
tentials. a, Magnetic potential, W (¢) (brown curve), for a lattice temperature of
T = 82.5K and an angle of By, o = 60°, as shown in Figure 2.19c. Gray (violet)
sphere, initial (switched) spin state. Insets: projection (gray dotted horizontal lines)
of the magnetization F(¢) (arrows) onto the near-infrared wave vector, knig , (light
blue arrow), for different angles, ¢. For ¢ < ¢, the projection drops below its ini-
tial value and becomes negative for ¢ < —90°, causing a negative transient Faraday
signal (Figure 2.19¢). For ¢g < ¢ < ¢1, knir-F(¢) > knir-F(¢p), resulting in the
positive initial half cycle of the Faraday rotation signal (Figure 2.19¢). b, Magnetic
potential, W(¢), for a = 95° (black curve) as shown in Figure 2.19d. For ¢ < ¢y,
the initial spin deflection leads to knir-F(¢) < knir-F(¢0), causing a negative onset
of the first oscillation period (Figure 2.19¢, black curve).
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2 Terahertz-driven, all-coherent spin switching

2.7 Prospects of THz-driven minimally

dissipative spin memories

In this chapter, coupling spins in TmFeO3 with the locally enhanced THz electric
field of custom-tailored antenna structures allows for the first time to observe ul-
trafast THz-induced spin switching directly in the time domain. This achievement
opens up a qualitatively new regime of ultrafast all-coherent spin control through-
out the entire phase space, which manifests in a number of unique hallmarks in
the optical signal (see paragraph 2.4). These include the occurrence of a phase flip
analogous to the famous Rabi flops in a two-level system, anharmonic changes of
the spin precession frequency during the first oscillation half cycle, a splitting of the
magnon resonance, similar to Rabi flopping, and a long-lived offset of the Faraday
rotation, which shows a characteristic threshold to overcome the potential barrier
and reads out the switched magnetization state.

To put this fundamentally new concept of THz-driven all-coherent control of the

Figure 2.21 | Figures of merit of all-
optical switching schemes. Sum-
mary of selected switching times, 7,
and energies, W, of opto-magnetic de-
vices based on magnetic tunnel junc-
tions (hexagon) and electrically switch-
able spin valves using STT (triangles),
SOT (squares) and electric-field-induced
switching (circles). The red star in-
dicates the calculated results for THz-
driven spin switching in TmFeOj re-
- 1 ported in this chapter. Blue solid line,
calculated switching energy for STT
sl x switching Wfith a chalracteris(’iic switch-

134 A-11 4 A9 7 5 3 .1 ing time of . = 1ns and a static
1077107 107 107 107 107 10 switching energy of W, = 10fJ [Kim19].
Red-shaded area, desired specifications
for future opto-magnetic technologies.
Adapted from [Kim19].
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Figure 2.22 | Electric near field of
a THz nanoantenna. Enhancement
factor Eng/ETh, of the near-field peak
amplitude, Eng, compared to the THz
electric far field, FEry,, calculated by
finite-element-method simulations for a
real THz waveform in the near field of
an antenna structure with a feed gap of
10nm. Assuming a switching threshold
of ~# 10MV cm™?, a far-field amplitude
of only 1kV ecm ™1 is sufficient to drive co-
herent spin switching by 90° in the cen-
ter of the antenna structure.

Ene/Ery, (10°)
0 5101520
[ L T

electron’s spin in relation with already existing all-optical switching schemes and
opto-magnetic devices it has to be evaluated concerning the three technological
most important figures of merit: the switching speed, the accompanying dissipa-
tion, and the scalability [Kim19, Ved20]. Figure 2.21 gives an overview of the
reachable switching times, 75, and the corresponding switching energies, Wy, per
switch for selected optically switchable magnetic tunnel junctions and spin valves.
Thereby, spin-transfer torque, spin-orbit torque, and electric-field-induced switch-
ing (see Figure 2.21, blue symbols) are included in the consideration [Kim19]. The
results indicate that at long timescales, the switching energy scales linearly with the
switching time. For timescales of 7, < 1ns, however, faster switching comes with
a significant increase of the dissipated energy. This trend is in agreement with the
calculated switching energy for spin transfer torque switching (see Figure 2.21, blue
solid line), which follows the expression W(75) = W, (2 + 2+ %)7 where W, is the
static switching energy and t. is the characteristic timescale for switching dynam-
ics [Kim19].

From the numerical calculations of the THz-induced spin dynamics (see section 2.5)
a switching time of only 7, = 1.3 ps can be extracted for the highest THz electric
near-field amplitudes. Nonetheless, in this specific implementation of a THz-driven
anisotropy torque, one can estimate that already the absorption of approximately
one THz photon energy per spin suffices for switching (see Appendix C). Moreover,

the energy dissipation in the spin system is even smaller. To overcome the potential
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barrier, which separates two neighboring stable states, only an energy on the order
of 1 eV per spin is necessary. This scheme is, thus, highly scalable. Future storage
devices based on this THz-driven switching mechanism could also exploit the ex-
cellent spatial definition of custom-tailored antenna structures to switch magnetic
bits of a diameter of only 10 nm. As shown in Figure 2.22, such optimized antennas
with nanoscale gaps provide field enhancement factors of 10* and more and may
be driven by all-electronic on-chip THz sources [Senl8]. The switching energy for
a bit of the size 10nm X 10nm x 10nm only amounts to Wy = 4.12aJ, which
is orders of magnitude lower as compared to the other ultrafast switching schemes
(see Figure 2.21, red star). Owing to the absence of magnetic stray fields, these
cells could be densely packed, similar to vortex core structures in ferromagnetic thin
films [Van06]. Furthermore, the readout of the spin state could be combined with
spintronic approaches [Junl6, Olel8].

The results presented in this chapter not only provide a solution to a key challenge
of femtomagnetism, which is ultrafast spin switching close to the Landauer limit,
they may also be the key to practical implementations of novel energy efficient spin
memories. As the THz light pulses operate at the intrinsic energy scales of the
magnetic excitations, such spin memories could operate at THz clock rates, and ul-
timately low dissipation, whereas nanogap antennas simultaneously allow very high

bit densities.
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Ballistic, lightwave-driven

electron dynamics in

topological insulators
N

The fact that the speed of processors has stagnated around 3 GHz for more than
a decade is a clear indication that, on the long run, contemporary digital electron-
ics based on metal-oxide-semiconductor field-effect transistors (MOSFETSs) may not
be able to fulfill the needs of modern challenges like 'Big Data’ or the ’Internet of
Things’ Consequently, future high-speed information processing technology cannot
be a simple improvement of already existing technology - it requires disruptive in-
novations concerning both the general way how information is processed as well as
the underlying material platform [Mar14, Sha20].

In the 1960s, the development of mode-locked lasers pushed the research field of
ultrafast optical spectroscopy to unprecedented timescales [Sha99]. In the following
decade, optical techniques have been developed that amplify and compress laser
pulses [Str85, Die06], generate different frequencies by nonlinear mixing schemes
[Boy03], or attosecond laser pulses by non-perturbative processes [Cor07]. This en-
ables the observation and control of elementary dynamics of solids such as magnons
[Kam11, Bail6a, Bail6b, Sch19], phonons [Porl4] or plasmons [Hub17] on their in-

trinsic timescale of a few femtoseconds [Ros02]. Just recently, it has even been
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

possible to resolve the time delay of electron emission in the photoelectric effect on
the zeptosecond timescale [Gru20).

Besides that, intense electromagnetic light fields themselves can be used to drive
ultrafast carrier dynamics in solids [Bra00, Sch13, Sch14]. Harnessing the oscillat-
ing electric field of light as an alternating voltage bias to control electron motion
inside a solid is at the heart of the research field known as [lightwave electron-
ics [Sch14, Vaml14, Higl4, Hohl5, Garl6, Lanl7, Liul7, Yos17, Lanl8b, Reil8b].
In particular, phase-locked electromagnetic single- or few-cycle waveforms in the
THz spectral range are a versatile tool to control the translational motion of crystal
electrons with a temporal resolution much shorter than one single oscillation pe-
riod of the carrier wave [Hub01, Kam13, Hoh15]. As THz photon energies are well
below typical electronic resonances in solids [Kam13], these phase-stable electromag-
netic waveforms can be used as precisely adjustable bias voltages. As their electric
field is only applied for a few femtoseconds, THz electric peak field amplitudes on
the order of atomic binding potentials can be reached without destroying the sam-
ple [Sel08]. In this high-field regime, exciting new coherent quantum phenomena like
field-induced phase transitions [Liul2], coherent control of dark excitons [Lei08], or
interband Rabi flopping [Miic0O1, Jun12] are observed.

Moreover, lightwave electronics might offer a way to increase computing capabilities
by a massive scale-up of clock frequencies. Utilizing the carrier wave of light as
an a.c. bias field to switch on and off electric currents would facilitate electronic
devices at optical clock rates. The finite band mass and ultrafast scattering in con-
ventional dielectrics, however, limit the velocity and the excursion of the accelerated
electrons. Thus, such lightwave electronic devices would still suffer from high en-
ergy losses. The material class of topological insulators bears the potential to solve
this dilemma. While these novel materials are insulating or semiconducting in their
bulk form, they feature conductive states on the surface with a Dirac-like energy
dispersion [Zha09, Xia09], and rather long scattering times compared to sub- or
few-femtosecond timescales usually present in semiconductors [Has10, Reil8b).

In this chapter, the electric field of intense single- and few-cycle THz waveforms
is used to ballistically drive Dirac electrons in the surface band of the topological
insulator bismuth telluride (BiyTes), while the dynamics is simultaneously traced

by time- and angle-resolved photoemission spectroscopy (ARPES), with subcycle
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resolution. The corresponding inertia-free surface currents reach peak densities of
28.3 A cm~! with ballistic mean free paths of several nanometers. By applying THz

1 even strong light-matter interac-

electric field amplitudes in excess of 1MV cm™
tion, involving lightwave-driven intraband and interband dynamics, can be resolved
directly in the band structure and on a subcycle timescale. For the first time, this
allows for the visualization of the microscopic electron dynamics that lead to non-
perturbative nonlinearities such as high-harmonic generation in solids and paves the
way to practical, topological-insulator-based lightwave electronic devices operating

at optical clock rates.

3.1 Lightwave-driven quasiparticle dynamics in

semiconductors

The way how a material responds to an external perturbation by a light field depends
critically on the frequency and on the intensity of the electromagnetic wave. In
general, once light is incident on a solid, its electric and magnetic field components
exert forces on the electrons and on the ion cores, which lead to a polarization of
the material [Boy03]. In the optical spectral region, the electric dipole interaction
is much stronger than the magnetic one. Thus, the optical response is dominated
by the Coulomb force

F.(t) =e-E(t), (3.1)

driven by the electric field component E(t) of the lightwave [Kam13]. For small
electron displacements within the atomic Coulomb potential landscape, the material
response scales linearly with the applied electric field and, consequently, is dominated
by the refractive index of the material [Boy03, Hecl7]. Yet, the development of
intense ultrashort laser sources opened up a completely new playground of light-
matter interaction. Without damaging the material, electric fields that can compete
with the inner atomic binding potentials of F, =~ 1VA™" can be applied for a
short amount of time [Die06]. As a result, carrier dynamics can be studied and
controlled on ultrashort timescales [Sch13, Lan16, Reil8b], and even field-induced
non-perturbative nonlinear optical phenomena such as high-harmonic generation
can be observed [Chi01, Ghill, Sch14, Hoh15, Lan17].
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

3.1.1 Light-matter interaction in the strong-field regime

Whereas for low electric field amplitudes it is appropriate to describe light-matter
interaction in a photon-like picture, in the so-called strong-field regime, where the
strength of the electric light field approaches the magnitude of intra-atomic poten-
tials, the lightwave is rather interpreted as a classical, quasi-static bias field [Kel65].
A well-established figure of merit that helps to separate these two regimes of multi-

photon processes and field-driven effects is the Keldysh parameter [Kel65]

MeFgap

— 3.2
B (3.2)

v=w
which relates the maximum electric field amplitude, Ej, and the angular frequency,
w, of the incident lightwave to the electronic resonance, gy, of the material. Here,
me and e are the electron’s mass and charge, respectively.

For a Keldysh parameter much greater than unity, v > 1, the ponderomotive energy
that the electron gains during lightwave acceleration is smaller than the resonance
energy. Thus, charges can only be excited across the band gap by absorbing one or
more photons simultaneously. In this scenario, which occurs for high frequencies and
low electric fields, the light-matter interaction has to be described as a multi-photon
process.

Conversely, for low frequencies and high electric peak fields, v < 1. In this regime,
the lightwave can be seen as a classical external bias field that spatially distorts
the potential landscape and field-driven effects taking place on a subcycle scale
dominate. As a result, electrons can gain sufficient energy in the electric field to
overcome Fg,, and tunnel through the forbidden band gap into empty states of the
conduction band. This phenomenon is known as Landau-Zener tunneling [Zen34,
Kel65].

While the electronic interband resonances of typical semiconductors are on the order
of a few electron volts [Grul0], electromagnetic radiation with a low center frequency
is required to obtain a Keldysh parameter significantly smaller than unity. Thereby,
in particular intense lightwaves in the THz spectral window with photon energies of
only a few meV are ideally suited to drive strong-field processes in a solid [Kam13].

Even in the vicinity of an external electric bias field, however, the electron motion is
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3.1 Lightwave-driven quasiparticle dynamics in semiconductors

also significantly affected by the material itself. Due to the periodicity of the crystal
lattice and the interaction with all other charged particles in the solid, the electron
wavefunction cannot simply be described by a plane wave as it is the case for a
free electron in vacuum. In a solid, the electron wavefunction also obeys the crystal

periodicity and can be described by delocalized Bloch waves of the form [Blo29]
\Ijn,k = un,k(r) ' eik~r’ (33)

where n denotes the band index, k the wave vector and r the position of the electron
in real space. These Bloch waves consist of a lattice-periodic part, u,x(r), and a
plane wave. The corresponding eigenstates, £,(k), of the system form continuous
energy bands known as the band structure of the material [Grol8]. Note, that k
indeed describes the motion of electrons in the solid, owing to the translational
symmetry of the crystal lattice, however, Ak is not the actual electron momentum,
but the so-called crystal momentum.

Also the shape of the energy band influences the response of the carriers to the
external electric field. More precisely, the real space velocity, v,, of the electron
within the band n is directly linked to the energy dispersion of the band by the
group velocity [Blo29, Zen34]

vy, = fli ViEn(k). (3.4)
Here, i = h/27 is the reduced Planck constant. For a given wave vector k, the elec-
tron moves with a constant velocity v,, even if no external electric field is applied.
Yet, in conventional undoped semiconductors, the highest occupied band, the so-
called valence band, is completely filled with electrons, whereas the lowest unoccu-
pied band, the conduction band, is completely empty. Thus, in equilibrium, there
are no mobile electrons that contribute to an electric current. Moreover, even if
electrons are excited across the band gap, the states in the conduction band are
symmetrically occupied, which cancels a collective charge transport.
In order to drive a charge current, an external electric field has to be applied, which
then generates an imbalance of occupied states with positive and negative wave

vectors. This acceleration of the crystal electrons is best described in reciprocal

25



3 Ballistic, lightwave-driven electron dynamics in topological insulators

space by Bloch’s acceleration theorem [Blo29]:

hE = —e E(1). (3.5)
The electric field, E(t), changes the crystal momentum, k, moving the electrons
continuously through the band structure (see Figure 3.1a). Once the electrons reach
the edge of the Brillouin zone, the Bloch wave gets Bragg-reflected and enters the
unit cell from the other side again. Without scattering, the electrons could continue
their motion and repeatedly traverse the Brillouin zone (see Figure 3.1a, blue and
red arrows). This periodic movement occurring both in reciprocal as well as in real
space is known as Bloch oscillations [Blo29, Zen34]. For a solid featuring a cubic
unit cell with a lattice constant of a, the period of the Bloch oscillation is given by
[Zen34]

B — h (36)

 eFuga’
Thus, a constant electric field F. can lead to an oscillating electron motion, that can
serve as a source of electromagnetic radiation [Lar97] at the frequency vg = 75", As
a result, Bloch oscillations have been proposed as an essential part of the generation
mechanism of high-order harmonics in solids [Gol08, Gol11]. Yet, Bloch oscillations
can cause high-harmonic generation only if the external electric field bias is strong
enough to non-resonantly excite a substantial amount of electrons from the valence
band into the initially empty conduction band. Furthermore, this lightwave-driven
interband polarization that is mediated by the dipole matrix element d., (see Fig-
ure 3.1b) can serve as source for radiation as well [Gol08, Golll, Sch14, Hoh15].

For quite some time it had generally been assumed, that Bloch oscillations could
never be observed in bulk semiconductors. The reason for that is the rapid Coulomb
scattering of dense many-body electron systems in semiconductors, which is on a
timescale of only a few femtoseconds [Bec88, Lei99, Vu04]. To reach the edge of
the Brillouin zone before the electrons scatter and destroy the coherence of the
system, one would have to apply d.c. electric fields that exceed dielectric break-
down voltages of conventional semiconductors. Thus, for many years, the quantum
mechanical phenomenon of Bloch oscillations could only be observed in artificial pe-

riodic structures like semiconductor superlattices [Fel92, Was93] or superconduct-
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Figure 3.1 | Lightwave-driven intraband acceleration and interband exci-
tation in a solid. a, Applying an external electric field leads to the acceleration
of electrons (blue sphere) and holes (red sphere) through the conduction band (CB)
and valence band (VB), respectively. At the edge of the Brillouin zone (BZE), the
carriers get Bragg-reflected and Bloch oscillations occur. Ej, band gap separating
valence and conduction band. b, In the strong-field regime, an external applied light
field can also induce non-resonant excitations from the valence band (VB) to the
conduction band (CB) (orange arrows). The transitions are mediated by the dipole
matrix element, d.,, and can occur at every point in the Brillouin zone, where d.,
is non-zero.

ing Josephson junction arrays [Del03]. The situation changed, however, since it
is possible to generate intense THz pulses with peak electric fields in excess of
108 MV cm™! [Sel08]. With a Keldysh parameter still smaller than unity, these in-
tense low-frequency waveforms drive large electron excursions in momentum space
within only a few femtoseconds before scattering occurs. As a consequence, a dielec-
tric breakdown can be avoided although the material is exposed to atomically strong
electric peak fields. Moreover, owing to the low photon energies, resonant absorption
in the system is strongly suppressed, which significantly limits the energy dissipa-
tion. In particular, intense, single-cycle or few-cycle THz pulses with an inherently
stable carrier-envelope phase facilitated the control of low-energy elementary excita-
tions in solids [Kam13, Sch19] and possess the potential for the observation of many

other elusive coherent phenomena [Sall9, Jun20]. For THz electric fields in excess
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

of IMVem™! e.g. a ballistic charge transport through a significant fraction of the
Brillouin zone of a bulk semiconductor is possible [KuelO]. Thus, the oscillating
electric field of intense THz waveforms is the ideal tool for lightwave electronics
[Ghill, Sch14, Vam14, Higl4, Hoh15, Lanl6, Lan17, Yos17, Haf18].

3.1.2 THz lightwave acceleration in semiconductors

An essential process in strong-field light-matter interaction is the purely field-driven
off-resonant excitation of carriers from one energy band to another [Bra00]. In bulk
semiconductors, this process can generate mobile electrons in the conduction band,
which can subsequently be accelerated by the lightwave (see Figure 3.1). Thereby,
the intraband acceleration and interband polarization are not only simultaneously
driven and continuously modified by the lightwave [Ros02], they are also closely
intertwined with each other. As a consequence, the emission of high-order harmon-
ics is governed by their complex interplay [Gol08, Golll, Vam14, Sch14, Lanl7],
whereas in the strong-field regime even the non-perturbative coupling of several en-
ergy bands has to be taken into account to correctly describe the microscopic carrier
dynamics [Hoh15].

In recent years, numerous experiments showed, that intense few-cycle THz pulses are
ideally suited to accelerate quasiparticles in solids [Hoh15, Lan16, Lan18b]. Thereby,
their oscillating electric field serves as an ultrafast bias voltage to drive intraband
currents on the femtosecond timescale and controls the translational motion of the
electron across the entire Brillouin zone. As a consequence, even in bulk semi-
conductors like gallium selenide, dynamical Bloch oscillations have been observed,
which manifest themselves in the emission of high-harmonics as shown in reference
[Sch14]. To show the capabilities of lightwave acceleration, these experiments shall
be briefly reviewed in the following.

The intense multi-THz transients used for ligthwave acceleration are generated by
means of difference frequency generation in a nonlinear gallium selenide crystal as
described in detail in paragraph 3.4.1. Figure 3.2a illustrates the electro-optically
detected multi-THz waveform with a center frequency of 30 THz, a pulse duration
of 109fs and an electric peak field amplitude of Fry, = 72MVem ™! = 0.72VA
The corresponding Keldysh parameter has a value of v = 0.13 [Lan14], which pro-
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Figure 3.2 | High-harmonic generation from bulk gallium selenide. a, THz
electric field, Erp,, recorded by electro-optic sampling with an gallium selenide
detector crystal with a thickness of 40 pm. The waveform features a peak electric
field amplitude of 72MV cm™!, a pulse duration of 109fs and a center frequency
of 30 THz. b, Electro-optically detected signal, Egos, after interaction with the
gallium selenide sample with a thickness of 220 pym under an angle of incidence of
70°. ¢, High-harmonics intensity spectrum, Iypg (red shaded area), emitted from
the gallium selenide crystal driven by the THz transient shown in a. The spectrum
features even and odd orders up to the 22nd harmonic. Black dashed line, high-
harmonic spectrum calculated by a five-band model based on the semiconductor
Bloch equations. PL, photoluminescence peak of gallium selenide. Data taken from
reference [Sch14].

vides the ideal platform for coherent quasiparticle acceleration [Gol08, Goll1]. This
atomically strong lightwave is now focused into a bulk crystal of the semiconductor
gallium selenide with a thickness of 220 pm. The transmitted waveform, Egog, de-
tected by electro-optic sampling in a silver gallium sulphide detector crystal with a
thickness of 100 pm (see Figure 3.2b) clearly differs from the incident THz waveform.
A Fourier analysis of this signal reveals, that the fundamental wave is superimposed
with newly generated frequency components originating from optical rectification
and the second harmonic of the driving field (see Figure 3.2¢c, left). Recording the
emitted radiation with spectrometers reveals odd and even high-order harmonics up

to the 22" order (see Figure 3.2c). Thus, the spectrum spans the entire THz-to-
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

visible spectral range and even shows orders above the fundamental band gap of the
semiconductor (marked with "PL" in Figure 3.2¢), which almost coincides with the
16" harmonic order. Covering in total 12.7 optical octaves from 0.1 to 675 THz,
this spectrum sets a new record bandwith for tabletop THz sources. The existing
plateau-like region in the high harmonics intensity spectrum is a hallmark of the
non-perturbative character of the underlying microscopic electron dynamics.

An elegant way of accurately describing lightwave-driven carrier dynamics in solids
are the semiconductor Bloch equations, which consider the full k-dependent band
structure of the material, the acceleration of the electron within one band, and the
coherent interband polarization driven by the light field [Kirl2]. Using the clus-
ter expansion approach also enables the implementation of many-body effects. In
order to appropriately describe the microscopic dynamics that lead to the high-
harmonic emission shown in Figure 3.2, our theory collaborators Ulrich Huttner,
Daniel Golde, and Stephan W. Koch from the University of Marburg, Mackillo Kira
from the University of Michigan, and Torsten Meier from the University of Pader-
born developed a full quantum mechanical model based on the semiconductor Bloch
equations, including three valence and two conduction bands to account for THz-
induced dynamical band mixing.

The black dashed curve in Figure 3.2 indicates the corresponding calculated high-
harmonic spectrum based on this five-band model. The calculation quantitatively
reproduces the experimentally detected spectrum with even and odd order harmon-
ics as well as their relative intensities especially in the plateau region. This excellent
agreement between experiment and theory further underlines the suitability of the
model to trace the microscopic electron dynamics that are driven by the intense THz
transient and lead to the emitted high-order harmonic radiation. Figure 3.3a shows
the calculated THz-induced carrier density, n (Figure 3.3a, red shaded area), in the
first conduction band on the timescale of the THz-driving field, Ery,, which has
an internal peak field amplitude of Epp, = 11MVem™! (Figure 3.3a, black solid
line). The number of electrons that are off-resonantly excited to the conduction
band peaks at the field crests of the THz driving waveform of negative polarity.
This is a direct result of the five-band model, which allows for coherent interband
transitions between several bands. Depending on the polarity of the excitation chan-

nel, the contributions can interfere either constructively, for negative field crests, or
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Figure 3.3 | Microscopic carrier dynamics accompanying the high-
harmonic generation in gallium selenide. a, Calculated carrier density in
the first-conduction band of gallium selenide, n, (red shaded area), on the timescale
of the THz driving field, Ery, (black solid line). A larger density of electrons is
generated at the negative field crests. b, Calculated temporal dynamics of the elec-
tron distribution in reciprocal space (color code) during high-harmonic generation
driven by the intense THz waveform shown in a with an internal peak electric field
of 11 MV em™!. The carriers are accelerated through the entire Brillouin zone per-
forming dynamical Bloch oscillations. Data taken from reference [Sch14].

destructively, for a positive polarity [Sch14, Hoh15]. Independent of the sign of the
driving field, the electrons are simultaneously accelerated in the conduction band
by the transient field bias of the multi-THz waveform as depicted in the contour
plot in Figure 3.3b. Under the influence of the large THz electric field of up to
Fri, = 11 MV em™, the electron wave packet, initially created close to the I'-point
in reciprocal space, is driven through the entire Brillouin zone. During the most
intense half cycles, the electrons are sufficiently accelerated to reach the edge of the

Brillouin zone, where they are Bragg-reflected and perform a complete Bloch cycle
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

within only a few femtoseconds. These all-coherent intraband dynamics involving
dynamical Bloch oscillations together with the coherent off-resonant interband exci-
tation can be identified as the driving mechanism behind the detected high-harmonic
emission.

The calculations impressively demonstrate that intense multi-THz transients are
able to coherently accelerate and redistribute carriers in a bulk semiconductor on a
subcycle timescale. Nonetheless, in this high-field regime of light-matter interaction,
the extent of lightwave-driven charge control is limited since the atomically-strong
electric fields drive an inseparable combination of inter- and intraband dynamics
with mutual interactions. To reach a higher level of control, it would be desirable to
disentangle these two processes without affecting the coherence of the light-matter
interaction. Indeed, this can be realized in a two-pulse experiment: first, an optical
pulse resonantly excites carriers above the band gap into a well-defined initial state.
An additional THz waveform then drives the intraband acceleration [Hoh15, Lan16].
Thereby, the electric field of the THz transient is adjusted such that the electron
wave packet is significantly deflected in momentum space, but Zener tunneling is
suppressed. With this scheme, specific resonances or quasiparticles in solids like ex-
citons [Chel4, Hoh15, Lan16], trions [Kir06] or dropletons [AH14] can be selectively
addressed. By systematically tuning the frequency and the electric field amplitude
of the driving THz waveform, it is even possible to all-optically probe the electronic

bands in reciprocal space by super-resolution lightwave tomography [Bor20).

3.1.3 Lightwave quantum control

Accelerating electrons through a solid not only changes their wave vector. In gen-
eral, also the lattice periodic part, u,k(r), of the Bloch wavefunction (see equation
(3.3)), which encodes the orbital structure of lattice atoms and thus comprises in-
ternal quantum attributes such as Berry curvature, the spin or valley pseudospin,
is k-dependent [Xial(O]. Thus, by changing the momentum of the crystal electrons,
also the electronic properties of the material can be altered. This, in turn, influ-
ences the electron dynamics itself and also leaves signatures in the optical readout
[Yan15, Banl17, Liul7, Youl7, Yos19]. Ultimately, these quantum attributes can also

be controlled by strong lightwaves as shown in references [Lan18b] and [Lan18a] for
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the valley pseudospin in a monolayer of the semiconductor tungsten diselenide.

Monolayers of transition metal dichalcogenides (TMDs) such as tungsten diselenide
are direct band gap semiconductors featuring a hexagonal Brillouin zone with two
inequivalent but degenerate band minima at their corners, which are known as K
and K’ valleys (see Figure 3.4) [Xial2, Xul4, Sch16]. In the vicinity of the K and K’
points in reciprocal space, the lattice-periodic part of the electronic wave function,
un (1), of the valence band mainly consists of contributions of the atomic 5d orbitals
of tungsten atoms, which have a magnetic quantum number m = 2 and m = -2,
respectively [Xuld]. Such a sign flip of the magnetic quantum number implies that
the wave functions at K and K’ are time-reversal pairs of each other. As the same
also holds for the conduction band wave functions at K and K’, the valleys can be
selectively addressed by circularly polarized light with opposite helicity (see Fig-
ure 3.4, yellow arrows) [Xial2, Xul4, Mak12, Jon13]. A spin-like quantity called the
valley pseudospin now describes, in which of the two degenerate valleys the electron
resides. Moreover, as the valley coherence is even conserved in steady-state photolu-
minescence experiments [Mak12, Jon13], this valley degree of freedom is suggested
as a promising information carrier for future quantum electronics [Sch16, Yel7]. In
Langer et al. [Lan18b], we now combined the advantages of this research field called

valleytronics with the concept of lightwave electronics: by utilizing the electric field
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

of an intense multi-THz waveform (see Figure 3.4, black arrow) as an ultrafast bias
voltage, previously photo-injected electron-hole pairs were accelerated from one val-
ley to the other (see Figure 3.4, red arrow), which effectively switches their valley
pseudospin on a subcycle timescale.

In this way, the coherent electron-hole pairs were excited by a near-infrared prepara-
tion pulse, which was resonantly tuned to the excitonic interband polarization of the
tungsten diselenide monolayer. Subsequently, a multi-THz transient with a center
frequency of vy, = 40 THz and a electric peak field amplitude of By, = 18 MV cm ™!
ballistically drove the excitonic polarization, which lead to a real-space accelera-
tion followed by a recollision of the constituent electron and hole [Kirl2, Lanl16].
These coherent dynamics resulted in the observation of so-called high-order side-
bands [Zak12, Lanl6] that accompany the excitonic interband resonance. As is
apparent from Figure 3.5a, the high-order sideband spectrum from the monolayer
(Figure 3.5, red shaded area) qualitatively differs from the one generated in the
tungstens diselenide bulk crystal (Figure 3.5, black shaded area). The different val-
ley pseudospin in the K and K’ valleys imparts different helicities on the sideband
radiation resulting from recombination in the respective valleys. This circumstance
breaks the symmetry for positive and negative THz field polarities and caused the
generation of the odd-order sidebands.

Now, to directly demonstrate that the valley degree of freedom can be completely
flipped by the THz waveform, a circularly polarized excitation pulse (see Figure 3.5b,
black dots) selectively excited electron-hole pairs into the K valley. If the electron-
hole recollisions predominantly occur in the same valley where they were injected,
the emitted high-order sideband emission is supposed to have the same helicity as
the near-infrared excitation pulse. Figure 3.5b shows the detected high-order side-
band intensity of the orders n = 4 to 7 as a function of the polarization angle, 6.
In stark contrast to the excitation pulse (Figure 3.5b, black dots), the measurement
revealed strongly elliptically polarized sidebands whereas the respective principal
axis were aligned at a large angle of 6, almost perpendicular to the THz driving
field. Here, the polarization axes of the multi-THz transient defines 6 = 0°.

Based on the semiconductor Bloch equations, a full quantum mechanical model that
describes the electron-hole recollision in the tungsten diselenide monolayer includ-

ing also many-body correlations was developed by Peter Hawkins, Ulrich Huttner,
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Figure 3.5 |Lightwave valleytronics in monolayer tungsten diselenide.
a, High-order sideband intensity, Ilysg, measured from bulk (thickness 60pm,
black) and monolayer tungsten diselenide (red) driven by a multi-THz transient
with a center frequency of vry, = 40 THz and a electric peak field amplitude of
FErh, = 18 MV em ™. The monolayer spectrum features even- and odd-order side-
bands with comparable intensities. The frequency axis of the bulk spectrum has been
shifted by 9 THz owing to the different excitation frequencies. b, Measured high-
order sideband intensity, Iysg, of individual sideband orders (colored data points)
as a function of the polarization angle, 6. Electron-hole pairs are selectively excited
in the K valley by a resonant, circularly polarized near-infrared excitation pulse
(black data points). The THz-driving field has a center frequency of vy, = 40 THz
and a electric peak field amplitude of Erg, = 23MVem™. ¢, d, e, Calculated co-
herent electron-hole polarization, py, in reciprocal space (color code). The coherent
electron-hole pairs are initially injected at the K point. The multi-THz waveform
(inset, Ern, = 23MV cm™!) ballistically accelerates the quasiparticles towards the
K’ point and thereby allows for a control of the valley pseudospin. Employing a 5-fs
excitation pulse leads to a intervalley transfer of 96 %, demonstrating a complete
flip of the valley pseudospin on a sub-cycle timescale. Black lines, unit cell. Data
taken from [Lanl8b].
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Johannes T. Steiner and Stephan W. Koch from the University of Marburg and
Mackillo Kira from the University of Michigan. The quantum mechanical com-
putations in two dimensions quantitatively reproduce the polarization state of the
sideband orders and connect it with a coherent lightwave-driven intraband transport
from the K to the K’ valley. This ultrafast intervalley transport leads to a superposi-
tion of high-order sideband radiation of both valleys contributing opposite helicities
to the overall sideband emission. Thus, the ellipticity of the resulting polarization
is a measure of the yield of the intervalley transfer, whereas the orientation of the
principal axis is set by the relative phase of the wave functions in the K and K’ val-
ley. The fact that the different orders peak at slightly different polarization angles
could be attributed to different dynamical and geometric phases the electron-hole
pairs acquire during the lightwave acceleration in a band [Banl7, Youl7].

For a clear visualization of the the lightwave-driven intervalley transport, the co-
herent, two-dimensional electron-hole polarization, py, which is proportional to the
density of coherent electron-hole pairs, was calculated in reciprocal space (see Fig-
ure 3.5¢,d,e). Near a zero-crossing of the THz driving field (see Figure 3.5¢, in-
set), the electrons and holes reside in the vicinity of the K point, where they were
injected. The following half cycle accelerates the quasiparticels towards larger k
values, whereas py spreads into the K’ valley within only a few femtoseconds (see
Figure 3.5d). As the polarization in the K valley is continuously refilled by the circu-
larly polarized near-infrared excitation pulse, the coherent electron-hole polarization
still peaks in the K valley. Nonetheless, a significant fraction of electron-hole pairs
is transferred to the K’ valley, which leads to the observed elliptical polarization
of the optical readout (see Figure 3.5b). Calculations of py for a THz peak electric
field of By, = 23 MV ecm ™! and a much shorter near-infrared preparation pulse with
a duration of 5fs, which excites electron-hole pairs at a well-defined phase of the
THz carrier wave, even lead to a transfer rate of 96 % (see Figure 3.5¢). This was
the first demonstration of lightwave-driven valley pseudospin flipping on sub-cycle
timescales.

In conclusion, these experiments proved that lightwave acceleration can also be used
to control internal quantum attributes of the crystal electrons, which are encoded in
the lattice periodic part u, k(r) of the Bloch wave function. Thus, lightwave electron-

ics may lead to electronic devices at optical clock rates and furthermore bears the
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potential to enable quantum logic operations at ultrafast timescales. Nonetheless,
so far the finite band mass and ultrafast scattering in conventional semiconductors
limit the velocity and the excursion of the accelerated electrons and hampers the
development of actual lightwave-driven electronic devices. In the following section,
the material class of topological insulators is introduced, whose peculiar electronic
properties open up a realistic parameter space for dissipation-free lightwave-driven

electronic devices operating at optical clock rates.

3.2 Topological insulators: platform for lightwave

electronics

With their exceptional electronic properties, the material class of topological in-
sulators provides interesting and exciting perspectives for the whole research field
of lightwave electronics [Has10, Tok17]. Whereas these materials are insulating or
semiconducting in their bulk form, the surface exhibits conductive states that are
protected by time-reversal symmetry [Kanll, Van18]. Moreover, these surface states

feature a linear, Dirac-like energy dispersion. In the case of three-dimensional topo-

Figure 3.6 | Topologically protected
surface state of three-dimensional
topological insulators. The Dirac
cone, characteristic for the Dirac like dis-
persion of the surface state of topologi-
cal insulators, is filled up to the Fermi
level (blue). Due to the helical spin
texture (orange arrows), direct electron
backscattering in the surface band is for-
bidden (red arrow).

67
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logical insulators like BiyTes, this leads to a Dirac cone at the I'-point in reciprocal
space (see Figure 3.6) [Fu07b, Zha09].

The existence of these surface states is guaranteed by the topology of the band struc-
ture, which makes them robust against defects or non-magnetic impurities [Has10].
In addition to that, so-called spin-momentum locking leads to a helical spin tex-
ture in the Dirac cone (see Figure 3.6, orange arrows) [Hsi09]. Owing to this cou-
pling of the propagation direction of the electrons and its spin state, charges in the
topological surface state are expected to have rather long scattering and dephasing
times compared to the few-femtosecond timescales usually present in semiconduc-
tors [Hajl12, Reild].

These properties render topological insulators the ideal material platform for ul-
trafast low-loss electronics and applications in quantum computing [Tok17]. Be-
sides that, also other fascinating phenomena such as Floquet-Bloch states [Wan13,
Mah16], Dirac plasmons [Di 13], Majorana fermions [Fu08] or strong optical nonlin-
carities [Giol6] are associated with this novel state of matter. In the following, the
theoretical foundations of topologically protected surface states are briefly summa-
rized. After that, the structural and electronic properties of the three-dimensional
topological insulator BisTes, that is used for the experiments presented in this chap-

ter, are studied in detail.

3.2.1 Concept of topologically protected states

The state of a material is commonly characterized by the underlying symmetries
and order parameters [Vanl8]. The lattice periodicity of the crystal lattice, for ex-
ample, leads to the formation of continuous energy bands and an energy gap, that
separates the occupied valence band and unoccupied conduction band of an intrin-
sic semiconductor or insulator (see Figure 3.7a) [Grol8]. As described by Landau’s
theory [Lan37|, a phase transitions can be classified by the broken symmetries in the
different states. Thus, changing the symmetry of a crystal structure can drastically
alter its electronic properties. In particular in the regime of strong light-matter in-
teraction, optical nonlinearities depend crucially on the crystal orientation [Boy03],
which can also be detected in the optical readout [Lanl7, Lan18b].

The inherently broken symmetry at the sample surface can lead to the emergence of
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Figure 3.7 | Electronic states of matter. a, In an intrinsic semiconductor or
insulator, the crystal electrons are localized around their atomic cores (left, red
dots). The valence (VB) and conduction band (CB) are separated by an energy
gap, Fgap. b, In the quantum Hall effect, a magnetic field, B, oriented perpendicular
to a two-dimensional electron gas, forces the electrons on circular orbits (left, black
circles). At the sample boundary, skipping cyclotron orbits (left, red circles) emerge,
leading to a conducting edge state that connects the valence band and the conduction
band. c, For the quantum spin hall effect or a two-dimensional topological insulator,
metallic, spin-polarized edge states emerge. d, In a three-dimensional topological
insulator, conducting edge states support an electronic motion in any direction (left,
black arrows). The orientation of the electron spin (red arrows) is coupled to the
momentum, k, of the electron. The dispersion of the surface state has a Dirac-cone
structure. Adapted from reference [Kanl11].

surface bands as already described by Shockley [Sho39]. The states that emerge
on the surface of topological insulators, however, have a different origin: they
occur as a result of a change of the topological order parameter at the inter-
face [Kos73, Has10, Vanl18]. Thereby, the categorization of a material according to
its topological phase rather refers to protected symmetries, which allowed a descrip-
tion of the quantum Hall effect [Von80, Tho82]. Here, a two-dimensional electron
gas is placed in a strong out-of-plane magnetic field, B (see Figure 3.7b). Owing to
the Lorentz force, the electrons perform a circular motion with a fixed rotational di-

rection (Figure 3.7, black circles) [Dav09], which leads to the formation of quantized
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Landau levels that can be viewed as a band structure of the system [Has10, Kan11].
Thus, inside the two-dimensional electron gas, the situation is pretty similar to an
ordinary insulator, where the electrons are localized around their atomic cores and
the occupied and empty states are separated by an energy gap (see Figure 3.7a). At
the edge of the system, however, the orbits are interrupted as the electron hits the
boundary. This results in so-called skipping orbits as shown in Figure 3.7b and leads
to the formation of a conducting edge channel that lies in the bulk band gap [Has10].
Owing to the external magnetic field, electron transport in this conducting channel
is only allowed in one direction. Thus, there are no states that support propaga-
tion in the opposite direction, which makes these states insensitive to disorder or
defects [Has10]. This is also apparent from Figure 3.7b, where for an edge state with
momentum Ak, there is no state with the same energy at —hk. The electrons in this
edge channels can propagate without dissipation and exhibit a quantized, so-called
Hall conductance which is proportional to a topological invariant, the Chern number
of the system, that uniquely characterizes this quantum Hall state [Grol8, Van18§].
In quantum spin Hall insulators, which have been theoretically proposed in 2005
[Kan05], the role of the strong magnetic field is taken by spin-orbit coupling [Kan11].
This links the intrinsic angular momentum of the electron with its orbital motion
and leads to a strong spin- and momentum-dependent force in these materials that
mimics the Lorentz force induced by an out-of-plane magnetic field. Similar to the
quantum Hall state (see Figure 3.7b), this leads to quantized energy states and a
band gap separating the occupied and empty bulk states (see Figure 3.7c). As the
sign of the spin-orbit force, which acts on the electrons, depends on their spin ori-
entation, the resulting metallic edge states in the bulk band gap are spin-polarized
[Kan05, Grol8]. In other words, spin "up’ and spin ’"down’ electrons are propagating
in opposite directions (see Figure 3.7c. left). Thus, the quantum spin Hall effect
can be interpreted as two copies of the quantum Hall effect [Qil0]. Due to the
absence of a magnetic field, however, time-reversal symmetry is not broken in the
quantum spin Hall state. Consequently, a spin-up electron with momentum hk, that
scatters at a non-magnetic impurity, is converted into a spin-down electron at —hk.
Spin-momentum locking strongly suppresses any backscattering and allows for a
dissipationless, spin-polarized transport in the edge channels. The time-reversal in-

variance in quantum spin Hall insulators also implies, that the two edge channels are
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3.2 Topological insulators: platform for lightwave electronics

Figure 3.8 | Kramers theorem in
CB CB time-reversal invariant states.
a, Electronic dispersion between two
boundary Kramers degenerate points
located at k = 0 and k = 7/a, where a is
Er the lattice constant of the crystal. The
number of surface states crossing the
Fermi energy, Ep, can be either a even
or b odd. An odd number of crossings
VB VB leads to topologically protected edge
mwa O T/a states that are connecting the bulk
Wavevector, k valence (VB) and conduction (CB)
band. Adapted from reference [Has10].
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so-called Kramers pairs. In particular, the Kramers’ theorem states, that the edge
states have to be twofold degenerate at the time-reversal invariant momentum points
(TRIM) at & = 0 and k = 7/a in reciprocal space (see Figure 3.8) [Kan05, Has10].
Here, a is the lattice constant. Away from these points, the degeneracy is lifted by
the spin-orbit interaction, which allows for two different ways to connect the TRIM
points: (i) the edge states intersect the Fermi level, Ep, in one half of the Brillouin
zone an even number of times, and consequently no conducting states connect the
bulk valence and conduction band (see Figure 3.8a). (ii) the Fermi level, Ef, is in-
tersected between the two TRIM points an odd number of times (see Figure 3.8b).
In this case, conducting quantum spin Hall edge states exist, that connect the bulk
valence and conduction band. The nature of this time-reversal invariant system can
be characterized by the Z, topological invariant [Has10, Vanl8, Grol8]. As a fun-
damental consequence, at the interface of two materials with different topological
Zo invariants gapless states that are topologically protected must exist. Therefore,
quantum spin Hall insulators are also referred to as two-dimensional topological in-
sulators [Qil10, Has10].

Although spin-orbit coupling is present in every material, not all of them are topolog-
ical insulators. Nonetheless, recent studies showed that about 30 % of all materials in
nature are topological [Verl9, Zhal9]. Especially compounds composed of elements
with a large atomic number like mercury (Hg) or bismuth (Bi), exhibit a large spin-

orbit interaction, which can lead to nontrivial topological phases [Has10, Grol8]. So
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

already one year after the discovery of the quantum spin Hall state [Kan05] in 2006,
the realization of topologically protected edge states in mercury telluride-cadmium
telluride semiconductor quantum wells has been proposed [Ber06], which could be
experimentally confirmed in 2007 [Kén07]. Thereby, the occurrence of these con-
ducting edge states in these systems is based on a band inversion.

In cadmium telluride, the conduction band has a s-like symmetry, whereas the va-
lence band is mainly composed of contributions from electronic p-orbitals [Qil0].
Since the spin-orbit interaction in heavy elements like mercury, tellurium or bis-
muth, is so strong, the trivial band ordering of the valence and conduction band
is inverted and the p-like band lies above the s-like band. By placing a sheet of
mercury-telluride with an inverted band structure between two layers of cadmium
telluride with an ordinary band ordering, metallic states have to emerge at the inter-
face that connect the two band structures with each other [Qil0, Has10]. Thereby,
the two edge channels allow for a dissipationless spin-polarized charge transport,
whereas the layers themselves show no conductance [Kén07, Grol8].

As illustrated in Figure 3.7c the two spin-polarized edge states of a two-dimensional
topological insulator that cross at the TRIM point (see Figure 3.8b) at k = 0 feature
a linear dispersion relation, similar to massless Dirac fermions in quantum field the-
ory [Qil0]. Thus, the Dirac equation can also be used to describe the quantum spin
Hall states, which also allows for a generalization to three dimensions [Zha09]. This
three-dimensional topological insulator is then characterized by four Zs topological
invariants [Van18| and the surface states are forming a topologically protected two-
dimensional conducting layer that allows for an electron motion in any direction.
The dispersion relation has the shape of a Dirac cone (see Figure 3.7d), whereas the
TRIM point is at the tip of the cone [Qil0]. Again, owing to the conserved time-
reversal symmetry, electrons with momentum Ak and —hk need to have opposite
spin orientations [Has10]. Thus, the spin of the electron rotates with k around the
Fermi surface (see Figure 3.7d) leading to a helical spin texture.

Spin-momentum locking, which suppresses electronic backscattering, together with
the Dirac-like dispersion (see Figure 3.6) suggesting a very high Fermi velocity render
three-dimensional topological insulators the ideal platform for minimally dissipative,

lightwave-driven electronic applications.
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3.2.2 The three-dimensional topological insulator BisTe;

The first theoretically predicted three-dimensional topological insulator has been the
semiconducting alloy bismuth antimonide Bi;_,Sb,, which is supposed to exhibit a
topological character in a special range of x [Fu07a]. And indeed, ARPES exper-
iments have verified that this compound exhibits an odd number of surface states
that are crossing the Fermi energy [Hsi08]. However, the surface structure turns
out to be rather complicated and the bulk band gap is smaller than 20 meV [Jai59].
Thus, there has been an extensive search for large-gap stoichiometric materials that
feature topologically protected states with no alloying disorder [Xia09].

Based on theoretical predictions [Zha09], the so-called second generation of three-
dimensional topological insulator materials including the pure compounds BisSes,
SbyTes and BisTes was discovered [Moo09]. It tuns out that these materials have
a relatively large bulk energy gap on the order of 100 - 300 meV and feature a sin-
gle gapless Dirac cone in the center of the surface Brillouin zone [Zha09, Xia09].
This significantly increases the potential for practical electronic applications as
topological effects might even be observed at room temperature and zero magnetic
field [Che09, Has10].

The semiconductor compound BisTes, which is used for the experiments in this chap-
ter, shows a strong spin-orbit interaction and features a thombohedral D3, (R3m)
crystal structure with the lattice parameters a = 4.386 A and ¢ = 30.497 A [Nak63).
The unit cell consists of five atomic layers arranged along the crystallographic z-
axis as Te-Bi-Te-Bi-Te quintuple layers (see Figure 3.9a) [Zha09, Yav11]. Each layer
exhibits a triangular lattice structure (see Figure 3.9b), which can be classified ac-
cording to the atomic position as A, B, or C. As indicated in Figure 3.9c, within
a quintuple layer, two tellurium (gray spheres) and two bismuth (bronze spheres)
atoms are equivalent, the central tellurium atom acts as the inversion center of
the structure [Zha09]. Whereas the atomic layers are covalently bonded, adjacent
quintuple layers interact only weakly and are separated by a van der Waals gap.
Thereby, the quintuple blocks have a height of ~ 1nm and feature a hexagonal
symmetry (see Figure 3.9b). Note that the weak van-der-Waals bonding between
adjacent quintuple layers, allows for the preparation of clean surfaces by mechanical

exfoliation as described further below.
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

Figure 3.9 | Crystal structure of the topological insulator Bi;Te;. a, The
BiyTes crystal consists of single quintuple layers (QL), which are separated by a
van der Waals gap. Within one layer, the alternating layers of tellurium (gray
spheres) and bismuth (bronze spheres) are covalently bound together. b, Top view
of a quintuple layer along the crystallographic z-direction showing the hexagonal
lattice structure of the BiyTes crystal. Atoms residing in the same crystal plane are
connected by dashed lines. a, lattice constant of BisTes. ¢, Side view of a quintuple
layer. Along the crystallographic z-direction the stacking order of the tellurium and
bismuth layers is ABCAB. The respective crystal planes are indicated by the dashed
lines.

In analogy to the two-dimensional topological insulator mercury telluride, the topo-
logically nontrivial nature of BiyTes results from a reversed band order close the
Fermi energy. In particular, the strong spin-orbit interaction in combination with
chemical bonding and crystal-field splitting causes an inversion of the bulk conduc-
tion and valence band at the I'-point in reciprocal space [Zha09]. This band inversion
can be associated with a nontrivial Z, invariant and results in gapless, topologically

protected surface states at the interface to a trivial insulator with an ordinary band
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Figure 3.10|Brillouin zone and calculated band structure of Bi,Te;.
a, Brillouin zone of the three-dimensional topological insulator BisTes with a
D3, (R3m) crystal structure. The high-symmetry points of the three-dimensional
bulk are connected by blue solid lines. The two-dimensional Brillouin zone of the
(111) surface with the high-symmetry points I', M, and K is shown in red. Gray
dashed lines, projections from bulk to surface. Adapted from reference [Zha09].
b, Electronic structure, E, of Bi;Tez as a function of the in-plane momentum, kj,
calculated by density function theory considering five quintuple layers. A single
surface state at the I-point in reciprocal space (red solid line) disperses in the bulk
band gap. Gray shaded area, bulk band projections.

ordering. Figure 3.10a shows a schematic illustration of the Brillouin zone of the
BiyTez bulk crystal (black solid lines) as well as the two-dimensional Brillouin zone
of the (111) surface (red solid lines) studied in the experiments in this chapter. The
surface Brillouin zone features a hexagonal structure with the high-symmetry points
T', M, and K. The corresponding electronic structure of BisTes obtained by density
functional theory calculations considering five quintuple layers is presented in Fig-
ure 3.10b. The calculations are performed by our collaborator Suguru Ito from the
University of Marburg using the Quantum ESPRESSO software [Gia09].

The topological surface state forming a single Dirac cone at k£ = 0, is apparent in
the bulk band gap (see Figure 3.10b, red solid line). Thereby, the spin-polarized

bands cross at the I-point in reciprocal space, whereas the Dirac point is ~ 180 meV
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

below the Fermi level, Er. The energy dispersion of the surface states close to Ep
can be approximated by
E(k) = +hoplk|, (3.7)

where vp is the Fermi velocity defined by the slope of the band. Along the high-

L and

symmetry directions I'-K and I-M, the Fermi velocity is vp = 4.1 - 10° ms~
vp = 3.4 - 10° ms™!, respectively. This is in agreement with the values experimen-
tally obtained in section 3.4.3. With a bulk band gap of ~ 150 meV [Mic14], topo-
logical behavior should be observed even at room temperature [Che09, Has10].
Although BiyTes is supposed to be insulating in its bulk form, previous experiments
revealed an intrinsic n-doping owing to charged tellurium vacancies [Wiel6, Che09].
As a consequence, the Fermi level lies above the Dirac point in the bulk band gap
and the occupied topological surface states can be studied by photoemission experi-
ments. Thereby, spin-polarized ARPES has demonstrated the peculiar spin-texture
of the Dirac cone (see Figure 3.6 and references [Hsi09, Kurl6)).

Moreover, owing to the spin-momentum locking, the decay time of electron dynamics
in topological insulators is on the order of & 1 ps [Haj12, Reil4]. For a Fermi level in
the bulk conduction band, scattering times of up to 400 ps are observable [Sum17].
In this case, no electron-hole pairs can be generated, which significantly reduces the
amount of decay channels. In addition to that, both electron-electron scattering,
which is very efficient in metals [Ech04], and electron-phonon scattering is strongly
suppressed in the topologically protected surface band due to the linear dispersion
and spin-momentum locking [Reil4]. The resulting extremely long scattering times
in combination with the Dirac like energy dispersion of the topological surface states
in BiyTes, allow for the observation of ballistic carrier dynamics driven by intense
THz waveforms as shown in section 3.3.2 and 3.4.

The BisTes samples used for the experiments of this chapter are fabricated by the
modified Bridgman method [Kok14]. By choosing an appropriate solidification con-
dition, a gradation in the carrier concentration was realized in an ingot naturally
forming a p-n junction. As the surface sensitive photoemission experiments require
a clean and well-ordered surface, the BisTes sample is cleaved in situ by the Scotch
tape method [Nov05, CG14] in ultra-high vacuum at a pressure of only 4-10~!* mbar.

The sample orientation was determined by low-energy electron diffraction.
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3.3 Subcycle observation of THz-driven Dirac

currents in BisTe;

To reveal the unique electronic properties of the topologically protected surface
states of compounds like BiyTes, an experimental probe that couples mainly to
the surface is indispensable. Electron spectroscopy already proved to be the ideal
tool to probe electronic states in the surface region [Hiif03, Kanll1]. In particular,
angle-resolved photoelectron spectroscopy facilitated the experimental verification
of the first three-dimensional topological insulators [Hsi08]. Now, by combining
this technique with the concept of lightwave acceleration, for the first time, THz-
driven electron dynamics of Dirac fermions can be directly traced in the topological
surface state of BisTesz and on a subcycle timescale. The results open a new chapter
in lightwave electronics, where currents induced with optical carrier waves can be

directly traced in the band structure itself.

3.3.1 Band structure mapping by angle-resolved

photoelectron spectroscopy

The band structure of a solid describes the crystal electrons’ nontrivial energy-
momentum relation and governs their key physical and electronic properties. En-
ergy gaps, for example, distinguish insulators from metals whereas the band slope
sets the velocity of the crystal electrons [Grol8|. Thus, a full reconstruction of the
energy bands is crucial for both fundamental materials sciences and applications.
With angle-resolved photoelectron spectroscopy (ARPES) the occupied part of band
structures can be mapped out by measuring the kinetic energy of photoemitted elec-
trons as a function of their momenta [Dam04, Huf03].

The basic mechanism behind this experimental technique is the photoelectric ef-
fect, that was first reported by Hertz back in 1887 [Her87] and was conclusively
explained by Einstein [Ein05]. According to the photoelectric effect, electrons can
be liberated out of a solid by absorbing a high-energy photon with a sufficiently large
energy, Fy, = hv, where v is the frequency of the lightwave. Figure 3.11a shows
the schematic energy diagram of this photoemission process. A crystal electron is

excited from an initial state, E;, below the Fermi level, Ey, to a final state, E;, above
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

the vacuum level, F, [Hif03, Wei02]. According to the energy conservation law,
Ei—FE, = hv (3.8)

by detecting the kinetic energy of the photoreleased electron, Fi;,, with an electron
energy analyzer, the initial energy, Ej, relative to the Fermi level, can be determined
by

E; = Ep + By — hv + @. (3.9)

Here, ® is the work functions of the material. The intensity of the photoemission
depends on the density of states of the initial and final state as well as their dipole
matrix elements [Pen76, Hif03]. Therefore, the detection of the kinetic energy spec-
trum of the photoemitted electrons allows for the determination of the electronic
band structure of the solid. Moreover, as the mean free path of electrons with en-
ergies between 10eV and 100€V inside a solid is typically below 1nm [Sea79], the
photoelectron spectroscopy is inherently surface sensitive, which makes it ideally
suited to study the nature of the topological surface states of three-dimensional
topological insulators.

During the photoexcitation process, the momentum conservation law is valid [Dam04]:
hk¢ — hk; = hkpp, (3.10)

where hk¢ is the momentum in the final state and Ak; denotes the crystal momentum
of the electron inside the material. hkpy, is the momentum of the incoming photon.
For photon energies below 100 eV, which are typically used for ARPES, Ak, is much
smaller than the characteristic Brillouin zone dimension of a solid [Dam04]. Thus,
it can be neglected in the photoemission process and hky — hk; = 0. The absolute

value of ky = k can be derived from the measured kinetic energy,

1
k| = 7V 2me Exin. (3.11)

As a consequence of the abrupt potential change at the sample surface, the electron
momentum perpendicular to the sample surface, k,, changes during photoemis-

sion [Hif03]. In contrast, owing to the translational symmetry in the surface, the
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Figure 3.11 | Angle-resolved photoelectron spectroscopy (ARPES). a, En-
ergy and momentum conservation upon photoemission. A high-energy photon, hv
(blue), excites an electron from an initial state, Ej, below the Fermi level, Fg, to the
final state, Ef, above the vacuum state, E,. Depending on the binding energy in the
solid, the photoemitted electron features a specific kinetic energy, Ey;,. ® indicates
the work function of the material. During this process, the parallel momentum,
k|, of the electrons emitted from the sample (S) is conserved. The perpendicular
component, k,, changes according to the energy conservation law. The electrons are
emitted upon the angle, 6, relative to the surface normal with the momentum, k.
b, Angle-resolved photoemission spectrum, Ip, of BiyTes along the I'-K-direction for
a excitation light pulse with a photon energy of 6.42eV. The topologically protected
surface state (TSS) exhibiting the characteristic V-shaped dispersion is located in
the energy gap between the bulk valence band (VB) and conduction band (CB).
The surface state is filled up to the Fermi level (gray dashed line) that lies 200 meV
above the Dirac point (DP). White solid line, topological surface state calculated
by density function theory considering five quintuple layers; gray shaded area, bulk
band projections (see also Figure 3.10b).

momentum parallel to the surface, k), is conserved. Thus, by measuring the emis-
sion angle, 6, the parallel electron momentum of the crystal electron inside the solid

at the time of the photoemission can be determined:

1
k| = |k|sinf = ﬁ\/QmeEkin sin 6. (3.12)
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

By detecting the kinetic energy spectrum of the photoemitted electrons in an angle-
resolved fashion, it is possible to simultaneously track the in-plane wave vector, kj,
of the electrons as well as their initial binding energy, E;. This reveals the complete
energy dispersion relation of the electrons inside the solid, which is their band struc-
ture [Dam04, Hif03].

Figure 3.11b shows the angle-resolved photoemission spectrum, Ip, of the three-
dimensional topological insulator Bi;Tes along the crystallographic I-K-direction
recorded with a photon energy of hv = 6.42eV. In agreement with density func-
tional theory calculations (see also Figure 3.10b and reference [Zha09]), gapless
surface states emerge at the I'-point in reciprocal space, where the parallel momen-
tum, kj|, is zero. The energy-momentum map shows both the topologically protected
surface state with the characteristic Dirac-like dispersion as well as the bulk valence
band. The unoccupied conduction band is not visible in the experiment. The Fermi
energy lies in the bulk band gap and 200 meV above the Dirac point. The linear
dispersion of the surface state indicates a Fermi velocity of vp = 4.1 A fs~! in quanti-
tative agreement with theory calculations (Figure 3.11b, white solid line). Owing to
the spectral bandwidth of the excitation light pulse, the photoemission maps feature
a finite energy resolution, which leads to a broadening of the energy bands.

The measurements demonstrate the capabilities of ARPES, that allows for impres-
sive insights into the electronic structure of solids. An interesting perspective is
to combine photoemission with light excitation or lightwave acceleration. In this
way, also the previously unoccupied states can by dynamically mapped out, which

enables a complete characterization of the electronic structure of the material.

3.3.2 Subycycle videography of THz-driven Dirac currents

By utilizing ultrashort laser pulses, time-resolved ARPES has been able to trace
the dynamics of photoinjected currents at surfaces as a small imbalance of carri-
ers moving in opposite directions [Gtid07]. In topological insulators, ARPES has
been utilized to reveal light-induced Floquet states [Mah16] and interband transi-
tions [Kurl6]. Furthermore, attosecond metrology has been able to measure subcycle
time delays in the momentum-integrated photoemission from surfaces [Nepl5]. In

the following, the electric field of intense THz pulses with a center frequency of
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Figure 3.12| Concept of subcycle
THz ARPES Electrons (blue sphere)
in the topologically protected surface
state of BigTes (crystal lattice, bronze
spheres, Bi atoms; gray spheres Te
atoms) are accelerated by an intense,
linear s-polarized THz field, Ery, (red
waveform) and subsequently photoemit-
ted by an ultrashort p-polarized UV
pulse (violet). The kinetic energy, Eyin,
and emission angle, 0, of the liberated
electrons are measured by a hemispher-
ical electron analyzer to determine the
binding energy and the parallel momen-
tum £y of the electrons in the topological
surface band along the I'-K-direction.
The plane of incidence (z-z-plane) is in-
dicated by a transparent rectangle.

1THz is used to drive coherent intraband dynamics in the topological surface state
of BigTes. The results, which have been published in Nature [Reil8b] and discussed
in detail in reference [Reil8al, are briefly reviewed in this section to set the stage
for the novel experiments presented in section 3.4.

The single crystal of Bi,Tes, which is oriented along the I'-K-direction, is kept in an
ultrahigh-vacuum chamber in order to retain a clean and well-ordered surface. To
accelerate the Dirac fermions in the topological surface band, a strong THz electric
field, Ern,, with a center frequency of 1 THz, that is linearly polarized parallel to
the sample surface, is focused onto the BisTes crystal (see Figure 3.12). More specif-
ically, according to Bloch’s acceleration theorem (see equation (3.3)), the electron
occupation is supposed to be shifted in momentum space along the field direction.
Simultaneously, the transient electron distribution in momentum space is probed
by time- and angle-resolved photoelectron spectroscopy. For this purpose, a time-
delayed ultraviolet (UV) laser pulse (see Figure 3.12, violet pulse) with a pulse du-
ration of 100 fs and a center wavelength of 201 nm is used to photorelease electrons
out of the sample surface. With the help of an electrostatic hemispherical electron

analyzer equipped with a charge-coupled device detector, the kinetic energy, FEiiy,
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of the photoemitted electrons is recorded as a function of the emission angle, 6. In
this way, the relation between the energy, Ei,, and the in-plane momentum, A,
of the crystal electrons inside the material can be determined as demonstrated in
the previous section. On their way to the detector, the photoemitted electrons also
interact with the THz field in the vacuum, such that the apparent band structure
is effectively offset in energy and momentum. Since the duration of the ultraviolet
probe pulse is much shorter than the oscillation period of the THz driving field,
this streaking effect can be used to sample the electric field close to the surface as
explained in greater detail in section 3.4.2.

The electric field of the s-polarized THz pulses is oriented along the y-direction in
which our electron analyzer detects the electron momentum, hk,. Whereas the mo-
mentum streaking is used to directly probe the instantaneous THz electric field (see
Figure 3.13d, e, f and section 3.4.2), the s-polarized, in-plane electric field compo-
nent may effectively accelerate electrons in the topologically protected surface band
before they are photoemitted.

Figures 3.13a, b and ¢ show snapshots of photoemission spectra for three characteris-
tic delay times, ¢, and a THz electric peak field amplitude of Ery, = 2.4 & 0.5kV cm ™!,
Before the arrival of the THz transient at t = —1.86 ps (see Figures 3.13a), the left
and the right branch of the Dirac cone are occupied up to the same Fermi energy, Fr,
which is &~ 200 meV above the Dirac point. The corresponding Fermi momentum is
kg = 0.075 A™". The characteristic V-shaped dispersion proves the presence of the
quasirelativistic topological surface state with a Fermi velocity of vp = 4.1 A fs~1.
When the THz field is applied, the occupation becomes asymmetric as is apparent
from Figures 3.13b and c taken at a delay time ¢ = 0.14 ps slightly after the positive
THz field maximum and ¢ = 0.64 ps right after the negative crest, respectively. The
opposite shift of the population for opposite THz field polarity hallmarks an ultra-
fast displacement of the Fermi circle in momentum space. This represents the first
direct observation of electron currents driven by the carrier wave of an ultrashort
electromagnetic pulse in the band structure of a solid, in general, and of Dirac cur-
rents, in particular.

Microscopically, the transient THz electric field accelerates the electrons out of equi-
librium, while elastic and inelastic scattering limits their ballistic motion. A quan-

titative agreement between the momentum distribution extracted from the data
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Figure 3.13| Acceleration of the electrons in the surface band by a s-
polarized THz waveform. a, b, ¢, Photoemission maps before the arrival of the
THz field (¢t = -1.86ps) (a), just after the first positive THz field crest (¢ = 0.14 ps)
(b), and right after the negative maximum of the THz electric field (¢ = 0.64 ps) (c).
White dashed line, Fermi level for the unperturbed system. d, e, f, THz electric
field, ETy,, parallel to the surface as reconstructed from the transient momentum
shift of the photoelectrons. The red spheres indicate the delay times at which the
photoemission maps in panels a, b, and c are taken, respectively.

(see reference [Reil8b]) and a semiclassical Boltzmann model is only achieved if the
relevant scattering times are kept above 1ps. In combination with the relativistic
band dispersion, these long scattering times foster extremely large current densities.
Even for the moderate THz electric fields of Erp, = 2.4 + 0.5kVem™, a large
displacement of the Fermi circle is observed, that leads to a maximum momentum
shift of Ak = 0.005A ", This corresponds to a peak surface current density of
up to 2Acm!.

Figure 3.14b displays the subcycle evolution of the current density, j(¢), together
with the instantaneous THz electric field, Ery,(t). The dynamics bear the finger-

print of ballistic acceleration: j(t) increases monotonically during the onset of the

83



3 Ballistic, lightwave-driven electron dynamics in topological insulators

500 — 2
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first intense THz half cycle. While Ery,(t) decreases for ¢ > 0ps, j(t) keeps rising
and reaches its maximum at ¢ = 0.14 ps, shortly before the reversal of the THz driv-
ing field. This behavior, which also occurs for all other THz half cycles, is only ex-
pected when the influence of scattering on the Dirac current is weak. The extracted
scattering rates exceed coherence times previously observed for lightwave-driven
electron dynamics in dielectrics and semiconductors [Hoh15, Lanl6, Garl6, Liul7]
by orders of magnitude and attest to a reduced scattering phase space owing to
spin-momentum locking.

These unique transport dynamics of topological Dirac fermions elevate carrier wave
electronics to the next, fully ballistic level. In contrast to massive quasiparticles pop-
ulating the parabolic bands of conventional dielectrics, the acceleration of quasirela-
tivistic topological surface states is inertia free as the group velocity of Dirac fermions
is very high from the outset. Hence, THz-accelerated Dirac fermions may coherently
propagate over several 100 nm before undergoing scattering (see Figure 3.14a). This
scale exceeds electron excursions in dielectrics [Hoh15, Lan16, Garl6, Liul7] as well
as the typical diameters of gate regions of contemporary transistors by orders of

magnitude. Therefore, future electronic devices based on three-dimensional topo-
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3.4 'Topological lightwave-electronics at optical clock rates

logical insulators may allow for an all-coherent electron transfer at THz clock rates
whereas the underlying subcycle currents might become accessible to complementary

real-space measurements [Kasl5, Kie20].

3.4 Topological lightwave-electronics at optical

clock rates

The novel concept of subcycle ARPES demonstrated in the last paragraph pro-
vides the most straightforward way of studying lightwave acceleration as carrier
dynamics can be traced directly in the band structure. Thereby, the coherent
Dirac currents observed in the surface band of Bi;Tes are driven by THz pulses

with peak electric field amplitudes of only a few kV cm™1.

The experiments pre-
sented in this section are intended to shine light onto the complex quantum motion
of Dirac electrons that are accelerated by intense, phase-stable lightwaves in the
mid-infrared spectral range featuring peak electric fields, which can compete with
inner-atomic binding potentials [Sel08, Sch14, Hohl5, Lanl7]. Applying such in-
tense multi-THz light pulses to conventional semiconductors and dielectrics leads
to the observation of non-perturbative nonlinearities like high-harmonic genera-
tion [Ghill, Sch14, Hoh15]. According to theory, the underlying electron dynamics
is governed by a complex interplay of intraband acceleration and interband excita-
tion and also includes quantum path interferences between several bands (see also
section 3.1.2 and reference [Kir06, Sch14, Hoh15, Lan17]).

Now, by combining time-resolved ARPES with an intense multi-THz driving field
exceeding 1 MV ecm ™!, the microscopic carrier dynamics can be traced on a subcycle
timescale and in the band structure itself. The experiments presented in this sec-
tion have been performed in a close collaboration with Suguru Ito, Jens Giidde and
Ulrich Héfer from the University of Marburg.

3.4.1 Experimental setup for multi-THz subcycle ARPES

Intense, phase-stable few-cycle pulses in the multi-THz spectral region have al-
ready been utilized to accelerate electrons through a solid [Sch14, Lanl7], recol-

lide electron-hole pairs [Zak12, Lan16] and even switch internal quantum attributes
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such as the valley pseudospin [Lanl8b], on ultrashort timescales. Following these
processes on their natural timescale provides unique insights into strong-field light-
matter interaction [Hoh1l5, Lanl6]. Especially in materials with a nontrivial elec-
tronic structure such as topological insulators, a full subcycle band structure analysis
is required to understand the complex lightwave-driven electron motion. The novel
optical setup established in this thesis utilizes intense, multi-THz transients with
peak electric fields in excess of 1MV cem™! to drive coherent carrier dynamics in
the three-dimensional topological insulator BisTes, while simultaneously tracing it

directly in reciprocal space by time-resolved ARPES.

Generation of ultrashort probe pulses

The time-resolved detection of lightwave-driven carrier dynamics requires ultrashort
probe pulses with a pulse duration much shorter than one oscillation period of the
driving waveform [Hoh15, Lan16]. In the case of driving fields in the multi-THz spec-
tral region, the duration of these ultrashort probe pulses has to be on the order of
only a few femtoseconds. The time-bandwidth-product, which reads A7Avr > 0.441
for a Gaussian pulse profile [Die06], links the pulse duration A7 and the spectral
bandwidth Av of a light pulse. Thus, such ultrashort gating pulses need to have a
broadband spectrum.

A well established method for spectral broadening is the so-called supercontinuum
or white-light generation [Alf06]. Thereby, octave-spanning spectra, which have a
high spatial and temporal coherence and stability, are generated by focusing intense
light pulses into a nonlinear transparent medium [Bra09]. The microscopic driving
mechanism behind this phenomenon is governed by a complex interplay of numerous
nonlinear processes such as self-phase modulation, self-steepening, self-focusing and
filamentation [Alf06, Ber07, Cou07, Bra09]. Above a certain threshold of the inten-
sity, however, effects like multi-photon absorption, multi-filamentation and plasma
formation destroy the overall spatio-temporal coherence and limit a further increase
of the supercontinuum power [Chel6]. An optical breakdown can even lead to a
damage of the material [Cou07, Lul4]. As a consequence, the pulse energy of bulk
continua remains below a microjoule [Lul4].

In this chapter, the coherent carrier dynamics induced by an intense multi-THz
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3.4 'Topological lightwave-electronics at optical clock rates

driving field shall be probed by time-resolved ARPES on a subcycle timescale. For
the photoemission of Dirac electrons out of the topological surface state of BiyTes,
ultrashort gating pulses in the UV spectral range are required, which also feature
a duration of only a few femtoseconds. For this purpose, very intense, ultrashort
near-infrared pulses are generated by a multi-plate continuum (MPC) generation
scheme [Lul4, Chel6, Lul9], which are subsequently converted to a center wave-
length of A\yy = 413nm by second-harmonic generation [Boy03|. The multi-plate
continuum process is based on sequential spectral broadening within thin plates,
which are strategically placed at or near the beam waist of a weakly focused near-
infrared laser beam. By limiting the thickness of the nonlinear medium, one can
still seize the effect of self-phase modulation to obtain a broad spectrum, but the
pulse exits the crystal before (multi-)filamentation or damage of the material oc-
curs. In general, this cascaded spectral broadening can be repeated as long as the
pulse power and intensity is above the threshold for filamentation. The resulting
intense, broadband continua also exhibit an excellent spectral and temporal coher-
ence [Lul4, Chel6].

Figure 3.15 shows a schematic illustration of the experimental setup used for the
generation of ultrashort gating pulses. The near-infrared laser pulses from the
titanium-sapphire amplifier system (see section 2.2), which feature a pulse dura-
tion of 7 = 31fs, are focused by a calcium fluoride lens (L) with a focal length of
f = 100cm. The pulse energy can be controlled by a half-wave plate (A\/2) and a
thin film polarizer (P), whereas the focusing condition is fine-tuned with the help of
an adjustable iris aperture (A1). In the following, four crystalline quartz plates, two
of them with a thickness of 200 pm and two with a thickness of 100 pm, are placed at
Brewster’s angle at the beam waist of the focused near-infrared beam. This config-
uration facilitates the largest spectral broadening while simultaneously maintaining
the transversal Gaussian mode profile. While the pump spectrum features a full-
width at half maximum of the intensity of 36.3nm (see Figure 3.16a, black solid
line), the multi-plate continuum generated by self-phase modulation within the thin
quartz plates (see Figure 3.16a, red shaded area) is significantly broader and exhibits
a spectral bandwidth of 70nm (see Figure 3.16a, black dashed line). To maximize
the generated spectral width while avoiding optical damage and filamentation in-

side the quartz plates, the near-infrared pump pulse energy is tuned to 100 pJ. The
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Figure 3.15 | Experimental setup for the generation of ultrashort gating
pulses. A half-wave plate (A/2) and a polarizer (P) control the pulse energy of
the horizontally polarized laser pulses from the Ti:sapphire laser system with a
pulse duration of 7 = 31fs. The lens L focuses the beam, whereas the aperture Al
defines the focus condition. The bandwidth of the near-infrared pulses is broadened
by self-phase modulation in four crystalline quartz plates, which are placed in the
focus under Brewster’s angle. The resulting multi-plate continuum (MPC) (see
Figure 3.16a) is spatially cut by aperture A2 and collimated by a spherical mirror.
After compression in the prism compressor consisting of the prisms P1 and P2,
the pulses have a pulse duration of mypc = 17fs as determined by SHG-FROG
measurements (see Appendix D). A 90% beamsplitter BS divides the beam in a
weak probe arm (NIR, red dashed line), and a strong generation arm (MPC, red solid
line), used for second-harmonic generation in the nonlinear BBO crystal (thickness,
30pm). The polarization of the MPC beam is rotated by a half-wave plate (\/2)
to be vertical. The generated second-harmonic pulses (blue solid line) are centered
around A\yy = 413 nm (see Figure 3.16b). After compression in the prism compressor
consisting of the prisms P3 and P4, they feature a pulse duration of Tyy = 12.2fs (see
Figure 3.17). A removable fused silica window (MM) splits off a small fraction of the
MPC beam to serve as gating pulses for the electro-optic detection of the multi-THz
waveforms (see Figure 3.19). The weak near-infrared arm (NIR) is spectrally cut
by a bandpass filter (BP) with a center wavelength of 790 nm and a bandwidth of
10nm. SHG-FROG measurements reveal a pulse duration of myig = 111fs.

88



3.4 'Topological lightwave-electronics at optical clock rates

generated white-light pulses are spatially cut with aperture A2 and subsequently
collimated by a spherical mirror. After that, they are guided into a double-pass
prism compressor, which is designed to compensate the group-velocity dispersion
or temporal chirp, which is imprinted on the multi-plate continuum pulses during
the propagation through the crystalline quartz plates. For this purpose, a spherical
mirror focuses the beam through two UV fused silica prisms (P1 and P2) on a planar
end mirror placed in the focal plane. By propagating through the prisms, the low-
frequency part of the spectrum passes more material and thus experiences a larger
delay than the high-frequency components. Depending on the position of prism P2,
the material passage and consequently the compensation of the imprinted tempo-
ral chirp can be fine tuned. After passing the prism compressor and the spherical
mirror in the reverse direction with a slight vertical offset, the re-collimated MPC
beam is picked off. The multi-plate continuum contains a pulse energy of 25puJ
and features an intensity FWHM of nypc = 17fs, which makes it a useful tool for
the time-resolved detection of multi-THz waveforms by electro-optic sampling (see
Figure 3.19). The exact pulse width has been determined using second-harmonic
generation frequency-resolved optical gating (SHG-FROG) (see Appendix D).
Next, the main part of the multi-plate continuum, which is reflected at a 90:10
beamsplitter, is frequency-doubled by second-harmonic generation [Boy03]. For this
purpose, the beam is transmitted through a half-wave plate (A/2) that rotates the
polarization by 90° and subsequently focused into a S-barium borate (BBO) crystal
with a thickness of 30 pm. Owing to its high optical nonlinearity, a high damage
threshold and the relatively flat dispersion in the near-infrared spectral range, BBO
is the ideal material for second-harmonic generation [Eim87]. To ensure minimal
reflection losses and phase matching under normal incidence, the thin nonlinear
crystal is cut at an angle of 29.2° with respect to its optical axis. Figure 3.16b
shows the resulting ultraviolet spectrum with a center wavelength of Ayy = 413 nm
and a full-width at half maximum of the intensity of 24 nm, corresponding to a
bandwidth-limited pulse duration of 10 fs.

On their way to the sample, the ultrashort UV probe pulses propagate through an
indium-tin-oxide-coated fused silica window, which serves as a dichroic beam com-
biner of the UV pulses and the multi-THz waveforms. Furthermore, both laser pulses

enter the ultra-high vacuum chamber through a diamond window with a thickness
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Figure 3.16 | Spectra of the ultrashort gating pulses. a, Spectrum of the
multi-plate continuum (red shaded area) generated by self-phase modulation within
four crystalline quartz plates. Whereas the spectrum of the fundamental near-
infrared pulses from the titanium-saphhire amplifier system (black solid line) exhibits
a bandwidth of only 36.3nm, the multi-plate continuum spectrum has a FWHM
of the intensity of 70nm (black dashed line). Both spectra are centered around
Ae = 807nm. b, Spectrum of the ultrashort ultraviolet gating pulses with a center
wavelength of A\yy = 413nm and a FWHM of the intensity of 24 nm.

of 1065 pm. This leads to a temporal chirp, which significantly increases the pulse
duration of the ultrashort UV probe pulses. Thus, another double-pass prism com-
pressor consisting of the two UV fused silica prisms (P3 and P4) is implemented to
allow for a precise dispersion management.

In order to obtain a bandwidth-limited UV pulse duration at the sample position
inside the ARPES chamber, the pulses are characterized outside the vacuum cham-
ber by cross-correlation frequency resolved optical gating (XFROG). To mimic the
group-delay dispersion imprinted on the ultrashort probe pulses in the real exper-
iment, the UV beam is transmitted through a indium-tin-oxide-coated fused sil-
ica window with a thickness of 1 mm and a diamond window with a thickness of
1065 pm. The near-infrared beam, which is transmitted at the beam splitter BS
(see Figure 3.15, red-dashed line), is spectrally cut by using a band pass filter with
a center wavelength of A\, = 790nm and a bandwidth of 10nm. An SHG-FROG

measurement of the near-infrared beam reveals a pulse duration of myig = 111fs
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Figure 3.17 | Characterization of the ultrashort UV gating pulses. a, Mea-
sured XFROG trace. The intensity of the sum-frequency, I(7, vsg), of the ultrashort
UV and the near-infrared gating pulses is shown as a false color plot and as a function
of the sum-frequency, vsg, and the relative delay time, 7, between the two pulses.
b, Computed XFROG trace by a numerical reconstruction algorithm. Color scale,
see a. ¢, Reconstructed intensity envelope of the UV gating pulses (blue shaded area)
with a FWHM pulse duration of 7yy = 12.21fs. Red solid line, temporal phase, ¢.

(see Appendix D). Subsequently, the UV pulse and the near-infrared pulse are spa-
tially superimposed with a dichroic beam combiner and focused into a BBO crystal
with a thickness of 10um to generate their sum-frequency as a nonlinear cross-
correlation signal [Boy03|. For phase-matching purposes, the BBO crystal is cut at
an angle of 44.3° with respect to its optical axis. Detecting the sum-frequency in-
tensity, I(T, vsr), as a function of the delay times, 7, between the UV pulse and the
near-infrared gating pulse, and the sum-frequency, vsp, yields a full two-dimensional
spectrogram as shown in Figure 3.17a. Thereby, 7 = 0 indicates the optimal tem-
poral overlap of the two pulses, where I(7,vsr) peaks. An iterative numerical al-
gorithm [Kan93, Kan99, Wya08, Mon10] deconvolves both pulses and retrieves the
temporal shape of the unknown UV pulse. As is apparent from Figure 3.17a and b,
the reconstructed sum-frequency trace resembles the measured one to a very high

degree of congruency, which denotes a valid extraction of the temporal structure of
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

the pulses. Figure 3.17c depicts the retrieved intensity envelope of the ultrashort
UV pulse, which reveals a FWHM pulse duration of myy = 12.2 £+ 1.0fs and a very
flat temporal phase, ¢. Thus, the optimization of the pulse dispersion with the help
of the double-pass compressor yields nearly bandwidth-limited UV pulses with a
pulse energy of up to 2pJ, which are ideally suited as an ultrashort probe for the

lightwave-driven carrier dynamics in BisTes.

Generation of intense, phase-stable multi-THz waveforms

The second ingredient for the subcycle observation of lightwave-driven Dirac cur-
rents are intense few-cycle light pulses in the multi-THz spectral region. Figure 3.18
shows the experimental setup, that is capable of generating intense multi-THz tran-
sients with center frequencies between 20 and 60 THz and pulse energies of up to
E, i, = 51J. The starting point is the titanium-sapphire amplifier system that has
been explained in greater detail in section 2.2. Now, the ultrashort laser pulses with
a center wavelength of A\c = 807nm and a pulse energy of E, = 4.4mJ are used to
operate a dual double-stage optical parametric amplifier (OPA), where the light is
converted to longer wavelengths. For the purpose of wavelength tunability, a small
part of the incoming radiation is focused into a sapphire crystal to generate a broad-
band white-light continuum, which is then selectively amplified in two consecutive
parametric processes. The spectral components of the generated white-light contin-
uum are temporally chirped on purpose by the propagation through a zinc selenide
window. By varying the temporal overlap of the white-light seed and the intense
titanium-sapphire pump pulses in the nonlinear bismuth borate (BiBO) crystals,
different wavelengths can be selectively amplified within the nonlinear y®-process
of optical parametric amplification [Tzal2, Pet10]. The commercial OPA system
has two output arms, which provide ultrashort signal pulses with an independently
tunable center wavelength between 1.1 pm and 1.7 pm and pulse energies of up to
0.5mJ, each. As the two beams originate from the same supercontinuum, they are
perfectly phase-correlated and can therefore be used for the generation of inherently,
phase-stable multi-THz pulses [Sel08]. For this purpose, the two frequency-detuned
near-infrared pulses from the signal outputs of the dual OPA are mixed in a non-

linear generation crystal [Sel08, Sch14]. According to the nonlinear x?-process of
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Figure 3.18 | Schematic of the generation of intense multi-THz waveforms.
The double stage optical parametric amplifier is seeded with the near-infrared pulses
from the titanium-sapphire laser system with a center wavelength of 807 nm, and a
pulse energy of 4.4mJ. The two output arms A (green solid line) and B (orange solid
line) are phase-correlated and can be tuned independently of each other between
1.1pm and 1.7 pm. Once guided over a polarization rotating periscope and a variable
delay line tcgp, arm A is superimposed with arm B through a dichroic mirror.
The lens telescope LT consisting of two calcium fluoride lenses decreases the beam
diameter of the superimposed beams by a factor of three. In the gallium selenide
(GaSe) generation crystal with a thickness of 434 pm, the two beams interact with
each other according to the nonlinear process of difference frequency generation.
With the help of a dichroic beam splitter (DBS), namely a Germanium wafer, the
fundamental beams are separated from the generated THz pulses. Depending on the
phase matching angle, multi-THz transients with a center frequency, vry,, between
20 and 60 THz and pulse energies, E, t,, of up to 5pJ are generated. A second
delay line in the THz generation arm controls the temporal overlap, ¢, between
the THz pump and the UV probe pulse, used for the subcycle multi-THz ARPES
experiments presented in section 3.4.3.

Ti:Sa-amplifier
E,=4.4mJ Dual OPA
A, =807 nm

i

difference frequency generation (DFG), the two waves cause a beating in the non-
linear polarization, which oscillates at their difference frequency [Boy03]. If the
pulses used for the DFG are phase-correlated, the emitted pulses are inherently
phase-stable, whereas the carrier-envelope phase of the generated THz pulses can

be precisely controlled by changing the phase of one of the generation pulses.
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Figure 3.19 | Characterization of the multi-THz transients. Electro-optically
detected multi-THz fields, Ery,, as a function of the delay time, t, for different phase
matching conditions of the gallium selenide generation crystal. Inset: Corresponding
spectral amplitude of the THz waveforms showing a center frequency of a 27 THz
and b 40 THz.

To generate the intense, phase-stable pulses in the multi-THz region, which are uti-
lized for the subcycle experiments performed in this chapter, the two OPA outputs
are detuned in such a way, that their frequency difference exactly matches the de-
sired THz center frequency. To obtain multi-THz transients with a center frequency
between 20 THz and 60 THz the signal branch B is set to a center wavelength of
1.2 pm, whereas the OPA output A is variably tuned between 1.3pm and 1.5 pm.
A polarization-rotating periscope in the beam path of signal branch A rotates the
polarization of the pulses of arm A by 90°, such that the two near-infrared beams
are perpendicularly polarized with respect to each other. This ensures the type-I1
phase-matching condition for DFG in the nonlinear generation crystal [Boy03]. In
order to control the temporal overlap, tcgp, of the two pump pulses and, hence, also
the carrier-envelope phase, ¢cgp, of the generated multi-THz-transients, the OPA
arm A is guided over a variable delay line. Afterwards, the two beams are collinearly
superimposed with the help of a dichroic mirror. A second delay line in the THz
generation arm sets the temporal overlap, ¢, between the multi-THz pump and the
UV probe pulse used for the subcycle multi-THz ARPES experiments presented in
section 3.4.3.
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A lens telescope (LT) consisting of two calcium fluoride lenses decreases the beam
diameter by a factor of three, before the generation pulses co-propagate through a
gallium selenide emitter crystal with a thickness of 434 pm. With its large nonlin-
earity and a broad transparency range, gallium selenide serves as the ideal, widely
tunable source for high-intensity, mid-infrared waveforms [Sel08, Sch14]. Thereby,
the center frequency of the emitted multi-THz radiation can be fine-tuned by ro-
tating the nonlinear crystal, which in turn changes the phase matching condition.
The fundamental near-infrared pump pulses and the generated THz radiation are
separated by a dichroic beam splitter (DBS). For this purpose, a germanium wafer
is put in the beam path under the Brewster angle for the multi-THz pulses. At room
temperature, the band gap energy of germanium is 0.67 eV, which corresponds to a
frequency of about 160 THz. Thus, the low-frequency THz radiation is completely
transmitted, whereas the near-infrared pump light is fully reflected or absorbed.
In this way, intense multi-THz waveforms with a variable center frequency, vy,
between 20 THz and 60 THz and pulse energies of up to E, i, = 51J can be gen-
erated.

Figure 3.19 shows the electric field, Ery,, of typical few-cycle THz transients de-
tected by electro-optic sampling (see section 2.2). Thereby, a small fraction of the
multi-plate continuum beam, which is split off by a fused silica window (see Figure
3.15, MM), serves as an ultrashort probe. The corresponding amplitude spectra (see
Figure 3.19, insets) exhibit a center frequency of vy, = 27 THz and vy, = 40 THz,
respectively. Independent of the center frequency, the generated multi-THz pulses
exhibit a full width at half maximum of their intensity envelope of about 7ry, = 70 fs.
With their electric fields as large as several MV em™! and a precisely adjustable
carrier-envelope phase, these intense, phase-stable multi-THz waveforms are the

perfect tool for the strong-field lightwave control of Dirac currents in BiyTes.

Time-resolved ARPES under strong THz-fields

In the following, the intense multi-THz waveforms are supposed to serve as an ultra-
fast bias voltage to accelerate electrons in the surface state of the topological insula-
tor BiyTesz, whereas the ultrashort UV pulses simultaneously release electrons out of

the sample surface by two-photon photoemission [Wei02, Giid07, Reil4]. Figure 3.20
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Figure 3.20|Schematic of the
multi-THz ARPES setup. Before
the UV probe (blue solid line) and the
multi-THz pump beam (red solid line)
are coupled into the ARPES chamber,
they are spatially superimposed with
the help of an indium-tin-oxide-coated
fused silica window (ITO). A pair of
wire-grid polarizers (WG) controls the
pulse energy and the polarization state
of the multi-THz pulses. After trans-
mission through the diamond window
of the vacuum chamber, a spherical
mirror focuses the two beams onto the
BisTes sample. The kinetic energy and
the emission angle of the photoemit-
ted electrons (e”) are measured by a
hemispherical electron analyzer (A).

shows a schematic of the newly developed experimental setup for angle-resolved pho-
toelectron spectroscopy with subcycle resolution. Here, an indium-tin-oxide-coated
fused silica window serves as a dichroic beam combiner and is used to spatially over-
lap the intense multi-THz pump pulses with the UV probe pulses. Their temporal
overlap, ¢, can be varied with the help of a mechanical delay stage in the multi-
THz beam path (see Figure 3.18). In the experiment, a pair of wire-grid polarizers
(WG), precisely controls the peak field amplitude and the polarization state of the
multi-THz waveform. The fluence of the UV light is set by a continuously variable
neutral density filter wheel, such that space charge effects are suppressed [Zho05].
Subsequently, the temporally and spatially overlapped multi-THz pump and p-
polarized UV probe pulses are transmitted through a diamond window with a thick-
ness of 1065 pm into a p-metal shielded ultra-high vacuum chamber at a base pres-
sure of 4 - 107! mbar. A spherical UV-grade aluminum mirror with a focal length
of f = 75mm mounted in the ultra-high vacuum chamber is used to focus both
beams under an angle-of-incidence of 53° onto the Biy;Tes sample.

The electrons (e™), emitted by two-photon photoemission, are then collected perpen-

dicular to the plane of light incidence by a hemispherical electron analyzer (A) with
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a display-type detector (CCD). The energy resolution of the setup is ~ 130 meV,
which is mainly limited by the bandwidth of the ultrashort UV probe pulses. En-
ergy and momentum shifts of photoelectrons can be determined with an accuracy
of 3meV and 0.004 A_l, respectively.

3.4.2 THz-field reconstruction by photoelectron streaking

The novel experimental setup introduced in the last paragraph makes it possible
to directly observe how the carrier wave of an intense multi-THz pulse accelerates
Dirac fermions in the band structure of the topological surface state of BiyTes. Fig-
ure 3.21a shows a schematic illustration of the general experimental concept. The
ultrashort UV probe pulses (blue) with a pulse duration of 7yy = 12.2 + 1.0fs and
a center wavelength of A\yy = 413nm are used to release electrons out of the sur-
face of a single-crystal of BisTes (see section 3.2.2) by two-photon photoemission.
An electrostatic hemispherical electron analyzer, equipped with a charge-coupled
device (CCD) detector, then images the relation between the kinetic energy and
the momentum, k, = k|, of the photoelectrons parallel to the sample surface. In
addition to that, a strong multi-THz electric field, Fry,, is focused onto the surface
to accelerate the Dirac fermions, which is expected to shift the electron occupation
in momentum space along the field direction (see Figure 3.21b). In addition, the
photoemitted electrons can also interact with the intense multi-THz field in the vac-
uum. Depending on the polarization of the multi-THz waveform, this acceleration of
the photoemitted electrons can change their kinetic energy as well as their parallel
momentum. As shown in Figure 3.21c, owing to this so-called streaking effect, the
photoemission map appears offset in E as well as in k,. As the pulse duration of the
UV probe pulse is much smaller than the oscillation period of the multi-THz driving
field, the THz electric field components perpendicular and parallel to the sample sur-
face can be determined by tracking the lightwave-induced energy streaking, Fgeax,
and momentum streaking, Kgireak, similar to the sampling of near-infrared lightwaves
by attosecond pulses [Nepl5].

In the work by Reimann et al. [Reil8b], it has been shown, that the relative strength
of intraband acceleration and streaking in vacuum can be controlled by the THz

polarization. Thereby, a p-polarized THz electric field (see Figure 3.21a, orange
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Figure 3.21 | Concept of subcycle multi-THz ARPES. a, Electrons (blue
sphere) in the topological surface state of BisTes (crystal lattice; bronze spheres, Bi
atoms; gray spheres, Te atoms) are accelerated by an intense linearly polarized multi-
THz field, Fry, (red waveform, s-polarization; orange waveform, p-polarization) and
are photoemitted by a short time-delayed p-polarized UV pulse (blue). The kinetic
energy, Fii,, and the emission angle, 6, of the liberated electrons are measured by
a hemispherical electron analyzer to determine the binding energy and the paral-
lel momentum, k; = k,, of the electrons in the topological surface band along the
I'-K-direction. The plane of incidence (2-z-plane) is indicated by a transparent rect-
angle. b, Lightwave acceleration of electrons in the Dirac cone can shift the Fermi
surface. c, The interaction of the photoemitted electrons with the electric field of the
multi-THz waveform in vacuum can lead to a streaking of the photoemission spectra
with an energy shift, g eax, and/or a momentum shift, kgeak, of the apparent band
structure.

waveform) causes a pronounced energy streaking of the photoemitted electrons, but
cannot effectively accelerate Dirac fermions in the surface bands. On the other
hand, an intense s-polarized multi-THz waveform (see Figure 3.21a, red waveform),
which is oriented along the y-direction, in which the electron analyzer detects the
electron momentum, hk,, may accelerate electrons in the topologically protected
surface state. Consequently, for the time-resolved ARPES experiments presented
in paragraph 3.4.3, the polarization of the intense multi-THz waveforms is precisely

aligned parallel to the sample surface. In this geometry, the energy streaking is
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3.4 'Topological lightwave-electronics at optical clock rates

negligible and momentum streaking is strongly suppressed, owing to the screening
of the THz field parallel to the surface [Reil8b]. Nonetheless, the acceleration of the
photoemitted electrons by the intense multi-THz electric field, Ej(t), in the vacuum

still leads to a measurable change of the parallel momentum:

orenk(t) = =7 t°° Ey(t')dt'. (3.13)
Here, t indicates the time, when the electrons are photoemitted from the surface.
This transient momentum streaking, Kgireax(t), is independent of the binding en-
ergy and the parallel momentum, k|, of the electrons inside the material and solely
depends on the effective THz electric field, Ej(¢), parallel to the sample surface.
Consequently, kgireax(t) can be used to directly trace the instantaneous multi-THz
field parallel to the sample surface [Reil8b]:

h d
EH(t) - g akstreak(t). (314)

Here, %kstreak(t) is the time derivative of the transient momentum shift of the whole
photoemission spectrum. Remarkably, even in the presence of a residual p-polarized
field component, amplitude and phase of the s-polarized multi-THz waveform can
be unambiguously reconstructed from this momentum streaking, as it is exclusively
caused by the THz electric field component parallel to the sample surface. Moreover,
owing to continuity conditions at the interface, the extracted electric field, Ej(t),
is equivalent with the multi-THz electric field, Ery,(t), inside the material. Thus,
momentum streaking provides an accurate and direct way of determining the actual
strength of the acceleration field that acts on the Dirac electrons in the topological
surface state.

Figure 3.22a and b display angle-resolved photoemission spectra, Ip(k,, Exin), for
two different delay times, ¢, between the ultrashort UV probe pulse and the multi-
THz driving field, which is in this case predominantly s-polarized, but features a
small residual p-component. At a delay time, t = —138fs, before the arrival of the
multi-THz pulse (see Figure 3.22a), the characteristic V-shaped dispersion of Dirac
fermions is faintly visible, which indicates the presence of a topological surface state.

The bulk valence band manifests as the broad dispersion at lower energies and fea-
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Figure 3.22| THz-induced streaking of photoelectrons. a, Photoemission
map taken before the arrival of the THz field (t = —138fs) and b, at a time delay
of t = 17fs after the arrival of the maximum THz electric field. The spectra exhibit
a clear energy and momentum streaking induced by the multi-THz field, whereas
Fgireax = 0.09€eV and kgireax = —0.02 A_l, respectively. Red dot, intensity maximum
of the photoemission spectrum. Gray solid lines, contour lines indicating points with
the same intensity. The white solid lines in a indicate the topological surface state
calculated by density function theory (see also Figure 3.10b).

tures an intensity maximum at k, = 0 and a kinetic energy of Ey, = 1.62eV (see
Figure 3.22a, red dot in the center of the contour lines). The Fermi velocity, that
can be deduced from the linear dispersion of the Dirac cone, is vp = 4.1 A fs™!. As a
result of the interaction of the photoemitted electrons with the intense THz electric
field in vacuum, at a delay time t = 17fs (see Figure 3.22b), the entire band struc-
ture is offset in energy and parallel momentum. This shifts the intensity maximum
to k, = 0.02 A and Fy, = 1.71eV (see Figure 3.22b, red dot in the center of
the contour lines). For a quantitative reconstruction of the temporal evolution of
the electric field parallel to the sample surface, the THz-induced momentum streak-

ing, Ksreak, 1S determined by tracing the intensity maximum of the photoemission
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Figure 3.23 | Reconstruction of the THz electric field by momentum
streaking. a, Parallel momentum streaking, kgeax, Of the photoemission spec-
tra as a function of the delay time, ¢, between the multi-THz driving field and the
ultrashort UV probe pulse (blue data points). Blue solid line, guide to the eye.
b, Temporal evolution of the electric field amplitude, Ej(¢), parallel to the sample
surface (red data points) reconstructed from momentum streaking. Red solid line,
least mean square fit of the experimental data.

map for each delay time ¢ (see Figure 3.23a). According to equation (3.14), the
instantaneous THz-electric field amplitude parallel to the sample surface, £)(t) (see
Figure 3.23b), which is equivalent with the multi-THz electric field, Ery,(t), inside
the material (see Figure 3.24d-f), can be calculated from the extracted momentum
streaking, kgreak (f). Taking into account the averaging effect owing to the finite pulse
duration of the UV probe pulse, the retrieved multi-THz waveform exhibits a peak
electric field amplitude of £ = 1.06 £ 0.10 MV ¢cm™'. The corresponding amplitude
spectrum shows a center frequency of vy, = 27.6 THz (not shown). The fact that
the reconstructed multi-THz transient coincides with the waveform determined by
electro-optic sampling outside the UHV chamber (see Figure 3.19a), further corrob-
orates the reliability of the field retrieval by streaking. In the next paragraph, these
intense multi-THz transients are used to drive both intraband and interband dy-

namics in the topological insulator Bi;Tes. To obtain a clear view at these coherent,
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

lightwave-driven dynamics inside the material, all photoemission spectra presented

in the following are corrected by the THz-induced energy and momentum shift.

3.4.3 Subcyle observation of lightwave-driven intra- and

interband dynamics in Bi;Te;

Besides the acceleration of the electrons in vacuum, an s-polarized THz field can
also effectively act on the carriers in the material (see section 3.3.2). Now, the
intense multi-THz waveforms with a center frequency of vy, = 27.6 THz and elec-
tric peak fields exceeding 1 MV em ™! are utilized to coherently drive Dirac electrons
within only a few femtoseconds through large fraction of the Brillouin zone. Along
the crystallographic I-M-direction, this coherent acceleration leads to a lightwave-
driven charge transfer from surface to bulk states. For an intense THz driving field
with a center frequency of vry, = 40 THz both a large intraband acceleration as
well as an interband excitation are observed directly in reciprocal space.

In order to trace this lightwave-driven carrier dynamics on a subcycle timescale,
the UV probe pulses, used to photorelease the electrons out of the surface, have
to be shorter than one oscillation period of the multi-THz waveform. As a con-
sequence, these ultrashort pulses feature a broad spectral distribution (see Fig-
ure 3.16b, blue shaded area), which limits the energy resolution of the correspond-
ing ARPES spectra. A well-established method to improve the visualization of
the band dispersion in photoemission maps is taking the second derivative of the
data [Sat01, Qia06, Kim06, Ric10]. Nonetheless, the absolute position of the band
features obtained with this analysis method often differ from the actual position in
the detected energy-momentum images. Therefore, in this section the so-called cur-
vature method is applied to the photoemission maps, which significantly increases
the sharpness of the dispersing features of the ARPES intensity image plot, while
maintaining their absolute position [Zhall].

In general, in one dimension, the curvature, C(x), associated with a function f(z)
can be written as [Zhall]

EAG)

C(a) ~ —d22

1+ [Lr@)]HF

(3.15)
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In the case of ARPES spectra, f(z) may correspond to the photoemission inten-
sity and x represents the normalized momentum or energy. As these experimental
variables are only defined to an arbitrary factor, equation (3.15) can be rewritten
as [Zhall]
i f (@)

3

" (Cot [Lf@]E

where () is a scaling parameter. Depending on the specific value of Cj, relative

(3.16)

variations of the curvature can be highlighted, which significantly increases the vi-
sualization of band features in the photoemission maps.

2
In particular, for Cy > {% f (x)] , C(x) gives the same result as the second deriva-

tive method, whereas for Cy < [% f (l’)r, the curvature C'(z) can be expressed
as -
) ~ L(x)?) (3.17)
d
[@f (95)]

In this case, C'(z) diverges at the extrema of f(x), and the peak position of C(z)
approaches the actual peak position of f(x). As the detected ARPES intensity map
is a function of energy and momentum, the curvature analysis is extended to two
dimensions (for details see reference [Zhall]). Thereby, the photoemission maps are
additionally smoothened by a single moving average filter with a box size of 80x80
pixels. Cj is defined such that the analysis reliably tracks the real band structure,
while simultaneously singularities are avoided. This significantly increases the visi-
bility of the dynamics in the topological surface state of BiyTez and also improves
the relative intensity between the V-shaped dispersion of the topological surface
band and the broad distribution of the bulk conduction band (see Figure 3.22a and
Figure 3.24a). Applying the curvature method to the subcycle THz-ARPES data
recorded with an energy resolution of 45 meV (see section 3.3.2) shows, that the anal-
ysis reliably traces the temporal evolution of the lightwave-driven electron deflection
in reciprocal space while it overestimates its absolute amplitude (see Appendix E).
Therefore, the transient electron excursions extracted from the photoemission spec-
tra, that have been analyzed by the curvature method, are corrected by a constant

scaling factor.
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

Figure 3.24a, b, and ¢ show corrected photoemission spectra along the crystal-
lographic I'-K-direction of BiyTes for three different delay times, ¢, between the
s-polarized multi-THz driving field and the UV probe pulse. The reconstructed
in-plane electric field amplitude, Ery,(t), of the multi-THz waveform features an
electric peak field of Ery, = 1.06 = 0.1 MV ecm™! (see Figure 3.24, d-f), whereas the
corresponding amplitude spectrum exhibits a center frequency of vry, = 27.6 THz
(not shown). The recorded photoemission spectrum before the arrival of the intense
multi-THz pulse (t = —1381s) presented in Figure 3.24a illustrates an undisturbed,
in k, symmetrical, equilibrium distribution of the electrons in the upper, occupied
part of the topological surface state. The Dirac point is located 200 meV below

I and the Fermi

the Fermi level. Furthermore, the Fermi velocity vy = 4.1 A fs~
wave vector kp = 0.075 Afl, which can be extracted from the ARPES data, are in
agreement with previous studies [Reil8b, Zha09]. The white solid line indicates the
energy dispersion of the topologically protected surface state as obtained by density
functional theory calculations, whereas the gray shaded area marks the correspond-
ing surface projection of the bulk conduction band (see also Figure 3.10Db).

Figure 3.24b displays an ARPES snapshot for a delay time of t = —9fs, at the
zero-crossing after a positive field maximum of the multi-THz driving field (see Fig-
ure 3.24e, red dot). The photoemission spectrum shows a clear asymmetry of the
intensity in the topological surface state near the Fermi energy, which directly cor-
responds to a change of the band occupation. For negative values of k,, the electron
distribution is shifted to higher energies and larger parallel momentum, whereas for
the positive k,-direction, the distribution is significantly shifted to smaller energies
and parallel momenta. The photoemission spectrum in Figure 3.24c¢ depicts a snap-
shot of the dynamics at the delay time, ¢ = 9fs, which is at the zero-crossing after
a negative field maximum (see Figure 3.24f, red dot). Also in this case, the photoe-
mission spectrum exhibits an asymmetry of the intensity in the topological surface
state, but in the opposite direction as compared to Figure 3.24b. Thus, the left
branch of the Dirac cone is almost completely unoccupied, whereas the population
of the surface state for positive &, is raised up to 300 meV above the Fermi level.
The origin of the observed transient shift of the occupation to higher and lower val-
ues of the parallel momentum is a lightwave-driven acceleration of the charge carriers

in momentum space according to Bloch’s acceleration theorem (see equation (3.5)).
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Figure 3.24 | Intraband acceleration of Dirac electrons under strong light-
wave biasing along the I'-K-direction. a, Static photoemission map before the
arrival of the multi-THz field, Ery, (t = —98fs). White solid lines, topological
surface state calculated by density function theory (see also Figure 3.10b). Gray
shaded area, bulk conduction band projection. b, ¢ Photoemission maps for a de-
lay time ¢ = —9fs (b) and ¢t = 9fs (c) between the multi-THz driving field, Ery,,
and the UV probe pulse. Depending on the sign of the strong lightwave bias, the
electron population in the topological surface band is shifted towards negative (b)
or positive (c) values of the parallel momentum, k,. d, e, f, Reconstructed in-plane
electric field, Ery,, of the multi-THz driving waveform with a center frequency of
vti, = 27.6 THz and a peak electric field of up to 1.06 & 0.1 MV ecm~t. The red
spheres indicate the delay times, ¢, at which the photoemission maps in panels a, b,
and c are taken, respectively.

This asymmetric occupation of the Dirac cone corresponds to an imbalance in the
number of electrons moving in opposite directions and hallmarks an ultrafast dis-

placement of the Fermi circle in momentum space. For a quantitative analysis of the
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

THz-induced redistribution of electrons in the topologically protected surface state,
the photoemission intensity in the Dirac cone is integrated along k, for each delay
time, ¢, between the multi-THz acceleration field and the ultrashort UV probe pulse.
Thereby, the red and blue parallelograms in Figure 3.24a indicate the integration
areas for positive and negative parallel momenta, k,, respectively. The resulting elec-
tron energy distribution function follows a Fermi-Dirac statistic [Reil8b] and allows
us to determine the THz-induced energy shift, AE, with respect to the undisturbed,
equilibrium energy E' = hvpkp. As the topological surface state exhibits a linear
Dirac dispersion, the transient deflection, Ak, of the parallel momentum, &,, can

then be calculated according to the formula

_Ap

Ak = .
h’UF

(3.18)

Figure 3.25a displays the temporal evolution of the lightwave-induced momentum
shift, Ak(t), together with the instantaneous multi-THz driving field, Ery,(t), which
has been determined by momentum streaking (Figure 3.25a, black solid line). With a

! along the T-K-direction, a maximal THz-induced

Fermi velocity of vp = 4.1 A fs~
momentum deflection of Ak = 0.073 + 0.006 A~ is obtained for the multi-THz
field with a center frequency of vry, = 27.6 THz and a peak electric field ampli-
tude of Fry, = 1.06 + 0.10 MV em~!. Similar to previous experiments with a THz
waveform centered at vry, = 1 THz (see section 3.3.2), the maximal deflection in
reciprocal space is reached at the zero-crossings of the driving field (see Figure 3.25,
vertical dashed lines). This subcycle delay between the multi-THz field crests and
the maximum of the THz-induced momentum shift, Ak, is a direct fingerprint of
the ballistic lightwave-driven acceleration of the Dirac electrons, resulting from the
extremely long scattering times in the topological surface state that are exceed-
ing 1ps [Reil8b]. Consequently, as described by Bloch’s acceleration theorem (see
equation (3.5)), Ak follows the vector potential of the driving field, Vrp, (see Fig-
ure 3.25b). The absolute value of Ak is 15 times larger as compared to the previous
experiment with a THz driving field centered at 1 THz. As a consequence, at a
delay time of ¢t = 9fs (see Figure 3.24c), one branch of the Dirac cone is completely
depopulated, whereas in positive k,-direction the electron distribution is shifted up
to a parallel momentum of &k, = 0.148 £ 0.006 AT Thereby, the lightwave-driven
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Figure 3.25|Dynamics of the lightwave-acceleration in the topological
surface band of BiyTe;. a, Temporal evolution of the momentum deflection,
Ak, as a function of the delay time, ¢, extracted from the photoemission inten-
sity distributions (orange data points) featuring a maximum momentum shift of

Ak = 007347 Orange solid line, least mean square fit of the data. Black solid
line, electric field, Ery,, of the multi-THz waveform with a peak electric field of
FEri, = 1.06 £ 0.1 MV cm™!. b, Normalized vector potential of the multi-THz driv-
ing field, Vrp,, as a function of the delay time, ¢. As indicated by the vertical dashed
lines, the momentum deflection, Ak, peaks at the zero-crossings of the driving field,
which is at the maxima of Vry,.

acceleration of electrons through the Dirac point abruptly reverses their group ve-
locity, which can lead to large optical nonlinearities (see section 3.5).

Although the electron analyzer only images the dynamics in momentum space along
one specific crystallographic direction, the acceleration direction given by the exter-
nally applied multi-THz field leads to an asymmetric distribution across the whole
Dirac cone (see Figure 3.21b amd reference [Reil8b]). The observed lightwave-

driven intraband acceleration along the I'-K-direction can be associated with a non-
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vanishing ballistic photocurrent flowing in the positive or negative y-direction on
the sample surface. The corresponding THz-induced current density, j(t), can be
derived from the experimentally observed transient momentum shift, Ak(¢), by the

formula [Reil8b]
Ak(t)
4m

j(t) = —evpkp (3.19)

With a Fermi momentum of kg = 0.075 Afl, a Fermi velocity of vp = 4.1 A fs~! and
a maximal momentum deflection of Ak = 0.073 £ 0.006 A_l, the current density
reaches values of up to j = 28.3 £ 2.3 Acm™!. As this coherent carrier dynamics is
limited to the atomically thin surface layer, which has a thickness of only 1 nm, the
corresponding bulk current density reaches values of up to 56 nA, per atom. Within
one half-cycle of the multi-THz driving field, this inertia-free lightwave-driven Dirac
current may coherently propagate over a distance of at least 8nm. The associ-
ated low dissipation rate of this ballistic, THz-induced surface current together with
the large coherence length, which is on the order of the typical gate width of state-
of-the-art electronic transistors, makes lightwave-driven, topological-insulator-based
electronic devices operating at multi-THz clock rates a realistic perspective. Fur-
thermore, the scattering times of Dirac fermions in the topological surface state,
which are on the order of 1ps, are large enough to preserve the quantum memory
of the accelerated electrons between successive cycles of the driving field. This also

sparks hope for ultimate strong-field quantum control in topological insulators.

Accelerating Dirac electrons with intense multi-THz waveforms with peak electric
fields exceeding 1 MV cm™! leads to a large redistribution of electrons in momen-
tum space. As is apparent from Figure 3.24c, after the most intense half-cycle of
the multi-THz driving field, the Dirac electrons of the topological surface state are
shifted up to a parallel momentum of £, = 0.148 A_l, which corresponds to more
than one tenth of the entire Brillouin zone. As already explained in section 3.1.3,
the acceleration of electrons not only changes their wave vector, it can also modify
the lattice periodic part of the Bloch wavefunctions (see equation (3.3)). Especially
for large excursions in reciprocal space, anharmonicities or broken symmetries in the
crystal lattice as well as internal quantum attributes like Berry curvature might thus

influence the lightwave-driven carrier dynamics in reciprocal space. This, in turn,
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leaves signatures in the optical readout which renders processes like high-harmonic
generation a useful tool to investigate electron dynamics in a solid in an all-optical
way [Banl7, Liul7, Youl7, Lan17, Lan18b, Yos19].

Just recently, in Borsch et al. [Bor20], we showed that even an all-optical, fully
three-dimensional tomography of the electronic structure is possible by a system-
atic analysis of the high-order sideband emission from a monoloayer of tungsten
diselenide. Now, by combining time-resolved ARPES with intense multi-THz fields,
microscopic electron dynamics can be studied, for the first time, under strong light-
wave bias directly in the band structure. Therefore, both the crystal orientation as
well as the center frequency of the multi-THz driving field, are varied in the follow-
ing experiments.

As a first step, the BisTes crystal is rotated, such that the s-polarized multi-THz
driving field is oriented along the crystallographic I'-M-direction. Figure 3.26 il-
lustrates the corresponding corrected photoemission spectra, for two different delay
times, t. The intense multi-THz waveform exhibits a center frequency of vy, =
27.6 THz and a peak electric field of Ery, = 1.04 + 0.10MV cm™? (see Figure 3.26¢
and d, black solid line). At a delay time of ¢ = —84fs, before the arrival of the
intense multi-THz field (see Figure 3.26a), the V-shaped dispersion of the topolog-
ical surface state, located at the I-point in reciprocal space, is clearly visible. In
agreement with density functional theory calculations (white solid line), the Fermi

1 and is, hence, smaller compared to the

velocity features a value of vp = 3.4 A fs~
crystallographic I'-K-direction. The Dirac cone is symmetrically occupied for posi-
tive and negative momenta, whereas the Fermi level lies ~ 200 meV above the Dirac
point. The corresponding Fermi wave vector is again, kr = 0.075 A

Figure 3.26b illustrates a snapshot of the photoemission spectrum at t = 7 fs, which
is at the zero-crossing after the most intense negative half cycle of the multi-THz
driving field (see Figure 3.26d, red dot). The lightwave acceleration of the Dirac
electrons in the topological surface state leads to a clear asymmetry of the photoe-
mission intensity. Thereby, the left branch of the topological surface state is almost
completely depopulated, whereas in positive k,-direction the occupation is shifted
up to 100meV above the Fermi level. This corresponds to a transient momentum
shift of Ak = 0.046 + 0.004 A", Moreover, the photoemission spectra show that for

a large parallel momentum, k,, a significant part of the electrons is transferred to
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Figure 3.26 | Lightwave acceleration of Dirac electrons along the I'-M-
direction. a, Photoemission spectrum along the crystallographic I'-M-direction
before the arrival of the intense, s-polarized multi-THz field, Ery,. The white solid
lines indicate the topological surface states calculated by density function theory (see
also Figure 3.10b). The gray shaded area represents the respective bulk conduction
band projection. b, Photoemission map taken at a delay time ¢t = 7fs between
the multi-THz transient, Fry,, and the UV probe pulse. The strong lightwave bias
leads to an intraband acceleration of the Dirac electrons and simultaneously drives
a charge transfer to the bulk conduction band (BCB). ¢, d, Reconstructed in-plane
electric field, Fry,, of the multi-THz driving waveform with a peak electric field
amplitude of up to Ery, = 1.04 £ 0.1 MVem™!. Red spheres, delay times, ¢, at
which the photoemission maps in panels a and b are taken, respectively.

the bulk conduction band (Figure 3.26b, gray shaded area). According to the den-
sity functional theory calculations along the I'-M-direction (see also Figure 3.10b),
the topologically protected surface states energetically overlap with bulk states for

‘ky‘ > 0.15A7". The lightwave-driven acceleration of the Dirac fermions shifts the
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electron distribution in the topological surface band up to a parallel momentum of
k, = 0.121 £ 0.004 A™". The recorded subcycle ARPES map suggests that this
facilitates a charge transfer from the topologically protected surface state to the
bulk conduction band. Previous time-resolved ARPES studies have discussed in-
terband transitions from surface to bulk states in topological insulators owing to
optical excitation [Haj12, Hajl4, Kurl6, Soil9]. So far, however, a lightwave-driven
charge transfer from a topologically nontrivial surface state to a topologically trivial
bulk state has not been observed on a subcycle timescale. In the absence of spin-
momentum locking, the scattering times in the topologically trivial BisTes bulk
conduction band are supposed to be significantly shorter than in the topological
surface state. Consequently, the THz-induced bulk population should significantly
influence the coherence of the optical readout. In the future, a systematic analysis of
the exact scattering times as well as the transfer rate between the two bands might
help to further characterize the electronic properties of three-dimensional insulators

under strong lightwave bias, which is essential for future optoelectronic applications.

The experiments show, how a strong lightwave bias leads to a strong intraband
acceleration of the Dirac electrons in the topologically protected surface state of
BiyTes. Along the crystallographic I'-M-direction, the dynamics even allows for
a lightwave-driven charge transfer into the bulk conduction band. Yet, direct in-
terband excitation is not apparent from the subcycle ARPES experiments with
a multi-THz waveform centered at vry, = 27THz. To gain further insights into
the interplay between intraband acceleration and interband excitation under strong
lightwave bias, the center frequency of the intense multi-THz driving field is now
tuned to vry, = 41.0 THz. With a corresponding photon energy of ~ 170 meV, the
THz lightwave should be able to efficiently excite carriers across the bulk band gap
of BigTes of ~ 150 meV [Mic14].

In the course of this experiment, the BiyTez crystal is oriented such that the multi-
THz field is polarized along the high-symmetry I'-K-direction, where previously a
pure lightwave-driven intraband acceleration has been observed (see Figure 3.24).
The multi-THz high-field source (see section 3.4.1) is set to efficiently generate in-

tense, few-cycle waveforms centered at vry, = 41.0 THz. The in-plane electric field,
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Ern,(t), extracted from momentum streaking exhibits a peak amplitude of Ery, =
0.54 4 0.05 MV em ™! (see Figure 3.27c and d). Figure 3.27a and b display two snap-
shots of the photoemission spectra taken before the arrival of the intense multi-THz
light pulse (¢t = —104 fs) and at the zero-crossing after the most intense negative half-
cycle of the THz driving field (¢ = 13fs), respectively. At the delay time ¢t = —104fs
(Figure 3.27a), the left and the right branch of the Dirac cone are occupied up to
the same Fermi energy and Fermi momentum (kg = 0.075 A_l).

When the multi-THz electric field bias is applied (see Figure 3.27b), the occupation
becomes strongly asymmetric and the electron distribution in the topological sur-
face state is shifted to positive parallel momenta, k,. Moreover, the photoemission
spectrum shows a significant electron population in the bulk conduction band at the
T-point in reciprocal space. This suggests, that the intense multi-THz field coher-
ently accelerates Dirac electrons in the topological surface band and simultaneously
excites carriers across the bulk band gap.

Remarkably, the ARPES spectrum in Figure 3.27b visualizes two fundamentally
different light-matter coupling mechanisms at the same time. Whereas the reso-
nant interband excitation can be associated with a perturbative quantum absorp-
tion, the simultaneously observed lightwave acceleration is a prime example for non-
perturbative light-matter interaction. Yet, with time-resolved ARPES these intrigu-
ing strong-field dynamics can be traced directly in the band structure and on a sub-
cycle timescale. Moreover, the experiments, for the first time, make the microscopic
electron dynamics behind non-perturbative nonlinearities such as the high-harmonic

generation in solids experimentally accessible [Gol08, Goll1, Sch14, Hoh15, Lan17].
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Figure 3.27|Lightwave-driven intraband and interband dynamics in
Bi,Te;. a, Static photoemission map along the crystallographic I'-K-direction
before the arrival of the intense, s-polarized multi-THz field, Erp,. White solid
line, topological surface states calculated by density function theory (see also Fig-
ure 3.10b). Gray shaded area, corresponding bulk conduction band projection.
b, Photoemission spectrum recorded at a delay time ¢ = 13 fs between the multi-THz
transient, Ery,, with a center frequency of vy, = 41.0 THz and the ultrashort UV
gating pulse. The intense multi-THz field drives a coherent intraband acceleration in
the Dirac cone and simultaneously excites electrons into the bulk conduction band
(BCB). ¢, d, Reconstructed in-plane electric field, Ery,, of the multi-THz driving
waveform with a peak electric field amplitude of up to Ety, = 0.54 4= 0.05 MV cm ™!,
Red spheres, delay times, ¢, at which the photoemission maps in panels a and b are
taken, respectively.
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

3.5 High-harmonic generation in BisTe;3

The time-resolved ARPES experiments presented in the last section provide qualita-
tively new insights into strong-field light matter interaction. By applying multi-THz
electric fields in excess of 1 MV em™!, within only a few femtoseconds, Dirac elec-
trons inside the topological surface state of Bi;Tes are ballistically steered through
more than one tenth of the entire Brillouin zone (see Figure 3.24). Depending on
the frequency of the driving field and the orientation of the BisTes crystal, this
intraband acceleration can also be accompanied by a lightwave driven interband ex-
citation (see Figure 3.26) or a direct transition into the bulk conduction band (see
Figure 3.27). In conventional semiconductors and dielectrics, such coherent electron
dynamics manifests in the emission of high-order harmonics [Chi01, Sch14, Hoh15,
Siv17, Hafl8, Yos17, Lan17]. Owing to their unique electronic properties featuring
massless Dirac electrons, which can be ballistically driven over large distances, and
the fact that the strongest optical nonlinearity occurs in the vicinity of the center
of the Brillouin zone [Giol6], three-dimensional topological insulators are supposed
to serve as a prime medium for efficient high-harmonic generation. Moreover, it has
been predicted, that topological invariants might leave characteristic fingerprints in
the polarization of the corresponding high-harmonic emission, which would probe
the topology of the material in an all-optical way [Baul8, Sil19].

To test, how the distinct lightwave-driven subcycle electron dynamics observed by
time-resolved ARPES affect the optical readout, multi-THz waveforms with a center
frequency of vy, = 28 THz and vy, = 43 THz, respectively, are applied to a BiyTes
crystal oriented along the crystallographic I'-K-direction. Thereby, a parabolic mir-
ror with a focal length of f = 5cm focuses the intense multi-THz waveforms under
an angle of 45° onto the BisTes sample. Accounting for the refractive index of
BiyTes of npi,me; = 9.2 [Ausb8| as well as the experimental angle of incidence of 45°,
a peak electric field amplitude inside the BiyTes crystal of Ery, = 1.16 MV cm ™!
and Fry, = 1.04MV cem™! is obtained, respectively. The emitted radiation is col-
limated and detected with a spectrograph coupled to a thermoelectrically cooled
silicon charge-coupled device (CCD) camera. Subsequently, the recorded spectra
are corrected for the diffraction efficiency of the grating and the quantum efficiency
of the detector.
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3.5 High-harmonic generation in Bi;Tes
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Figure 3.28 shows that the THz-induced electron dynamics in the BisTes crystal,
in fact, lead to the generation of high-order harmonics of the driving field. The
high-harmonic spectra, Iyg, detected for the two different THz driving waveforms
cover the whole infrared, visible, and near-ultraviolet window. In the case of a
THz driving frequency of vry, = 43 THz, however, the emission is dominated by
odd-order harmonics spaced by twice the THz-driving frequency (Figure 3.28, blue
shaded area), whereas for vy, = 28 THz, even and odd order harmonics are emitted
with comparable strength (Figure 3.28, red shaded area).

As the inversion symmetry of the BisTes crystal is only broken at the surface,
the emergence of even-order harmonics for vy, = 28 THz suggests that the high-
harmonic radiation stems from lightwave-driven dynamics in the topologically pro-
tected surface state. This can be directly proved by the subcycle ARPES exper-
iments performed with similar experimental parameters (see section 3.4.3). The
photoemission spectra presented in Figure 3.24 reveal that a THz-driving field with
a photon energy below the bulk band gap solely accelerates Dirac electrons in the
topologically protected surface state. As the largest optical nonlinearity occurs right

in the center of the Brillouin zone [Giol6], even a weak external driving field causes
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3 Ballistic, lightwave-driven electron dynamics in topological insulators

an extremely anharmonic response. Driving Dirac fermions through the vicinity of
the T-point, abruptly reverses their group velocity [Bral6, Yos17, Che20], which
results in the efficient generation of broadband high-frequency electromagnetic ra-
diation.

Conversely, multi-THz pulses whose photon energy is larger than the bulk band gap
are also able to resonantly excite electrons into the bulk conduction band as illus-
trated in Figure 3.27. In this case, both electrons in the topological surface state and
in the bulk conduction band are accelerated by the strong multi-THz electric field.
Owing to the large absorption length of ~ 100 nm, however, the lightwave-driven dy-
namics in the inversion symmetry bulk crystal dominates the optical response, which
leads to the generation of only odd-order harmonics. Consequently, by choosing a
driver frequency below the bulk band gap, high-harmonics are selectively driven
in the surface state resulting in the observation of even- and odd-order harmonics.
Beyond that, a detailed analysis of the polarization state of these high-order har-
monics reveals anomalous components that can be attributed to the influence of
the Berry curvature of the topological surface state as will be explained in detail in
the upcoming doctoral thesis of my colleague Christoph Schmid. Besides that, the
demonstrated strong-field ballistic control of topologically protected surface states
opens a unique laboratory to test fundamental predictions of relativistic quantum
physics like Zitterbewegung [Jun20], Floquet physics [Fai97, Has10, Wan13] or axion
dynamics [Nen20].

116



Summary

In this thesis, single- and few-cycle light pulses in the terahertz spectral regime have
been utilized to coherently control the electron’s spin [Sch19], as well as its trans-
lational motion [Reil8b] on ultrashort time scales and with minimal energy dissi-
pation. The presented results point out a promising route towards future ultrafast,

minimally dissipative information technology based on coherent lightwave-control.

In order to switch spins on ultrashort timescales and with minimal energy dissipa-
tion, the advantages of the electric-field control of the magnetic anisotropy in the
prototypical antiferromagnetic TmFeO3 are combined with the local THz near-field
enhancement of optical antenna structures. As the orbital angular momentum of
the Tm3* ground state singlets is coupled to the Fe?* spins, a thermal re-population
of the Tm?** energy levels also modifies the strength and the direction of the mag-
netic anisotropy. Ultrashort light pulses in the THz spectral range can be utilized to
abruptly modify this anisotropy potential by optically driving electric dipole transi-
tions between crystal field-split states of the electronic ground state of the Tm?3* ions.
The resulting lightwave-induced non-adiabatic changes of the magnetic anisotropy
give rise to a displacive and an impulsive torque, which cause coherent magnetiza-
tion dynamics, whose amplitude scales quadratically with the applied THz electric
field [Bail6a).

Coupling spins in TmFeO3 with the locally enhanced THz electric field of custom-
tailored bowtie antenna structures bypasses the diffraction limit and maximizes
the achievable THz amplitude. In a pump-probe scheme, intense single-cycle THz

pulses with a center frequency of 1 THz and a tunable far-field amplitude of up to
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4 Summary

Frh, = 1.0MV em ™! excite the TmFeOs crystal from the backside. The subsequent
THz-induced magnon oscillations are probed on a subcycle timescale by recording
the polarization rotation imprinted on a co-propagating near-infrared probe pulse
by the magneto-optic Faraday effect. In the absence of an antenna and for the high-
est THz electric fields, the coherent magnon oscillations cause a maximum rotation
angle of the probe polarization of 0.5 mrad, corresponding to a spin deflection an-
gle of 3.5°. When the probe pulse is positioned in the center of the antenna feed
gap, even a much weaker far-field of Fry, = 0.4MVem™! leads to a polarization
rotation of 0.9 mrad, while the magnetization dynamics resembles the spin preces-
sion observed in the unstructured crystal. Above a threshold far-field amplitude of
Fru, = 0.75 MV em ™!, however, a qualitatively new behavior emerges. The period
of the first full cycle of the magnetization oscillation gets distinctly stretched, an
unprecedented phase flip occurs in the coherent polarization rotation signal, which
corresponds to an asymmetric splitting of the magnon resonance in the frequency
domain, and the magneto-optical response features a long-lived offset that persists
up to nanoseconds.

With the help of numerical simulations of the microscopic THz-induced spin dynam-
ics, it is possible to fathom the origin of the observed features in the polarization
rotation signal. The calculations show, that above a critical near-field amplitude
of Exp = 7.8 MV cm™!, the spins are ballistically driven over a potential barrier
into a new stable state. Remarkably, the first spins in the antenna near-field re-
gion already cross the potential barrier after a delay time of 1.3 ps. By summing
up all locally induced Faraday signals from the probed near-field volume, every fea-
ture of the coherent polarization rotation signal is quantitatively reproduced both
for the experiments below and above the threshold electric far-field amplitude of
Eru, = 0.75MV ecm ™!, Consequently, the stretching of the first oscillation cycle, the
beating of the Faraday signal, and the spectral splitting of the magnon resonance
observed above this threshold can unambiguously be identified as the fingerprints
of all-coherent non-perturbative spin trajectories between adjacent minima of the
magnetic potential energy. Moreover, it becomes apparent that the long-lived offset
in the Faraday signal directly reads out the switched spin state. Going one step fur-
ther, based on this microscopic understanding of the THz-induced spin dynamics,

the spin trajectories can be shaped by custom-tailoring the magnetic potential. In
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particular, by changing the lattice temperature or the external magnetic bias field
while keeping the peak THz far-field amplitude constant at Frg, = 1.0MVcm™!,
the switchable spin states can be selected, or spin switching can be inhibited com-
pletely.

The experiments mark a novel regime of ultrafast all-coherent spin control through-
out the entire phase space. Furthermore, for the first time, lightwave-driven spin
switching can be observed on a subcycle time scale, which results in the observation
of a number of unique hallmarks in the coherent polarization rotation signal. In this
specific implementation of a THz-driven anisotropy torque, the absorbed energy of
approximately one THz photon per spin suffices for switching whereas the energy
dissipation in the spin system is on the order of 1peV per spin. This makes the
scheme highly scalable. Beyond that, future storage devices could also exploit the
excellent spatial definition of the antenna structures, which can be scaled down to
a size of 10 nm. This sets the stage for novel spin memories operating at THz clock

rates, and ultimately low dissipation close to the Landauer limit [Lan61].

The carrier wave of intense single and few-cycle light pulses in the THz regime
can also be utilized to coherently control the translational motion of electrons in
a solid. This concept of ballistic lightwave acceleration of charges has lead to the
observation of dynamical Bloch oscillations which manifest in the emission of high-
order harmonic radiation [Sch14, Hoh15]. Also, internal quantum attributes like
the valley pseudospin can be coherently controlled on a subcycle timescale by a
lightwave-driven intraband acceleration of carriers in a monolayer of the transition
metal dichalcogenide tungsten diselenide [Lanl18b]. Hence, using the carrier wave
of light as an a.c. bias voltage may pave the way to future ultrafast electronics and
ultimate quantum control. Nonetheless, the finite band mass and ultrafast scatter-
ing in conventional dielectrics limit the velocity and the excursion of the accelerated
electrons, causing also substantial energy losses.

With their unique electronic properties, the material class of topological insulators
may lift these constraints and bring actual lightwave electronic devices into reach.
Owing to strong spin-orbit interaction, compounds like bismuth telluride (BiyTes)
are insulating or semiconducting in their bulk form, while conductive states emerge

at the sample surface. The linear, Dirac-like dispersion and the reduced scatter-
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ing rate, caused by spin-momentum locking, renders these surface states promising
for ultrafast low-loss electronics. Moreover, as their existence is guaranteed by the
topology of the band structure, they are robust against defects or impurities which
further increases the potential for practical electronic applications.

To actually observe how an intense lightwave accelerates the carriers in momen-
tum space, time-resolved angle-resolved photoelectron spectroscopy (trARPES) is
applied to record complete subcycle band structure movies of the lightwave-driven
dynamics. In a first set of experiments, single-cycle THz pulses with a center fre-
quency of 1 THz and peak electric field amplitudes of only Erg, = 2.4kVem™! are
utilized to ballistically accelerate Dirac electrons in the topological surface band of
BisTes. From the experiment, scattering times in the topological surface state of at
least one picosecond can be determined. Together with the high Fermi velocity of
the Dirac electrons, these extremely large coherence times facilitate a non-dissipative
propagation of the lightwave-driven surface current over several hundred nanome-
ters. This record scale exceeds the gate width of contemporary electronic circuitry
by orders of magnitude and makes future lightwave-driven low-loss electronic devices
a real perspective. Owing to spin-momentum locking, the ballistic Dirac currents
also carry a spin current, which could enable spintronics up to optical clock rates.
Now, by applying THz waveforms with peak electric field amplitudes on the order of
a few MV ecm™!, also coherent phenomena in the regime of strong-field light-matter
interaction can be studied directly in the band structure and on a subcycle timescale.
Thereby, intense, phase-stable multi-THz waveforms with a tunable center frequency
between 20 and 60 THz and electric peak field amplitudes above 1 MV cm™! serve
as the ideal tool for the strong-field control of the topologically protected surface
states. To trace the coherent carrier dynamics directly in the band structure, co-
propagating ultrashort UV probe pulses with a duration of 12.2fs simultaneously
photorelease electrons out of the sample surface.

Along the crystallographic I'-K-direction, the intraband acceleration by a multi-
THz waveform with a center frequency of 27.6 THz and a peak electric field of
Erg, = 1.06 MVem™! leads to a maximal momentum shift of Ak = 0.073 A_l,
reached at the zero-crossings of the driving field. The associated inertia-free surface
current amounts up to 28.3 A cm~!, corresponding to a bulk current density of up to
56 nA, per atom. Within one half-cycle of the multi-THz driving field, this ballistic
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Dirac current can coherently propagate over a distance of at least 8 nm, which is on
the order of the typical gate width of state-of-the-art electronic transistors.
Conversely, if the multi-THz driving waveform with a peak electric field ampli-
tude of Epp, = 1.04 MV cm™! is orientated along the I'-M-direction, the lightwave-
induced dynamics are qualitatively different. Although the maximum THz-induced
momentum shift only amounts up to Ak = 0.046 Afl, the coherent intraband ac-
celeration leads to a lightwave-driven charge transfer from the topological surface
band to the bulk conduction band. The carrier dynamics are also significantly
altered if one increases the frequency of the driving field. Intense multi-THz wave-
forms featuring a center frequency of 41.0 THz and a peak electric field amplitude
of Eru, = 0.54MVem™! coherently accelerate Dirac electrons in the topological
surface band along the crystallographic I'-K-direction, and simultaneously drive res-
onant interband transition across the bulk bandgap. This marks the first subcycle
observation of lightwave-driven intra- and interband dynamics in the band structure
itself and will help to answer key open questions in lightwave electronics. A fas-
cinating example represents the analysis of the high-harmonic generation from the
topological surface state of BisTes, which has also been demonstrated in the scope
of this thesis. Also other fundamental predictions of relativistic quantum physics
like Zitterbewegung [Jun20], Floquet physics [Fai97, Has10, Wan13], or axion dy-
namics [Nen20] might become experimentally accessible in the future.

The novel subcycle multi-THz ARPES setup established in this thesis offers unprece-
dented insights into light-matter interaction by resolving the coherent lightwave-
driven dynamics directly in momentum space and on a subcycle timescale. Nonethe-
less, so far, the rather low photon energy of the ultrashort UV probe pulses used
for photoemission limits the accessible momentum space to a small fraction of the
Brillouin zone. In a next step, the current UV gate pulses with a photon energy of
about 3eV will be replaced by a new light source that provides vacuum-UV pulses
with a photon energy above 20eV and a pulse duration on the order of ten fem-
toseconds. In this case, the accessible momentum range will be large enough to
photoemit electrons from the entire first Brillouin zone. In combination with the in-
tense multi-THz driving waveforms featuring peak electric fields of several MV cm ™!,
it will be possible to trace lightwave-driven electron dynamics throughout the entire

Brillouin zone and on the femtosecond time scale. Ultimately, even subcycle band
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structure movies of Bloch oscillating electrons are imaginable, which will help to
gain a comprehensive understanding of strong-field phenomena like high-harmonic
or high-order sideband generation in solids. Furthermore, once the subcycle ARPES
setup is able to resolve the entire Brillouin zone, also electron dynamics in materi-
als, whose fundamental bandgap is not at the center or even at the corners of the
Brillouin zone, become experimentally accessible. This for example bears the poten-
tial to visualize quasiparticle collisions [Lanl6] or lightwave valleytronics [Lan18b]

directly in the band structure and on a subcycle time scale.
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Fabrication of

optical antenna structures
on TmFeO;,

For the experiments presented in chapter 2, custom-tailored antenna structures are
fabricated on top of a TmFeOgs crystal with a thickness of 60 pm, which has been
cut perpendicular to one of the optical axis. For this purpose, the sample has been
processed with a positive resist system. Table A.1 summarizes the parameters of
the structuring process of the bowtie antennas.

In a first step, the surface of the TmFeOs crystal is cleaned with acetone and
propanol. Then, the sample is placed in a spin coater to apply the electron beam
sensitive positive resist AR6200.13 (CSAR 62). In order to harden the resist, the
coated substrate is placed on a hot plate. After that, a conductive lacquer (SX
AR-PC5000/90.2) is applied and the sample is transferred into a vacuum cham-
ber, where the antenna structures can be written by electron beam lithography.
Notably, the use of this conductive lacquer after the actual resist coating prevents
space charge effects during the writing process, which ensures an accuracy of 0.5 um.
Afterwards, the conductive lacquer is removed by dipping the sample into deionized
water. Subsequently, the substrate is put into a developer solution for 65s and then

cleaned in deionized water. With the help of an electron beam evaporator, a
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A Fabrication of optical antenna structures on TmFeQOs

Spin coating of positive resist
Type AR6200.13 (CSAR 62)
Duration (seconds) 50
Revolutions per minute 5000
Acceleration steps 1000
Bake out
Temperature (°C) 150
Duration (seconds) 60
Spin coating of conductive lacquer
Type SX AR-PC 5000/90.2
Duration (seconds) 50
Revolutions per minute 4000
Acceleration steps 800
Parameters of the electron beam lithography
Acceleration voltage (kV) 20
Aperture (pm) 30
Dose (nC/cm?) 60
Remove conductive lacquer
Type deionized water
Duration (seconds) 120
Development
Type AR600-546
Duration (seconds) 65
Stop in Isopropanol (seconds) 5
Evaporation
Titanium (Thickness; rate) 10nm; 0.7 As™!
Gold (Thickness; rate) 100nm; 1.5 As~?
Lift-off
Type \ Remover PG

Table A.1: Parameters for the fabrication of custom-tailored antenna
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structures on TmFeO;3. Durations, revolutions per minute and ac-
celeration steps refer to the settings of the spin coater, which is used to
apply the positive resist and the conductive lacquer. For the bake out,
the TmFeO3 is put on a customary hot plate. The thin titanium and
gold films are deposited on the sample with the help of a commercial
electron beam evaporator.



10 nm-thick layer of titanium and a 100 nm-thick gold film are deposited onto the
structured TmFeOs crystal. Finally, the sample is placed in a bath of Remover PG

to lift-off all resist, which has not been exposed to the electron beam.
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Estimate of the

magnetization deflection

in the near-field volume
. @

In the case of unstructured bulk TmFeOs3, the total polarization rotation, 6, results
from approximately equal contributions across the entire sample thickness of 60 pm.
In order to calibrate the relation between 6 and the spin angle ¢, a full switching
of the magnetization (change of ¢ = 180°) is enforced by reversing the external
static magnetic bias field B.y. This scenario rotates the probe polarization by
24 mrad. Consequently, a polarization rotation of § = 0.5 mrad, as induced by a THz
amplitude of 1.0 MV ecm ™! in the antenna-free sample, corresponds to a transient spin
excursion of A¢ = 3.5°. Taking into account the quadratic dependence of A¢ on
the electric field amplitude, the polarization rotation, 6, is linked to the THz peak
electric field, Epeak, by

=¢xLx E?

peak>

(B.1)

where L is the crystal length, £ = 472mradcm (MV)~2 is the coupling constant,
and FEpeax = 0.42MVem™ is the peak electric THz amplitude averaged over the
length of the unstructured TmFeO3 sample. In the antenna-covered structure, the

magneto-optical signal can be divided into two contributions:

(a) the antenna near-field region extending down to a depth of 13 pum below the
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B Estimate of the magnetization deflection in the near-field volume

antenna, where electric fields strongly exceeding the far-field amplitude are

encountered (Figure 2.11, red-shaded area)

(b) a bulk part, where the electric field assumes an average value of 0.3 MV cm™!
(Figure 2.11, blue-shaded area).

Accordingly, the polarization rotation by the bulk part is
0, = £€x 47pm x 0.3MVem ™ = 0.2mrad, (B.2)

such that 0.7 mrad of the total magneto-optical signal result from the near-field vol-

ume. This contribution corresponds to an average spin deflection angle of A¢p = 24°.
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Estimation of the spin

switching energy
B

The Poynting theorem dictates that the absorbed electro-magnetic power density
P(t) is given by
P(t) = j(t)E(), (C.1)

where j(t) is the effective current density describing dissipative processes in a ma-
terial and E(t) is the oscillating electric field. The full energy absorbed per unit

volume is therefore
Wi = / J(OE(b)dt. (C.2)

—0o0

By taking the Fourier transforms

j0)= 5 [ et (C.3)
and L e
B(t) = 5- /_ ~BW)e ", (C.4)

where w is the frequency, and substituting them into equation C.2 we obtain

W= 5= [ () B(-w)do. (C.5)
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C Estimation of the spin switching energy

The current density is connected to the electric field by the effective conductivity

o(w) = %((Z)) such that

Wabs = x /OO o(w)E(w)E(—w)dw = L /OO o(w)|E(w)|*dw. (C.6)
21 J—co 21 J—o
In the case of crystal-field split ground state transitions of TmFeOs in the temper-
ature interval between 80 K and 90 K, where the imaginary part of the dielectric
function €y is much smaller than its real part ¢, [Zhal6], the effective conductivity
can be approximated by o = €yngunceg. Here, ngy, = 4.92 is the refractive index of
TmFeOs, and aeg ~ 4000m~! is the effective THz absorption coefficient obtained
from data of reference [Zhal6], taking into account the spectral shape of our THz

pulse. We obtain
1 oo
Wabs = ?EOnSUbC&eH/ ’E(w>’2dw7 (C7>
Tr —

o0

which can be rewritten in the time domain (compare equations C.2 and C.5) as

Wabs = €0MsubCOleft /Oo E%(t)dt. (C.8)

The absorbed energy density in the rare-earth system for a near-field THz transient
with a peak electric field of Exp = 7.8 MV cm ™!, which exceeds the threshold for spin
switching, is W = 20J em™2. TmFeOs crystallizes in a distorted perovskite struc-
ture with a unit cell volume of Vi = 2.22x1072® m? (lattice constants, a = 525 pm,
b = 557pm, and ¢ = 758 pm) [Lea68], which contains 4 Fe?>" spins. Thus, an upper

bound for the absorbed energy in the rare-earth system per spin is given by

Ve
Wspin = Wabs X T =7.15 meV, (Cg>

which is on the order of the energy of one THz photon. The dissipation by the
spin system is even smaller: The energy required to overcome the potential barrier,
separating two neighboring potential minima (see Figure 2.3 and Figure 2.16), nor-
malized by the number of spins in the switched volume is on the order of 111eV. This
value can, thus, be regarded as an upper limit for the maximal energy dissipated by

one spin upon switching.
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Characterization of

ultrashort gating pulses
EE

A well established and very powerful tool to characterize ultrashort laser pulses in
amplitude and phase is frequency-resolved optical gating (FROG) [Kan93, Kan99,
Mon10]. The conceptional idea of this technique is to temporally gate the test pulse
E(t) with a reference pulse Fg(t) and subsequently measuring the spectrum, v, of
this gated pulse as a function of the delay time, 7 [Monl10], between the test and
the gate pulse. This gives a two-dimensional signal, known as the spectrogram of
the pulse

I(r,v) | / B(t)Ea(t — 1) exp™ ™ di. (D.1)

Reconstructing this two-dimensional map with an iterative numerical algorithm al-
lows to extract the spectral phase and amplitude of the test pulse, E(t) [Kan93,
Kan99].

To fully characterize the ultrashort near-infrared pulses obtained by multi-plate
continuum generation, second-harmonic generation frequency-resolved optical gat-
ing (SHG-FROG) [Mon10] is used. Therefore, the multi-plate continuum beam is
split into two identical replicas, whereas one of them is guided over a variable delay
line in order to vary the temporal overlap, 7, between the two pulses. Subsequently,
the two copies are spatially superimposed again and focused into a BBO crystal with
a thickness of 10 pm to generate their sum-frequency, vsp. Detecting the intensity

of vsr as a function of the delay time, 7, yields the two-dimensional spectrogram,
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D Characterization of ultrashort gating pulses
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Figure D.1|Characterization of the ultrashort multi-plate continuum
pulses. a, Measured SHG-FROG trace. The spectrally resolved intensity of the sec-
ond harmonic-frequency, I(7,vsug), of the ultrashort multi-plate continuum pulses
shown as a false color plot and as a function of the sum-frequency, vsgg, and the
relative delay time, 7, between the two pulses. b, Computed SHG-FROG trace by
a numerical reconstruction algorithm. Color scale, see a. ¢, Reconstructed intensity
envelope of the multi-plate continuum pulses (red shaded area) with a FWHM pulse
duration of mypc = 17.0fs. Grey solid line, temporal phase, ¢.
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Figure D.2 | Characterization of the near-infrared probe pulses. a, Mea-
sured SHG-FROG trace. Intensity of the second harmonic-frequency, I(7, vsug), of
the near-infrared pulses shown as a false color plot and as a function of the sum-
frequency, vsug, and the relative delay time, 7, between the two pulses. b, Com-
puted SHG-FROG trace by a numerical reconstruction algorithm. Color scale, see a.
¢, Reconstructed intensity envelope of the near-infrared pulses (orange shaded area)
with a FWHM pulse duration of 7yjg = 111 fs. Grey solid line, temporal phase, ¢.

I(1,vsnc), displayed in Figure D.1a. Thereby, at 7 = 0, the two copies are perfectly
temporally overlapped and I(7,vsug) peaks. Figure D.1b displays the correspond-
ing reconstructed sum-frequency trace calculated by an iterative numerical algo-
rithm [Kan99, Wya08]. The good agreement between the measured (Figure D.1a)
and reconstructed (Figure D.1b) intensity spectrograms permits a valid extraction
of the temporal structure, I(7), and phase, ¢(t) of the multi-plate continuum pulse,
which is depicted in Figure D.1c. This gives a FWHM pulse duration of mypc = 17 fs.
Figure D.2 summarizes the SHG-FROG measurement of the near-infrared gating
pulse (see Figure 3.15, red dashed line) used for the characterization of the ultra-
short UV probe pulses, which are necessary for the time-resolved ARPES experi-

ments. The near-infrared pulses exhibit a pulse duration of Tyig = 111fs.
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curvature method on the

photoemission spectra
EE

In general, taking the second derivative of a photoemission map highlights veiled
peak structures in the spectra [Sat01, Qia06, Ric10]. The two-dimensional curvature
method not only significantly sharpens dispersive features in static spectroscopic im-
ages, it also maintains their absolute position [Zhall]. However, at the same time,
this procedure can also introduce artifacts. To test its influence on the results
that can be extracted from the time-resolved ARPES experiment, the curvature
method is applied to the data presented in section 3.3.2 and published in Reimann
et al. [Reil8b]. Thereby, a THz waveform with a center frequency of vy, = 1 THz
and an in-plane electric peak field strength of Erg, = 2.4 £+ 0.5kVem™ is used to
accelerate Dirac electrons within the topological surface state of Bi;Tes. Simultane-
ously, the lightwave induced carrier dynamics are probed by time-resolved ARPES
using a p-polarized UV probe pulse with a center wavelength of Ayy = 201 nm
and a bandwidth of A\ = 2.8 nm. This results in an energy resolution of 45 meV,
whereas energy and momentum shifts of the photoelectrons can be determined with
an accuracy of 3meV and 0.004 A_l, respectively. Figure E.la shows the corre-

sponding static photoemission spectrum of BiyTes taken along the crystallographic
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Figure E.1 | Static photoemission maps a, Static photoemission map of BiyTes
taken along the I'-K-direction with a UV pulse, that features a center wavelength of
Auv = 201 nm and a bandwidth of A\ = 2.8 nm. b, Corresponding photoemission
map, smoothened by a simple moving average filter with a box size of 80x80 pixels
and subsequently analyzed using the two-dimensional curvature method. The white
dashed line indicates the Fermi Energy, Fg

I-K-direction. The characteristic V-shaped dispersion of the Dirac cone at the I'-
point in reciprocal is clearly visible. The Dirac point is ~ 200 meV below the Fermi
level, Er, whereas the bulk valence band manifests itself in a broad intensity distri-
bution at lower energies.

Figure E.1b shows the corresponding corrected ARPES image, which has been
smoothened by a simple moving average filter with a box size of 80x80 pixels and
subsequently analyzed by using the two-dimensional curvature method. This anal-
ysis is now repeated for every delay time, ¢, between the THz pump pulse and the
UV probe pulse. Then, the lightwave-driven current density is calculated from the

transient momentum shift, which can be extracted from the photoemission spectra
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Figure E.2|Quantitative compari-
son of the THz-driven electric cur-
rent within the surface band. Tem-
poral evolution of the current density,
j(t), extracted from the photoemission
intensity distributions that have been
smoothened by a simple moving average
filter with a box size of 80x80 pixels and
subsequently sharpened by the curva-
ture method (red data points) compared
to the current density obtained from the
Delay time, t (ps) uncorrected photoemission map (black
data points).
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(see section 3.4.3 and reference [Reil8b] for details). Figure E.2 displays the result-
ing temporal evolution of the THz-driven Dirac current, j(t), as a function of the
delay time, t, extracted from the photoemission spectra sharpened by the curvature
method (red data points) and the experimentally measured ARPES maps (black
data points), respectively. It is clearly visible, that the current density extracted
from the photoemission spectra, which have been analyzed by the two-dimensional
curvature method, qualitatively reproduces the dynamics obtained from the uncor-
rected photoemission maps. Nonetheless, the curvature analysis overestimates the
absolute value of the current density. Consequently, the values obtained from the
corrected photoemission spectra are scaled by a factor of 0.537 to quantitatively

match the experimental data.
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