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Abstract

Smaller and faster are the key requirements for the progress of modern
nanoscience and nanotechnology. Indeed, modern information technology has
advanced by finding ways to precisely control electrons on faster time scales
and finer spatial scales. However, further advances will be difficult to achieve
by means of conventional nanoelectronics. Therefore, the creation of a new
platform for the ultrafast control of electrons on a nanoscale is indispensable.
In this thesis, a comprehensive study of ultrafast sub-cycle manipulation of
electron tunneling in metallic nanostructures is presented. Phase-controlled
single-cycle intense THz pulses are used to drive real-space electron tunneling
in metallic nanogap structures, paving the way for the development of
“lightwave nanoelectronics”.

First, the thesis investigates the possibility of lightwave driven electron
tunneling using THz time-domain spectroscopy in an ultrathin gold (Au) film
with randomly distributed nanogap structures. Both isolated and percolated
Au nanostructures were fabricated on a Si substrate. By increasing the
incident THz electric field strength, large opacity in the THz transmission
takes place in the percolated nanostructures. We reveal that this nonlinear
response is due to a nonthermal and nonlinear increase in conductivity of
ultrathin Au films induced by field-driven electron tunneling.

Second, in order to better understand the THz-field-induced electron
tunneling process, we developed a new technique called phase-controlled THz
scanning tunneling microscopy (THz-STM). In particular, we demonstrated
the direction of the electron tunneling between a metal nanotip and a sample
can be coherently manipulated by tuning the carrier-envelope phase (CEP) of
the incident THz electric fields through the Gouy phase shift. The field
enhancement factor — approximately 100,000 — at the nanogap between the
nanotip and sample was considerable. Furthermore, this spatially confined
THz electric field in the tunnel junction enables nanoscale imaging of the Au
nanostructures beyond the diffraction limit.

Finally, the thesis describes how the perfect CEP-controlled THz pulses and



dual-phase double-pulse scheme we developed is used for in-situ tailoring and
reconstruction of THz near-fields formed at the tunnel junction. Measurements
of the phase-resolved sub-cycle electron tunneling revealed an unexpected large
CEP shift between far-field and near-field. We found that the phase shift stems
from the wavelength-scale feature of the tip-sample configuration. By using a
dual-phase double-pulse scheme, the electron tunneling was coherently
manipulated over the femtosecond time scale. Our phase-controlled THz-STM
with desirable near-fields will offer unprecedented control of electrons for

ultrafast atomic-scale electronics and metrology.
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Chapter 1

Introduction and background

1.1 Modern information technology

The development of modern information technology has been accelerated by
the ability to precisely control electrons on a faster time scale and a finer
spatial scale. According to Moore's law, the prediction that has powered the
revolution of information technology since the 1960s, the number of transistors
in a microprocessor chip and resulting chip's performance will double every 2
years or so [1,2]. With the exponential improvement based on this guiding
principle, nanofabrication technologies currently enable manufacturing of
top-of-the-line microprocessors with circuit features around 10 nanometers.
However, the semiconductor industry will soon abandon the pursuit of Moore's
low because of the fundamental limitation on the size of integrated
nanocircuits; the local heat problem and unintentional quantum behavior will
appear when the semiconductor circuitry is jammed into the nanoscale area [3].
On the other hand, the clock speed of a microprocessor — the time it takes to
switch on and off electrons in the circuit — is limited to the gigahertz frequency
range (sub-nanosecond on a temporal scale) by means of conventional
electronics. Therefore, the creation of a new technique for the ultrafast control
of electrons on a nanoscale is indispensable, in addition to current technologies

based on semiconductor physics.



Chapter 1 Introduction and background

1.2 Developments in ultrafast laser
technology

A promising strategy for overcoming the limitations of conventional electronics
described above is to utilize the fastest oscillating electromagnetic field in
nature — the carrier wave of light. This fascinating concept, called “lightwave
electronics” [4], has attracted considerable attention over the decades in the
field of photonics.

Since the first laser was invented in 1960 [5], we have explored the new
opportunities provided by this stable electromagnetic source that has perfect
coherency in both space and time. In addition to the use of laser technology for
real-life applications such as sensing, projecting, printing, recording,
manipulating, and processing in diverse fields, scientists have pushed the
boundaries of laser technology in order to generate highly intense and
ultrashort laser pulses. Thanks to the invention of key technologies such as
Q-switching [6], mode-locking [7], and chirp pulse amplification [8] techniques,
it is possible, with a tabletop system in the laboratory, to generate laser pulses
with femtosecond (1 fs =1 - 101 s) pulse duration and terawatt peak power.
Using these ultrashort laser pulses, elementary dynamics of matter can be
directly traced in the time domain to reveal and control its fundamental
properties.

However, in conventional optical pump-probe spectroscopy, only
cycle-averaged information such as intensity and frequency spectrum can be
obtained, thus making it difficult to investigate interactions between the
electric field of ultrashort laser pulses (the carrier wave of light) and electrons
in matter. The reason is that the phase of ultrashort laser pulses differ from
pulse to pulse due to the instability of the laser cavity. Despite the fact that
Keldysh predicted strong laser-field induced tunneling ionization in atoms and
solids in his seminal theoretical paper in 1965 [9], it took more than 30 years to
develop a sufficiently sophisticated technique to trying out his framework. This
technique, the generation of a phase-locked intense ultrashort laser field, was
made possible by the development of the optical frequency comb [10], for
which the Nobel prize in physics was awarded in 2005.



1.2 Developments in ultrafast laser technology

1.3 Lightwave electronics in gas and bulk
solid state systems

Strong-field interactions of light with electrons in matter are governed by both
quantum-mechanical and classical concepts: in the quantum regime, electrons
experience light as photons; in the classical regime, however, electrons are
driven by the optical field. These two possibilities are illustrated schematically
in Figure 1.1.

Keldysh characterized the transition between the photon-driven regime and
the field-driven regime using a simple equation, by introducing the ratio

between the ionization potential Ip and the ponderomotive energy Up [9]:
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Figure 1.1 | Schematic of strong-field interaction in atomic potential. Two
limiting cases for ionization, depending on the Keldysh parameter ~ [9].
(a) In the case of v > 1, photon-driven multiphoton ionization occurs,
which is sensitive to the light intensity as highlighted by the red curve in
(¢). (b) In the case of v < 1, field-driven tunnel ionization occurs, which is
sensitive to the light field as highlighted by the red curve in (d). In the
latter case, ionization dominates at the peak of the laser field; thus the
electron trajectory is highly sensitive to the optical phase

(carrier-envelope phase).
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where w is the optical driving frequency, m is the mass of the electron, e is the
electron charge, and F'is the electric field. In order to precisely control electron
trajectory at an ultrafast time scale using the light field (v < 1), the driving
laser pulse has to be sufficiently low frequency and/or highly intense.

Experimentally, the lightwave-driven phenomenon was first demonstrated in
the tunnel ionization of Xe atoms using a COy laser field [11]. The
lightwave-driven transport of electrons was then extensively studied in atomic
and molecular systems using intense few-cycle phase-controlled laser pulses,
and has now become a versatile tool for the investigation of electron wave
function with unprecedented time-resolution, notably high-order harmonic
generation (HHG) — the conversion of near-infrared (NIR) or mid-infrared
(MIR) field into extreme ultraviolet radiation (XUV) lasting less than 1 fs [12].
This peculiar observation can be explained by the lightwave-driven coherent
motion of electrons resulting from light-field-induced tunnel ionization,
excursion of the quasi-free electrons, and their recollision with the ion core.
The emitted broadband radiation carries key information within its spectrum
about the processes within and the structure of the target system. Furthermore,
the use of a waveform-controlled laser pulse allows the creation of bursts of
isolated attosecond (1 as = 1 - 1078 s) pulses which paves the way for the
development of attosecond science [13-16].

Despite the successes achieved in the application of a strong laser-field to
materials in the gas phase, this fascinating concept has only recently been
applied to condensed matter systems, and the exploration of lightwave
electronics in the development of next-generation ultrafast solid-state devices
has just begun. In 2011, HHG was also realized in a solid state system with the
harmonic spectra extending well beyond the bandgap [17]. Although the
underlying mechanism is still under debate [18,19], a detailed understanding of
the HHG process is expected to lead to the development of new spectroscopic
techniques, such as all-optical reconstruction of crystal band structure [20].

A further important step towards ultrafast signal processing was reported
very recently using amorphous silicon dioxide [21], where light-field-driven
electron transport in the insulator was detected as electrical current using

metallic electrodes. Because nonlinear polarization is induced by an adiabatic



1.3 Lightwave electronics in gas and bulk solid state systems

process via interband Landau-Zener tunneling [22,23], electrical currents can
be driven and switched by the instantaneous light field which may open up a
new avenue for petahertz (1 PHz = 1 - 10" hertz) electronics.

This light-field-driven electrical current has also proved to be useful in
semiconductors (gallium nitride [24]) and conductors (graphene [25]). This is
especially true in graphene, where the light-field-driven regime can be achieved
with modest field strength, owing to the peculiar characteristics of the
Dirac-cone, which renders complex amplified laser systems dispensable [25]. In
addition, because of laser-polarization-dependent behavior of electrons due to
quantum interference during multiple Zener tunneling, transistor operation at

optical clock rates may become feasible [25].

1.4 Lightwave electronics in
nanoplasmonic systems

Recall that not only a faster time-scale but also a finer spatial-scale is crucial
for the evolution of modern signal processing. However, the spot size of a
focused laser beam is limited to the diffraction limit of the lightwave (hundreds
of nanometers in optical frequency), and is therefore unable to achieve the
desired nanoscale resolution. One way to overcome this major challenge is to
use plasmonics, a rapidly developing field at the boundary of condensed matter
physics and photonics. By tailoring plasmons—collective oscillations of the free
electron gas—in metallic nanostructures, highly localized near-fields can be
produced by concentrating laser pulses into dimensions far beyond the
diffraction limit of the incident light. Indeed, strong-field photoemission has
been realized in metallic nanoparticles [26] and nanotips [27-32].

In addition to the observation of absolute phase (carrier-envelope phase)
effect and control in electron dynamics [27,29] (Figure 1.2a, b), a new effect —
the nano-localized near-field — has been discovered, in which, owing to the
nanoplasmonic field strongly localized at the nanotip apex, the photoemitted
electrons can escape from near-field within a fraction of an optical half-cycle,
thus effectively accelerating electrons [28], as illustrated in Figure 1.2¢, d.
Furthermore, as shown in Figure 1.2e, f, near-fields at the nanotip apex were
successfully visualized by measuring photoelectron energy spectra using

streaking spectroscopy [31,32].
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Figure 1.2 | Lightwave control of electrons in the metallic nanotip. (a)
Attosecond motion of electron emission is controlled by a carrier-envelope
phase (CEP) controlled few-cycle laser electric field. (b) The resulting
CEP-dependent photoelectron energy spectra manifest sub-cycle
interference of electron wave-packet at the tip apex. (a) and (b) are
adopted from ref [27]. (¢) Trajectories of light-field-driven photoemission.
A quiver motion of the electron is suppressed in the long-wavelength
excitation. (d) Experimental (circle) and simulated (solid lines)
photoelectron energy spectra. Good agreement was obtained by taking
near-field decay at the tip apex into account. (c¢) and (d) are adopted from
ref [28]. (e¢) The photoemitted electrons initiated by a NIR pulse were
accelerated by a near-field of THz electric field with different time delays.
(f) THz near-field waveform derived from a streaking spectrogram. (e) and
(f) are adopted from ref [31].



1.4 Lightwave electronics in nanoplasmonic systems

1.5 Overview of motivation and results

The combination of intense ultrashort laser pulses and a metallic nanotip
provides a new platform for strong-field physics. Furthermore, the excellent
spatial and temporal coherence of locally accelerated photoelectrons is
expected to provide a new source of ultrashort electron pulses. However, the
role of the laser field employed in these studies [27-32] was limited to inducing
photoemission and subsequent acceleration, because of its geometry. Therefore,
developing the concept of “lightwave nanoelectronics” for a new
nanoplasmonic platform will be highly beneficial for the advancement of
next-generation devices by overcoming the limitations in both space and time
of conventional signal processing. To this end, we focused on a tunnel junction
— a quantum structure formed by placing two metal electrodes separated by a
thin insulator — as the new platform. Using the tunnel junction, ultrafast
currents can be controlled at even smaller scales. Furthermore, a range of
functionality is expected to be realized on the nanoscale circuit, such as large
field enhancement [33,34], optical rectification [33,35], and transistor operation
[34,36].

In order to exploit the carrier wave of intense laser pulses in the tunnel

junction, several requirements are imposed on the laser profile:

1. The electric field waveform has to be well-defined and reproducible,
otherwise the light-field-driven effect will be smeared out by cycle
averaging.

2. The number of cycles contained in a laser pulse should be minimized, in
order to efficiently drive electrons due to the symmetry-breaking of the
system.

3. The photon energy of the laser pulses has to be kept sufficiently low, in
order to suppress thermal expansion and avoid permanent damage to the

nanoscale metallic structures.

Fortunately, these requirements can be perfectly fulfilled using intense
terahertz (1 THz = 1 - 10" hertz) pulses. In the THz spectral range, the
so-called THz gap has long existed [37] because of the absence of powerful
emitters and sensitive detectors. Nowadays, thanks to the advancement of
novel efficient emitters [38-41], phase-locked intense single-cycle THz electric

fields can be generated and detected with absolute resolution of amplitude and
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phase [42-45]. Moreover, the low photon energy of a THz pulse permits the
acceleration of electrons in the non-perturbative regime without heating the
system with excess energy.

Exploiting these advantages, THz-field-induced nonlinear phenomena have
been demonstrated in a variety of systems, such as anharmonic drive of
ferroelectric soft mode of a quantum paraelectric thin film [46], orientation and
alignment of molecules [47], impact ionization and Zener tunneling in
semiconductors [48-50], THz-field-induced phase transition in strongly
correlated electronic systems [51], and driving the Higgs mode in
superconductors [52,53]. However, very few studies have been devoted to
metallic systems.

In this thesis, a comprehensive study of ultrafast sub-cycle manipulation of
electron tunneling in metallic nanostructures is presented. Phase-controlled

single-cycle intense THz pulses are used to drive real-space electron tunneling

Figure 1.3 | Illustration of THz-field-driven electron tunneling in a single

tunnel junction of the scanning tunneling microscope.



1.5 Overview of motivation and results

in metallic nanogap structures. We investigate the possibility of
lightwave-driven electron tunneling using THz time-domain spectroscopy
(THz-TDS) in an ultrathin gold (Au) film with random nanogap structures.
By analyzing transmitted waveforms obtained using electro-optic sampling, we
reveal nonthermal and nonlinear increase in the conductivity of an ultrathin
Au films induced by field-driven electron tunneling. In order to directly detect
THz-field-induced electron tunneling, we developed a novel technique called
phase-controlled THz scanning tunneling microscopy (THz-STM [54]) (Figure
1.3). This has allowed us to understand the detailed mechanisms of electron
tunneling as well as the ultrafast sub-cycle coherent control of electrons and
nanoscale imaging. Furthermore, the development of tunable-phase THz
pulses and dual-phase double-pulse schemes enables in-situ tailoring and
reconstruction of THz near-fields formed at a tunnel junction. Our results
show that the combination of single-cycle THz electric field and a tunnel
junction achieves sub-picosecond coherent control of electrons with nanometer
spatial resolution which surpasses what can be achieved with current
information technology. We believe that the concept of “lightwave
nanoelectronics” presented in this thesis, providing access to an unprecedented
ultrafast and ultrasmall regime, paves the way for the development of

next-generation ultrafast atomic-scale electronics and metrology.

Outline of this thesis

Chapter 2 first describes the properties of an ultrashort laser pulse, which is an
essential tool for lightwave control of electrons. We then describe experimental
methods for the generation and detection of phase-locked intense single-cycle
THz pulses using an amplified femtosecond laser source. Based on this light
source, we describe the calculation of optical constants for a sample, and
control of the CEP of THz pulses through the Gouy phase shift and the CEP
shifter. Finally, the principle and concept of STM are briefly introduced.
Chapter 3 describes how we performed THz-TDS on an ultrathin Au film
with random nanogap structures in order to investigate the interaction
between high intensity THz pulses and metallic nanogap structures. Electrons
in the percolated Au nanostructures (in the vicinity of the insulator-to-metal
transition) are accelerated by the intense THz electric field, causing real-space
tunneling of electrons. Therefore, the nonlinear increase in conductivity of the

Au film can be controlled in sub-picosecond timescale without undesirable
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thermal effects. The content of this chapter has been published as
“Terahertz-field-induced  nonlinear  electron  delocalization in  Au
nanostructures” [55].

In Chapter 4, in order to clarify the detailed mechanisms of THz-field-induced
electron tunneling, we describe how we combined a scanning tunneling
microscope and a phase-controlled single-cycle THz pulse, enabling the
measurement of electron tunneling in a well-defined single tunnel junction.
The motion of electrons in a tunnel junction was coherently controlled either
from a nanotip to a sample or vice versa. Spatially confined huge THz electric
fields strongly modulate the potential barrier at a nanogap and can steer a
large number of electrons in an extremely nonlinear regime. Furthermore,
nanoscale imaging of an Au nanostructure was demonstrated, which is far
beyond the diffraction limit of THz pulses. The content of this chapter has
been published as “Real-space coherent manipulation of electrons in a single
tunnel junction by single-cycle terahertz electric fields” and “Nanoscale
electron manipulation in metals with intense THz electric fields” [56,57].

In Chapter 5, we describe the development of a new single-cycle THz pulse,
whose absolute phase can be controlled to a desired value, and the
measurement of the sub-cycle response of electron tunneling in order to
investigate the interactions between a broadband THz electric field and a
tunnel junction. Phase-resolved measurements revealed an unexpected large
phase shift between incident far-field and near-field single-cycle THz
waveforms. With the aid of a finite integration simulation, we found that the
resulting near-field and subsequent electron tunneling strongly depend on the
wavelength-scale features of the nanotip because of the plasmonic response of
the particular nanotip. Furthermore, by tailoring the single-cycle near-field
with a dual-phase double-pulse scheme, electron tunneling was coherently
manipulated and detected over the femtosecond time scale. The content of this
chapter has been published as “Tailoring single-cycle near field in a tunnel
junction with carrier-envelope phase-controlled terahertz electric fields” [58].

Finally, in Chapter 6, we summarize the results described in this thesis, and

describe the opportunities and developments that can be expected in the

future.
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Chapter 2

Experimental Methods and Concepts

In this chapter, we will introduce the experimental methods and concepts
relevant to the studies presented in this thesis. The CEP-controlled
single-cycle THz electric field, a vital tool for these studies, is realized based on
commercial ultrafast femtosecond laser sources and custom-built ultrafast
spectroscopy apparatus. We first discuss the nature of the ultrashort laser
pulses and then explain the methods for the generation and detection of the
THz pulses using femtosecond laser sources. Furthermore, the experimental
realization of the CEP tuning of the single-cycle THz pulse is described in
detail, which is vital for investigating ultrafast coherent control of electrons.
Finally, we briefly introduce the principle and concept of scanning tunneling
microscopy, which we combined with ultrafast THz spectroscopy to achieve a

new experimental regime that is ultrafast and ultrasmall.

2.1 Ultrashort laser pulses

In the time domain, the electric field of ultrashort laser pulses can be simply
described by multiplying the oscillatory electric field of a monochromatic plane

wave with a slowly varying envelope function F(t) as follows [1,2]:

E(t) = F(t)exp [ig(1)] . (2.1)
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where ¢(t) is the temporal phase. We describe the electric field in complex
form for mathematical convenience. However, the real part is the only
measurable quantity. The relationship between the pulse duration and the
spectral width of an ultrashort laser pulse are given by general time and

frequency Fourier transformations:

- 1 [t . .
E(w) = —J E@t)e'”'dt, (2.2)
2w )_
. 1 [+t .
E(t) = —J' E(w)edw. (2.3)
2m J_o

Therefore, the electric field of the laser pulse (2.1) in the frequency domain is

given by the Fourier transform
E(w) = F(w)exp [ig ()], (2.4)

where F(w) is the envelope function and ¢(w) is the spectral phase. The
pulse duration A7 and the spectral width Aw are experimentally accessible

at full width at half-maximum (FWHM) and satisfy the uncertainty principle:
At -Aw > K. (2.5)

The spectral width is defined as the FWHM of the spectral profile (o F(w)?).
The constant K is determined by the envelope function F(t). For example, K =
0.441 [1] for a Gaussian-shaped function (Fg(t) = exp[-(t/A7)?]). The pulse
duration depends on the spectral width. In order to generate a single-cycle
electric field, the octave-spanning spectral width and its phase control are
required. The equality in equation (2.5) holds when the laser pulses are
unchirped and reach the shortest transform-limited pulse for a given spectral
width. The spectral phase of ultrashort laser pulse can be expressed as a Taylor

expansion around the central frequency wp of the laser pulse:

)
P (@) = Pp(wy) + (© —wy)—| +
ow
@Q
1 0% 1 3¢
+- (@ - woyﬁ + (- wﬁﬁ +.... (2.6)
[oN) ()

The first term describes the carrier envelope phase (CEP), denoted ¢cgp,
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C

Electric field

Q
o
-

A¢pcep= 2/

Spectral phase

GD GDD

Frequency
Figure 2.1 | Influence of the spectral phase on the electric field of
ultrashort laser pulses. (a—c) Influence of the CEP, GD and GDD,
respectively, on the electric field and the envelope. The dashed curve
shows the original waveform without phase shift. The envelope was
modeled using Gaussian-shaped function. (d—f), The spectral phase shift

as a function of frequency corresponding to (a—c).

which is the phase between the carrier wave (electric field) and the position of
the intensity envelope of the pulse (F(t)) (see Figure 2a, d). The second term is
the group delay (GD) which induces the overall time shift of the laser pulse
while the temporal pulse shape remains unchanged (see Figure 2b, e); this is
directly related to the group velocity. The third term corresponds to the group
delay dispersion (GDD) which leads to pulse broadening due to different
groups velocities in different spectra. The GDD and the chirp «(t) are related

(with Gaussian-shaped envelope function) by

0’¢(t)  GDDgs*

a(t) =— = ,
® ot? 1 + GDD?*c*

(2.7)

where ¢ =24/In2/Ar, and both the envelope and the phase of the laser pulse
are distorted (see Figure 2c, f). The compensation of the chirp is an essential

procedure for ultrashort laser pulses. When the spectral phase is a cubic
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function of the frequency, the fourth term, which is called third order
dispersion (TOD), becomes observable. The TOD appears as small sidebands
alongside the main peak of the laser pulse, which often happens in mode-locked
laser pulse generation. All of these spectral phase terms have to be presicelly
controlled especially in the non-perturbative regime, in which the motion of
electrons in the system is coherently driven by the electric field of ultrashort
laser pulses.

However, in a typical pulsed laser source, such as the femtosecond
mode-locked oscillator and amplifier, the CEP is different from shot to shot.
This imperfection comes from the difference in group velocity v, and phase

velocity vp, in the laser cavity, which is given by

_da)

Ug = E, (28)
a
A Aqb 2A
\
\
U 1/Vrep
I
b \ Um = Vy + Mrep
E(v)
! \ >
= T = >
1%
I/O I/rep

Figure 2.2 | Typical few-cycle ultrashort laser pulses. (a) Ultrashort laser
pulses with repetition rate vy.p. The phase between the carrier wave and
pulse envelope fluctuate by A¢ from shot to shot. (b) Optical comb
obtained by the Fourier transform of (a); v is the offset frequency which is
related to the carrier envelope offset by vy = A@/27 * Vpep.
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w
Uph == ?, (2.9)

where k is the wavenumber. The group velocity describes the velocity of the
envelope of the propagating laser pulse, whereas the phase velocity describes
the velocity of a single carrier wave. Figure 2.2 shows the pulse train of a
typical few-cycle laser pulse in both the time domain (2.2a) and frequency
domain (2.2b). In the frequency domain, a laser pulse train with repetition rate
Urep forms a comb structure with equal intervals identical to the repetition rate.
The entire frequency comb is offset from zero by the carrier envelope offset
frequency 1, which is related to the CEP shift between two adjacent pulses
A¢ (carrier envelope offset) in the time domain by vo = A@/27 Vpep.
Therefore, the frequency comb can be described by the following simple

relationship
Uy = Vo + MUy, (2.10)

where m is a natural number. Because v, is determined by the cavity length
of the laser oscillator, one can obtain well-defined frequency makers by
precisely controlling vg. A frequency comb of this nature was extensively
studied in the last decade [3] for its important applications in high precision
metrologies [4-7]. In order to drive ultrafast coherent motion of electrons, the
fluctuation of the CEP has to be perfectly stabilized (A¢ = 0) otherwise the
coherent field effect averages out from shot to shot. The development of an
optical frequency comb made it possible to stabilize the CEP of near-infrared
(NIR) pulses by precisely controlling v in the frequency domain. This
invention stimulated scientists to engineer coherent motion of electrons and
transient states of matter at the shortest timescales, that is, within a

single-cycle of ultrashort laser pulses.

2.2 Femtosecond laser system

Ultrafast spectroscopy with femtosecond temporal resolution and strong-field
physics with high intensity is based on ultrafast laser technology. We utilized
a near-infrared (NIR) femtosecond oscillator and amplifier system as shown in
Figure 2.3. Firstly, low-energy high-repetition rate femtosecond laser pulses

are generated using a Kerr-lens mode-locked oscillator with laser gain medium
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using titanium-doped sapphire (Ti:Sapphire). This Ti:Sapphire oscillator
(<100 fs, 80 MHz, 0.5 W, Tsunami, Spectra-Physics) is seeded by a CW
diode-pumped solid state laser (532 nm, 4.5 W, Millennia Prime,
Spectra-Physics). Then, femtosecond pulses are amplified based on chirp pulse
amplification [8]. The stretched oscillator pulses are first amplified using a
regenerative amplifier, temporally gated from a repetition of 80 MHz to 1 KHz
with a Q-switched pump laser and further amplified using a multipass
amplifier. Finally, our femtosecond laser system delivers 2 mJ pulse energy
with a pulse duration less than 130 fs and 1 kHz repetition rate with center
wavelength of 800 nm (Integra C, Quantronix). This high-energy femtosecond
laser source is used throughout the research described in this thesis; specifically,
THz time-domain spectroscopy (THz-TDS) in Chapter 3, and THz scanning
tunneling microscopy (THz-STM) in Chapters 4 and 5.

2.3 Generation and detection of THz
electric field

2.3.1 Optical rectification

In the last decade, a number of systems were investigated to generate the THz
electric field in order to fill the so-called “THz gap” [9], including
photo-conductive switches [10-12], organic and inorganic nonlinear crystals
[13-24], laser-excited air plasma [25,26], and metallic spintronic emitters
[27,28]. Among these, the most standard technique to generate a broadband

THz electric field is optical rectification (OR) via nonlinear crystals because of

Regenerative

Ti:Sa Amplifier
Integra C
Mode-locked <130 fs, 1 kHz, 2 W
i Ti:Sa Oscillator -
CW diode-pumped ) Q-switched pump laser
solid state laser Tsunami 532 nm, 1 kHz
G —>| <100 fs, 80 MHz, 0.5 W [—> >
Millennia Prime Regenerative amplifier TH
) z-TDS
532 nm, 4.5 W Ti:Sa or
[—D—]—) THz-STM
Switch

Multipass amplifier
I>E<;’

Figure 2.3 | Schematic of the femtosecond laser system.
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the method’s efficiency and practicality. We now describe the basic principles
of OR.

OR is based on second order nonlinear polarization in the material which is
represented by the difference frequency wi, ws of incoming laser pulse by
w1 — wz. We now consider the case when the broadband laser pulse is incident
on a crystal having nonlinear polarization PP In the frequency domain,

second order nonlinear polarization is given by

w3=w1tw) Jjk
where E(w) is the component (i = x, y, z) of the Fourier transform of the
incident light electric field and )(i(ii) is the second order nonlinear susceptibility.
Focusing on the difference frequency 2 = w; — w9, equation (2.11) can be

written as

PP(Q) = J Z € ;{ig.i)Ej(wz + QEHw,)dw, . (2.12)
% jk
Taking the Fourier transform of equation (2.12), this polarization is given in

the time domain by

Pi(2),—(t) — Pi(z)’_(Q)eiQtdQ,

J—o0

=l Ye 25 Ei@; + QE ()dw,e’ ™ dQ,
J _w jk

- Z 60%5‘?[ Efw, + Q)ei(wﬁg)tdgj E;{k(wz)e_iwﬂdwz,
jk -0 -0

= Y cxPEWOE® « 1), (2.13)
jk

where E;(t) is the component (i = x, y, z) of the incident light electric field.
Note that we ignore frequency dependence of the second order nonlinear
susceptibility. By using femtosecond laser pulses as incident light, we can
generate the THz electric field using OR. Equation (2.13) shows that the time
evolution of the nonlinear polarization is proportional to the intensity envelope
of the incident laser pulse. Therefore, the CEP of the generated THz electric
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field is inherently stable, regardless of the CEP of incident NIR laser pulses.
Alternatively, this CEP stabilization can be understood by cancellation of the
offset frequency vy of NIR pulses thorough the difference frequency process.
The CEP stability of THz pulses coming from OR is much higher compared to
active CEP stabilization using an f£to-2f interferometer which is commonly
used in NIR femtosecond pulses [29-31]. Accurate manipulation of electron
tunneling, required by the research described in this thesis, cannot be achieved
without this highly stable CEP controlled THz electric field.

2.3.2 Velocity matching by tilted pulse front in LiNbOs

There are several nonlinear crystals that are commonly used for OR-based
THz sources: organic crystals such as 4-N,N-dimethylamino-4'-N'-methyl-
stilbazolium tosylate (DAST) [13,14], (2-(3-(4-hydroxystyryl)-5,5-dimethy-
leyclohex-2-enylidene)malononitrile) (OH1) [19], and 4-N,N-dimethylamino-
4'-N'-methyl-stilbazolium 2.4,6-trimethylbenzenesulfonate (DSTMS) [20]; or
inorganic crystals such as zink telluride (ZnTe) [22], gallium phosphide (GaP)
[23], gallium selenide (GaSe) [15,16,24], and lithium niobate (LiNbO3) [17,18].

Organic crystals show very high conversion efficiency and an extremely high
peak electric field of 83 MV /cm was reported recently [21]. On the other hand,
these organic crystals suffer from heat damage, especially when pumped by
high power and high repetition rate laser sources.

Among the inorganic crystals, LiNbO3 is the most fascinating THz emitter
due to its high nonlinear coefficient, which can be as high as der = 168 pm/V
[32], exceeding the value associated with other inorganic crystals (ZnTe : 4
pm/V, GaP : 1 pm/V, GaSe : 54.4 pm/V) [24,33]. In addition, the large
bandgap energy of LiNbOj (3.8 eV) prevents two-photon absorption of
incident NIR pulses and thus reaches a high optical damage threshold of
approximately 1 J/ cm?, which enables intense THz generation through OR of
mJ /pulse class high-power NIR femtosecond laser pulses. However, in order to
convert the frequency of NIR pulse with high efficiency based on OR, phase
matching conditions have to be fulfilled in order to avoid destructive
interference during propagation inside the crystal, which is given by

v/f’;R = VIT)ZZ’ (2.13)

where v, is the group velocity of propagating NIR femtosecond pulses,
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and UI%}}{Z is the phase velocity of the generated THz electric field.

Unfortunately, NIR femtosecond pulses with a center wavelength of 800 nm
propagate much faster than the generated THz electric field at a frequency of
1 THz, by a factor of more than 2 (ngoonm : 2.25, nrm, : 4.96). This velocity
mismatch can be overcome by using a Cherenkov-type phase matching scheme,
first introduced by Hebling et al. in 2002 [34]. If a charged particle emitting
electromagnetic radiation is propagating faster than the group velocity of the
emitted radiation in the surrounding medium, the emitted radiation forms a
corn structure as shown in Figure 2.4a. This radiation is called Cherenkov
radiation, discovered by Pavel Cherenkov in 1934, for which he was awarded
the Nobel Prize in 1958. Replacing the charged particle with the nonlinear
polarization propagating inside the LiNbOj crystal created by NIR
femtosecond laser pulses yields the same situation emitting THz radiation with
the Cherenkov angle ©c, which is given by

gr . —_—
ViR €osO, =Vl (2.14)

However, the conversion efficiency is low in this configuration because of the

a . b

V THz

Figure 2.4 | Cherenkov-type phase matching in LiNbO;. (a) If the pump
spot of the excitation NIR pulse is sufficiently small compared to its
longitudinal spread inside the LiNbOs3, then THz radiation analogous to
Cherenkov radiation emitted from an accelerated charged particle.
Therefore, THz pulses are generated with Cherenkov angle ©Oc¢. However,
the conversion efficiency is low because of the limited beam size. (b) By
tilting the pulse front of the NIR pulse, the phase matching condition
holds for large cross-section and thus yields high conversion efficiency if
the tilt angle v is equal to Cherenkov angle ©c. These figures are
adapted from Ref. [32].
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narrow transverse beam profile of the NIR pulse. This drawback can be
overcome by tilting the pulse front of the NIR pump pulses by an angle ~, as
shown in Figure 2.4b. According to Huygens' principle, the THz radiation
excited impulsively along this tilted pulse front will propagate perpendicularly

to this front with velocity U?’}IZ. Consequently, the phase matching condition

of equation (2.13) may be written as

r _ h
ViR COSY = Vi . (2.14)

Therefore, if O¢c =~ = cos'l(vl%’ﬁz/v%”m), the phase matching condition is
fulfilled for a large cross-section of pump NIR femtosecond pulse and thus
enables high conversion efficiency and the generation of intense THz electric
fields. Furthermore, this Cherenkov-type phase matching makes it possible to
choose the highest nonlinear coefficient by setting the polarization of the NIR
pump and THz pulses parallel to the c-axis of the LiNbOs3 crystal.

We now describe our experimental setup for Cherenkov-type phase matching
in order to generate the CEP-stable single-cycle intense THz electric field. The
pulse front of the NIR femtosecond pulse is tilted using a diffraction grating, as
shown in Figure 2.5. In the case of a monochromatic wave, the tilted angle 6

after fast order diffraction is given by

0 = tan~!(cos 8,/p1), (2.15)

Grating

- Mg:LiNbOs
Half-wave

plate

Figure 2.5 | Schematic of intense THz electric field generation based on
tilted pulse front excitation. The pulse front of the NIR pulse is tilted using
first order diffraction at the grating, and then collimated and focused on
to MgO-doped LiNbOs. Here, a grating with groove density of p = 1500 or
2000 mm™ has been chosen. The LiNbOs is cut at an angle of 62° to fulfill
the phase matching condition.
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where 6, is the diffracted angle, p is the groove density of the grating, and A
is the wavelength of incident light. However, angular dispersion of the
broadband NIR pulses requires additional optical components to correctly
image the tilted pulse front on the LiNbOj3 crystal. Here, we utilize a system of
two lenses for collimation and then focus the NIR pulses as shown in Figure 2.5.
A half-wave plate is used to rotate polarization by 90° in order to achieve the
largest nonlinear coefficient in LiNbOj3 because p-polarized light shows the best
diffraction efficiency at the grating. By taking the diffraction grating and the
lens system into account, the tilt angle v within LiNbO3 is given by

AoD
=tan”![ ——— |, 2.16
7 (n;e?Rﬂ ed> (2.16)
where XAy, and n9’ . are the central pump pulse wavelength and group

NIR
refractive index of the pump NIR pulse, respectively, and S is the horizontal

magnification factor of the pulse front, which is determined by the grating and
lenses. The appropriate tilt angle v can be determined by solving equation
(2.14), and is determined to be v = 62° with our MgO-doped LiNbOs3, which is
used here for enhancing the optical damage threshold. With this setup, we are
able to generate the CEP stable intense single-cycle THz electric field with
peak amplitude exceeding 400 kV /cm.

2.3.2 Electro-optic sampling

In order to clarify the nonlinear interaction between electrons and ultrashort
laser pulses under a non-perturbative regime, it is necessary to detect both the
amplitude and phase of the electric field within the light pulse, whereas
conventional spectroscopy can only access the intensity envelope. In THz
spectroscopy, the electric field is directly resolved in the time domain using
electro-optic sampling (EOS) [24,35-37]. EOS is based on the Pockels effect

which is a linear electro-optic effect.

Pockels effect

In the presence of an external electric field, polarization in the crystal induces
birefringence due to the anisotropy of refractive index in the crystal. The index

ellipsoid of a crystal in an external electric field of F is given by

27



Chapter 2 Experimental methods and concepts

anX? +ay,Y? +ayZ? +2a,YZ + 205, ZX + 2a,XY =1, (2.17)

where X, Y, Z are the principal axes of the crystal without electric field.

Without the electric field of E a; can be written as

1
a.o.z

1
where n; is the principle refractive index along the i direction. When F is

sufficiently low, the variation of a; is given by

Aaij =d4a;; — “8 = Z YijEres (2.19)

k
where Vijr 18 the electro-optic coefficient; Vi 1S symmetric with respect to I,
and j, and therefore equation (2.19) can be rewritten, using matrices and the

simplified index notation given in Table 2.1, as follows:

Aa m n2 3| [g
Aa 21 - 723 X
2= T P | Ey . (2.20)
Aay Yo = Y63 E;
m 1 2 3 4 5 6
jk XX yy 77 yz zX Xy
zy X7z yx

Tablel | Correspondence on index notation

Polarization dependence of THz-field induced birefringence

Figure 2.6 shows birefringence schematically in the (110)-oriented EO crystal
and the coordinate system we used.

We now consider the THz polarization dependence of birefringence induced
by the Pockels effect. By taking crystal symmetry in the EO crystal into
account, the non-zero component in the EO coefficient (see equation (2.20)) is
only 741 = 752 = V3. In addition, without an external electric field, the EO
crystal is an isotropic medium and thus the index ellipsoid in XYZ coordinates

is given by
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X2 y?
PR

Z2
+— + 21y
n

(Efvz + EMzx+ Effxy) =1, (221)

where n is the refractive index when the electric field is absent. Rewriting using

matrices we obtain

[X Y Z]

2 Ta1

THz
Ya1Ez

7’41E)€HZ Y41

THz
E VA

n2

THz
EX

THz
YmEy

THz
YaEx

L
2

(2.22)

Next, we convert the matrix (2.20) into the XYZ coordinate system using the

following transformation matrix A.

L
V2

A: L 0
NG

0 1

(2.23)

As shown in Figure 2.6¢, polarization of THz electric field in XYZ coordinates

is given by

a

(001)-oriented
ZnTe or GaP

Figure 2.6 | Schematic of birefringence in the EO crystal induced by THz
electric field. (a) The THz electric field and NIR probe pulse were both
incident normally on the (110)-oriented EO crystal. Polarization of the
NIR pulse is changed by THz-field induced birefringence at the EO
crystal. (b) The principle axes of the index ellipsoid. (¢) Polarization angle
of the THz electric field and NIR probe pulse.
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1.
——sin
Ey sin yr V2 v
_ pTH _ pTH
Ey =E""A [cosy| =E""| _L sinyr . (2.24)
B, o |, V2
D G
Therefore, equation (2.22) can be rewritten as
ﬁ — v E™ cosy —y  E™ siny 0
X
[x v 2| —rE™siny L2 0 [y] =L
n
z
0 0 i + 7 ET cos

(2.25)

Here, both the THz and NIR pulses propagate along the z axis, therefore we

focus on intersection with a plane z = 0. This ellipse is given by

1 THz ;
— —raE T cosy —yy, Sy

x v |" [)yc] =1. (2.26)

_ THz ; 1
Y B sinyr 2

ETHZ

By solving the secular equation of this matrix, we obtain the eigenvector and
eigenvalue related to the principle axis of birefringence and refractive index

along the principle axis, respectively. The eigenvector is given by

24
— sy 11\/1+4tan2y/
L ” cosy £4/1+3sin2y | = 2tan y . (2.27)

1 1

Here, we use relationship of the trigonometric function given by

—1+4/1 +tan*2¢

tang = , 2.28
v tan 2¢ ( )
and define tan2¢ = — 2tany in order to normalize the eigenvector (2.27),
giving
i —Cos ¢
e, = lS‘“¢l, e = l . ] (2.29)
COoS @ sin ¢
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which represents the principle axis of birefringence as shown in Figure 2.6b. On
the other hand, the refractive index along principle axis is related to eigenvalue
s+, and is given by

1 11 5\ \
n, = =| —= +=y E™? | —cosy =£4/1+3sin’y . (2.30)
A/ nz 2
=+

Expansion of An = ny — n with first order of ’)/41ETHZ gives

Y E™ 3\ /14 3sin® y

An = . 2.31
n : (231)

| —

Therefore, the phase difference ¢ induced by birefringence is given by

2rlon  2nl 741ETHZn3\/m
5 = =

A A 2

, (2.32)

where [is the thickness of the EO crystal and A is the center wavelength of the
NIR pulse. Finally, the phase difference § is a maximum when ¢ = 7/2, and ¢
= 7/4, and is given by

2xly, E™ 03
max = f

(2.33)

Experimental setup of EOS

We now describe the experimental setup of EOS using balanced detection,
shown in Figure 2.7a. After passing through the EO crystal, a quarter-wave
plate (QWP) is placed at 45° in order to make the probe pulse circularly
polarized. The Wollaston prism (WP) spatially separates two orthogonal
polarization components of the probe pulse. Consequently, the difference
between the two intensities on the photodiodes is zero. However,
co-propagating the THz electric field induces a probe pulse that is elliptically
polarized because of birefringence in the EO crystal, and thus THz induced
polarization change can be measured on the photodiodes as the difference
signal. Ideally, this scheme results in cancellation of common-mode noise of the
probe beam, which is advantageous for high-sensitivity detection.

We now discuss polarization dependence of balanced detection. We denote
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y Qwp
z EO crystal
X

Figure 2.7 | EOS with balanced detection. (a) QWP: quarter-wave plate,
WP: Wollaston prism, PD: photodiode. The polarization state of the NIR

probe pulse after passing through each optical element is depicted in A-D.
Finally, the difference of the two polarization components is detected at
photodiodes (PD1 & PD2). (b) The variation of delay time At between
the THz electric field and NIR pulse enables phase-resolved detection of
the CEP-stable single-cycle THz electric field.

the polarization direction of the THz electric field and NIR probe pulse by 1
and «, respectively (Figure 2.7a, A). The principle axis of the EO crystal is
denoted by ¢ (B). The polarization direction of the two separate orthogonal
polarization components after WP is denoted by ¢ (D). The polarization state
after passing through QWP (at position C in Figure 2.7a) can be described

using the Jones vector E, given by

E/EP©°b = R (f . <a + f)) [e%i (,),] R <—f - <a + f))
2 4 0 o4 2 4
rR(Z 0 r(-Z R(—a)|°
27 0 e 3 ) T )R- 1
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2.3 Generation and detection of THz electric field

_ R <77.' ﬂ) e’ cos(f — p)cos(p —a) —ie " sin(f — @)sin(p — a)
B —ie’'sin(f — @)cos(p — a) + e 7 cos(f — p)sin(p — ) ’
(2.34)

where EPrP®

is the electric field amplitude of the probe pulse, R(6) is the
rotation matrix, and we define f=a +z/4, y =06/2+ n/4. Then, the two
orthogonal polarization components (E;, E») separated by WP can be
calculated using the additional rotation operation R(¢ — 7/2), which is given

by

Eprobe | E, —ie’sin(f — @)cos(gp — a) + e " cos(f — @)sin(p — a) |
(2.35)

1 [El] _R(6-p) [ e’ cos(f — @)cos(p — a) —ie " sin(f — @)sin(ep — )

Therefore, using EOS with a balanced detection scheme, the difference signal
measured by the photodiodes (PD1 & PD2) is given by

|E, > = | B

AL/ =
| [ probe |2

= %(1 — cos 9)sin[4(¢p — a)]sin[2(¢p — @)] — sin § sin[2(¢ — a)]cos[2(¢ — a)]
(2.36)
In the case of ¢ = a, equation (2.36) can be written as

AI/IP™% = —in §sin[2(¢ — @)]. (2.37)

Finally, by taking equations (2.33) and (2.37) into account, the detection
sensitivity of EOS is maximized when («, 1, ¢, ¢) equals (0, 7/2, 7/4, 0) or
(7/2, m/2, /4, 7/2), and, in such cases, the amplitude of the THz electric field

is determined by

3
ETH _ o] < Al > 2rlyyn -

. (2.38)

Jprobe

As shown in Figure 2.7b, the complete THz electric field waveform can be
temporally mapped out by delaying the NIR probe pulse with respect to the
THz pulse.
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2.4 THz time-domain spectroscopy

THz time-domain spectroscopy (THz-TDS) is a powerful spectroscopic
technique used to investigate the properties of matter in the far-infrared region.
In conventional Fourier transform infrared spectroscopy (FT-IR),
Kramers-Kronig relations are used to deduce a complex refractive index
because FT-IR is only sensitive to the amplitude. In contrast, THz-TDS
measures coherent THz pulses in the time-domain with the absolute resolution
of the amplitude and phase as shown in Section 2.3. Therefore, THz-TDS is
able to obtain the complex refractive index without suffering from multiple
reflections and Kramers-Kronig relations which require an ultra-broadband
spectrum (in principle, 0 — ©© THz). Furthermore, the ultrafast dynamics of
excited states can be probed using optical-pump THz-probe spectroscopy in a
variety of systems [38].

In the following section, we describe the method to calculate a complex
dielectric constant in transmission geometry which we used to investigate the

nonlinear behavior of electrons in ultrathin Au films (Chapter 3).

2.4.1 Optical constants of a free-standing film

In the transmission geometry, multiple reflections at an air-sample interface
arrive at a detector with certain time intervals determined by the thickness
and refractive index of the sample. In the case of a thick sample, multiple
reflections are completely separated in time, whereas a superimposed pulse is

detected with a thin sample.

EO T] T2 ESample

Figure 2.8 | Transmission of a free-standing thick film without multiple
reflections.
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2.4 THz time-domain spectroscopy

We now derive the optical constants of a free-standing film which is
sufficiently thick to separate multiple reflections as, schematically illustrated
in Figure 2.8. The amplitude and phase of the THz pulse transmitted through

a sample of thickness d is given by
ESample = E0T1T2 eXp(lkd) . (2.39)

Using the complex refractive index of the film 7 ( = n + ix), the transmittance

of the THz pulse at the interface is given, using Fresnel equations, by

2
Tl = ~ N (2.40)
n+1
27
T, = 241
2T G+ (2:41)

On the other hand, the THz pulse which propagates through a vacuum over

distance d can be written as
EReference = EO eXP(lkod) : <242)

The complex transmittance of the free-standing film is given by

ESam le .
P = T\ T, exp{itk — ky)d}
EReference
47 i—1
= N—n exp (i ! wd), (2.43)
7@ + 1)2 c

where c is the speed of light, and w is the angular frequency. In the actual
experiment, we can obtain both the amplitude and phase of the transmittance:
T exp(i@) . Therefore, equation (2.43) can be rewritten, using natural

logarithms, as

InT+i60 =1n

+iArg <(4—”> _E0 i T D0 o

il
(7 + 1)2 ii+1)2 c c

By equating real and imaginary parts, the complex refractive index is given by

c 4n

35



Chapter 2 Experimental methods and concepts

K = —L<1nT—1n ) (2.46)
wd

Moreover, the complex dielectric constant ¢ (=€, +ie,) can be calculated

4n

(7i + 1)?

using & = 7%, and given by
€, =n*—«?, (2.47)

€, =2nk. (2.48)

2.4.2 Optical constants of a thin film on the substrate

In this section, we will derive optical constants of a thin film deposited on the
substrate which is transparent with respect to the THz pulses. A system
having a nanometer scale thickness thin film and a sub-millimeter scale
thickness supporting substrate is often investigated in THz-TDS, including our
work on ultrathin Au films (described in Chapter 3). As shown in Figure 2.8,
individual multiple reflections cannot be separated in the time-domain in this
case, and thus the amplitude and phase of the THz pulse transmitted through
a thin film of thickness d and a substrate of thickness D is given by

W—>

E

Sample
R \|R, JM \ ) ;
EO \
\]\/ NN\ Tl T2 T3 \/\
e

Figure 2.9 | Transmission of a thin film on the substrate with multiple

reflections.
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ESample
= EyT\T, exp(ik,d) (1 + R R, exp(2ik,d) + R{R; exp(4ik,d) + -+) T exp(ik, D)

T,\T, exp(ik,d)
%1 — R,R, expik,d)

T, exp(ik,D) . (2.49)

Using the complex refractive index of the thin film 7, ( =n; +ix;), and the

substrate 7i, (= n, +ik,), the transmittance and reflectance of the THz pulse

at the interface is given, using Fresnel equations, by

2
T1:~ 5
n1+1
2,
T, =— —,
n1+n2
27
T, = ——,
l’l2+1
i, — 1
R1=~ N
l’l1+1
i =7
R,=—"2. (2.50)
n1+n2

On the other hand, the THz pulse which propagates through a vacuum over a
distance d and a substrate of thickness D can be written as

EReference = E0T4 eXp(lkOd)T3 eXp(lkzD), (2.51)

where T} is the transmittance at the substrate-air interface, which is

2

T, = . 2.52
YT A, 41 (2:52)

The complex transmittance of the thin film on the substrate is given by

ESample

EReference
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_TyT, exp itk —ko)d}
" T, 1—R,R,expik,d)

27i,(i, + 1) {_(ﬁl ~ Dw }
=— — — — — expysi—d ;.
(A, + DAy + 1) — () — D7) — fiy)expRinwd/c) c

(2.53)

When d is sufficiently small compared to the wavelength of THz pulses,
polarization within the film can be assumed to be constant, thus the following

approximate expression can be applied to equation (2.53),
d =0, (2.54)
fi?d = const. (2.55)
In this case, equation (2.53) simplifies to

E 8 iy + 1
Sample =T(w) ~ — 2 — ' (2.56)
EReference n,+ 1 - la)nld/c

Therefore, the complex dielectric constant & can be calculated using é = 72,

and given by
i(i, + De 1 - T(w)

€ = — : (2.57)
wd T(w)

2.5 Carrier-envelope phase control of the
single-cycle THz pulse

The CEP control of electrons has been extensively studied using few-cycle
near-infrared pulses in a variety of systems [39,40]. In the near-infrared region,
CEP control is achieved by inserting a disperse medium in the laser beam path.
When we only consider the primary of the reflective index dispersion dn/d2,
the phase velocity v,, and the group velocity v, of the transmitted laser pulse
is represented as

O =—, (2.58)
n
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C

= 2.59
s T —dnlda (2.59)
Therefore, the CEP shift is given by
dn
=2zl —, 2.60
bcep n da ( )

where L is the propagating distance in the disperse medium. For example, in
the near-infrared region, a pair of SiOy wedges can produce desirable CEPs by
changing the propagating distance between a few ym and tens of ym. However,
in the THz spectral range (0.1-3 THz), no suitable dispersive medium exists.
Therefore, despite the expectation that intense THz pulses should be able to
drive ultrafast nonlinear processes due to their characteristics (that is, highly
intense, long-wavelength, passively phase-locked, and single-cycle pulse), the
CEP control of electrons has not been reported so far. In the following section,
we will describe the method to control the CEP of single-cycle THz pulses
using the Gouy phase shift [41-43] and broadband CEP shifter [44].

2.5.1 The Gouy phase shift

The Gouy phase shift is the well-known phenomenon that occurs when a
tightly focused lightwave experiences a phase shift as it passes through its
focus. For a line focus using a cylindrical lens, a phase shift of 7w/2 occurs while
propagating from -co to oo, whereas a phase shift of 7 occurs for a point focus
using a spherical lens. Although the Gouy phase shift was discovered more
than 100 years ago, a simple and satisfying physical interpretation of the
phenomenon took a long time to develop. In this section, we describe a simple
explanation of this phase anomaly, developed by S. Feng et al. in 2001 [43],
based on the uncertainty principle.

Consider a monochromatic wave propagating along the z axis with frequency
w and wave number k = c¢/w. In the case of an infinite plane wave, the
momentum is directed along the z axis with no transverse component. The
spread in transverse momentum is zero, and thus the spread in transverse
position is infinite because of the uncertainty principle. On the other hand, a
finite beam has a spread in transverse momentum because it is made up of an

angular spectrum of plane waves obtainable by means of a Fourier transform.
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The transverse momentum is related to the wave number by
2 _ 124224 12
k= =ki +k;+k;, (2.61)

where ki, ky, and k,are the wave vector components along the coordinate axes.

Using expectation values defined by

= [Trelf@1Pdg
NG

(2.62)

where f(£) is the distribution of the &, an effective axial propagation constant

for the finite beam through the second moment can be defined as

P N (N <k§>.

2.63
¢ k k k ( )

This effective propagation constant is related to the overall propagation phase

¢(z) along the z axis by the following equation [45]:

IEZ a¢ (2)
0z

. (2.64)

The first term of equation (2.63) gives the phase of the infinite plane wave
propagating along the z axis, while the last two terms give rise to the Gouy
phase shift:

bo = — %r ((kf) + <ky2>) dz. (2.65)

Therefore, the Gouy phase shift can be interpreted as the expectation value of
the axial phase shift owing to the transverse momentum spread.
We now consider the case of a monochromatic beam with a Gaussian

transverse distribution given by

2 1 x2 + 72
_ /= _ 2.
f@.y) \ﬁ e exp[ W2(Z)], (2.66)

2
wi(z) = w2 [1 + <i> ] (2.67)
<R

where equation (2.67) is used to calculate the beam radius, wy is the smallest
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7 phase shift 7/2 phase shift

Figure 2.10 | CEP control of the single-cycle THz electric field via the Gouy
phase shift. (a) The CEP shift of 7 induced by point focus using a pair of
spherical lenses. (b) The CEP shift of 7/2 induced by line focus using a
pair of cylindrical lenses.

spot size at z = 0, and zg is the Rayleigh length (defined by zr = 7TW02/ A
where A is the wavelength). The distribution of transverse wave vector
components (the angular spectrum of plane waves) is given by the Fourier

transformation:

5 1 +oo r+o00
F(ky, ky) = 2_EJ J FG, y)exp(—ik,x —ik,y)dxdy

—o0

w(z) w2(z)
= exp |—
V2 4
Both functions f(x,y) and F(k,, k,) are normalized, and thus, using equation
(2.62), we have

(k2 + kyz)] : (2.68)

+oo p+oo B 1
(k2) = Lo Lo k2| F (k. k)| dk,dk, = e (k). (2.69)

Therefore, the Gouy phase shift is given by

¢G:_%JZ <(k3>+(ky2)>dz = —%r Wzl(z)dz. (2.70)

The factor of 2 in equation (2.70) arises from the number of transverse
dimensions, with each dimension contributing 1/w?(z) to the mean-square

transverse momentum. This is why the Gouy phase shift of line focusing (7/2)
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is half that of point focusing (). Performing the integration in equation (2.70),

we obtain the standard result for the Gouy phase shift
¢ = — arctan(z /zg), (2.71)

which gives a phase shift of 7 by point focus while propagating from -oco to oco.

The Gouy phase shift was shown to exist for any wave, including acoustic
waves and THz pulses [41,42]. As shown in Figure 2.9a, b, we inserted THz
lenses in the beam path for the CEP control of THz pulses instead of using the
disperse medium. This scheme enabled us to generate the CEP controlled
single-cycle THz pulses with different CEPs of ¢cpp = 0, 7/2, and 7. Using
this THz source, we succeeded in demonstrating real-space coherent

manipulation of electron tunneling, as described in Chapter 4.

2.5.2 Carrier-envelope phase shifter

Although Gouy phase manipulation enables CEP control of single-cycle THz

pulses, several aspects of this technique prevent perfect control of CEP:

4. The value of CEPs is restricted to ¢crp = 0, 7/2, and 7.

5. Distortion of the intensity spectrum is easily introduced because
geometrical imperfections in the lenses may result in focusing and
collimating.

6. The large group delay during the CEP control is unavoidable.

Recently, Y. Kawada et al. invented a carrier-envelope phase shifter that
provides perfect control of the CEP of broadband THz pulses [44] and is free
from the above concerns. The CEP shifter is composed of broadband
prism-type wave plates which were developed by the same group in 2014 [46].
This achromatic wave plate is based on Fresnel's rhomb and made from silicon.
The phase retardation between p-polarized light and s-polarized light induced
by total internal reflection is only determined by the incident angle and the
refractive index of the silicon. Therefore, the wave plate works perfectly for the
ultra-broadband spectrum from 0.5 to 4.5 THz [46], in contrast to other
methods [47-50], which are limited to a narrow frequency window.

Figure 2.11 shows the configuration of the CEP shifter, which comprises three
optical elements: a first quarter-wave plate (QWP), a half-wave plate (HWP),
and a second QWP. The second QWP can be replaced by a wire grid polarizer
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2.5 Carrier-envelope phase control of the single-cycle THz electric field

Figure 2.11 | CEP control of the single-cycle THz electric field via the CEP
shifter. QWP: quarter-wave plate, HWP: half-wave plate, WGP: wire grid
polarizer. The azimuth angles of the HWP and the second QWP are aand
B, respectively. The second QWP can be replaced by a WGP. Any desired
CEP value can be chosen by rotating the HWP.

(WGP). The azimuth angle of the first QWP is set to m/4 with respect to the
polarization direction of the incident THz pulse. On the other hand, the
azimuth angles of the HWP and the second QWP may vary, and are denoted
by « and 3, respectively. The function of each of the optical elements can be
explained as follows. The first QWP converts the polarization of the THz pulse
so that it is circularly polarized. Then, the HWP rotates the azimuth angle of
the circularly polarized pulse without distorting the pulse shape. Finally, the
second QWP converts the circularly polarized pulse into a linearly polarized
pulse and determines the polarization direction of the output THz pulse. The
function of the second QWP can be replaced by the WGP in order to eliminate
polarized components in a particular direction. Any CEP value for the output
THz pulse can be chosen by an appropriate rotation of HWP.

We now quantitatively describe the function of the CEP shifter using Jones
matrices. When we use the second QWP for the third optical element, the
output THz pulse Loy is given by

Ly = R(—ﬂ)C1/4R(ﬂ )R(—G)Cl/zR(a)R(—ﬂ/4)C1/4R(7T/4)Lin, (2-72)

where Ly, is the input THz pulse, R is the rotation matrix, and C'is the matrix

for a phase retarder. The subscripts denote the amount of phase retardation:
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1/2 denotes A/2 and 1/4 denotes A/4. Note that equation (2.72) holds for the
entire spectrum of the single-cycle THz electric field generated by optical
rectification in LiNbOjs because of broadband wave plates. Therefore, the
phase shift calculated using equation (2.72) represents the amount of CEP
shift. With an initial phase ¢cgpo, the linear polarized input THz pulse is
described by

L, = <6Xp(i¢CEP 0)> : (2.73)
0

By substituting equation (2.73) into equation (2.72), we have
L = cosf —sinf cosf sinf| [cosa —sinal [1 0
out sinf  cosp i —sinf cosf| |sina cosa | |0 —1

o 2::2]%[1 E 13 e S

(2.74)
Equation (2.74) can be simplified to

cos (—ﬂ + Z) exp l <¢CEP0 +2a - p — —)l
(2.75)

out —

cos (ﬁ + %) exp [ <¢CEP0 +2a—-p+=— )

In equation (2.75), the phase difference of the two orthogonal electric fields is
7, and thus the output THz pulse is linearly polarized.

Next, we will derive the polarization direction of the THz pulse by calculating
the coordinate rotation angle 6 for which the orthogonal electric field

component vanishes. By rotating the coordinates of equation (2.75), we have

R(O)L

out

1 cochos(—ﬁ+%>(1—i)+sint9cos(ﬂ+%>(—1+i)

ei(¢CEP0 +2a —/5) .
\/5 —sin @ cos (—,B + %)(1 — 1)+ cosf cos (,B + %)(—1 +1i)

(2.76)

Therefore, the polarization direction 6 can be calculated using the second row
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by the following equation:
. T T .
—sin @ cos <—ﬂ + Z>(1 — i)+ cosf cos </J’ + Z>(_l +i)=0, (2.77)
and is given by
b3
0=p——. 2.78
p-3 (2.78)

On the other hand, the amount of the CEP shift can be calculated by
substituting equation (2.78) into the first row of equation (2.76). To do this, we
simplify the first row of equation (2.76) to

cos (0 -p +§>ei<¢CEP0+20_ﬁ_%), (2.79)
thus the CEP of the output THz pulse is given by

expi <¢CEP0 Y 2a—f— %) : (2.80)

Finally, the amount of the CEP shift A¢crp induced by the CEP shifter is
given by

T

y (2.81)

Adcep = Pcep — ¢CEP0 =2a-p -

Equation (2.78) tells us that the polarization angle is determined by [, while

the CEP shift depends on both « and . In practice, the polarization direction

is first determined by rotating the second QWP, and then the CEP is
controlled by rotating the HWP.

When we used the WGP for the third optical element, equation (2.78)

becomes
0 =p, (2.82)

and the amount of the CEP shift is the same as the case where a QWP is used
as the third optical component (equation (2.81)). In the experiment (as we
describe in Chapter 5) we used the WGP to make the CEP shifter compact in

order to develop the Mach-Zehnder interferometer.
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As shown in equation (2.81), using the CEP shifter, any CEP values can be
precisely chosen, in contrast to the use of Gouy phase manipulation. In
addition, because of the broadband character of the wave plates, the CEP can
be controlled without any distortion in the intensity spectrum. Furthermore,
in the CEP shifter, propagation length of the THz pulse is always constant,
and thus, the output pulse is free from extra delay while changing the CEP.
Using this perfectly controlled single-cycle THz electric field, we were able to
demonstrate in-situ tailoring of THz near field in a single tunnel junction, as
described in Chapter 5.

2.6 Scanning tunneling microscopy

Since the invention of scanning tunneling microscopy (STM) by Binning and
Rohrer in 1981 [51,52], for which they were awarded the Nobel prize in 1986,
STM has become a versatile tool in nanoscience and nanotechnology for
visualizing the electronic wave function at the atomic scale (sub-angstrom).
The way in which STM operates is entirely different from that of a
conventional optical microscope. In an optical microscope, the spatial
resolution is limited by the diffraction limit of the light, which is determined by
the wavelength (a few hundred nanometers for the visual light), thereby
making it unsuitable at the atomic scale. On the other hand, STM “sees” the
object by the tunnel current through an atomically sharp metallic nanotip.
Because of the highly nonlinear nature of electron tunneling, STM is capable of
visualizing individual atoms, which is essential for condensed matter research.
Furthermore, STM enables access to the local density of states (DOS) by
scanning the voltage at a fixed position. In this section, we will briefly
introduce the basic principles of STM. Further information about and more

detailed descriptions of STM can be found in common textbooks [53,54].

2.6.1 Working principle of STM

When a positive bias voltage V'is applied to the sample, the Fermi level of the
sample is decreased by eV, causing electrons to flow from the occupied states of
the tip into the empty states of the sample through quantum tunneling, as

shown in Figure 2.12. The tunnel current is exponentially dependent on the
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Figure 2.12 | Schematic of a tunnel junction in the STM. ®,: work function
of the tip, ®: work function of the sample, p;: DOS of the tip, p.: DOS of
the sample, Er« Fermi level of the tip, Ers Fermi level of the sample. A
positive bias voltage V'is applied to the sample. The electrons flow from the
occupied states of the tip into the empty states of the sample through
quantum tunnelling. DOS of the tip is assumed to be constant. The increase
in the tunnel current is proportional to the number of newly accessible

empty states, which is proportional to the DOS at the given bias voltage.

tip-sample distance z, given by

1(z) = 1(0)exp(—2kz), (2.83)

\/m (@, + @, —ev)
K = P , (2.84)

where k is the decay constant, m is the electron mass, h is the Planck
constant, and ®, and ®, are the work functions of the tip and sample,
respectively. A typical value of the work function is about 5 eV, which gives a
value of the decay constant of 11 nm™. According to equation (2.83), the
tunnel current decreases by an order of magnitude when the tip-sample
distance is increased by just 0.1 nm. A more realistic model of the tunnel
current, including the effect of an image force using the WKB approximation,
will be described in Chapter 4.
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Figure 2.13 | Topographic imaging with an STM. (a) Schematic illustration
of imaging the sample surface under constant-current mode. A metallic tip
is placed above a conducting sample surface. The tip and sample should be
in contact electronically. The tip position is precisely controlled using
piezoelectric elements. The tunnel current can be detected when the tip
brought very close to the surface (< 1 nm). (b) Atomic-scale topographic
image of highly oriented pyrolytic graphite obtained by constant-current
mode using a commercial ultra-high-vacuium STM. The quantum
interference between the top layer and second layer was observed as a
moiré pattern. The image was recorded at a setpoint of 0.5 nA at 500 mV.

The exponential distance dependence of the tunnel current is key to
controlling the tip position with sub-atomic precision. Figure 2.13a
schematically illustrates the imaging of a sample surface in constant-current
mode. The measured tunnel current is converted to a voltage by the current
amplifier, which is then compared with a reference value (setpoint). The
difference is amplified in order to drive piezo-electric elements that enable
three-dimensional control of the tip movement with extremely high accuracy.
The phase of the amplifier is set to provide negative feedback: when the value
of the tunnel current is larger than the reference value, the tip-sample distance
(2) is increased to minimize the difference, and vice versa. As the tip scans over
the xy plane, a two-dimensional array of z positions, representing a counter
plot of the equal tunnel current surface is obtained. In another operational
mode, called constant-height mode, the tip-sample distance is kept constant

while the tunnel current is recorded during the tip scan over the xy plane. The
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2.6 Scanning tunneling microscopy

STM topographic image recorded in constant-current mode is shown in Figure
2.13b.

2.6.2 Scanning tunneling spectroscopy

The tunnel current is not only dependent on the tip-sample distance, but is
also sensitive to the applied bias voltage V. By scanning the voltage, the STM
is able to locally detect the DOS as a function of energy with high sensitivity
near the Fermi energy. This unique capability makes STM a powerful and
exciting tool for physicists and chemists. Although formulation of the tunnel
current can be treated in many ways, Bardeen's theory [55] provides a sound
basis for understanding the connection between the tunnel current and the
DOS of the tunnel junction. In this model, the tunnel current is obtained by
the finite overlap of the wave functions of the tip and sample. The resulting
current at a voltage V can be evaluated by summing over all relevant states

based on Fermi's golden rule, and given by

1=L”;—6J: |f (= eVse) =1 (Ep+e)|

X py (Ep—eV+e)p (Ep+¢€)|M |*de, (2.85)

where e is the electron charge, f(E) is the Fermi distribution function, Er is
the Fermi energy, ps and p; are the DOS of the sample and tip, respectively,
and M is the tunneling matrix element. This equation can be simplified by
assuming that the magnitude of the tunneling matrix element is constant in

the region of interest, and is given by

eV
Io<J' ps(Ep—eV+e)p (Ep+€)de. (2.86)
0

The situation described by equation (2.86) is represented in Figure 2.12. Under
the conditions that the DOS of the tip is flat and the temperature is

sufficiently low, the DOS of the sample is proportional to the differential
conductance dI/d V:

dl
v &P (Ep—eV). (2.87)
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In scanning tunneling spectroscopy (STS), local DOS can be obtained with
resolution at atomic scales by measuring the differential conductance. The
energy resolution of STS is limited by thermal broadening due to the Fermi
distribution. In many cases, the tip DOS cannot be made completely flat, and
especially, great care must be taken with a negative bias voltage because the
energy spectrum of the tip plays a leading role. Using STS, specific energy
levels can be accessed in the real-space. Beautiful applications of this technique
include LOMO and HOMO imaging of a single molecule [56], and the imaging
of a superconducting gap using quasi-particle interference [57]. This unique
capability makes STM an indispensable tool for condensed matter research.
For the measurements in this thesis, presented in Chapters 4 and 5, we used a
Pt-Ir nanotip and a highly oriented pyrolytic graphite (HOPG) for the sample.
In this case, THz-field-induced electron tunneling is explained very well with
the flat DOS for both tip and sample.
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Chapter 3

THz-Field-Induced Nonlinear Electron
Delocalization in Au Nanostructures

Precise and fast control of electrons in metallic nanostructures is indispensable
for the development of next-generation devices for advanced information
technology. Harnessing THz-field-induced nonlinearity is a promising method
of manipulating the ultrafast motion of electrons in metallic systems, while
avoiding undesirable thermal effects and electronic transitions.

In this chapter, we will demonstrate how intense single-cycle THz electric
fields can be used to manipulate electron delocalization in percolated gold (Au)
nanostructures on a picosecond time scale. We fabricate both isolated and
percolated Au nanostructures on Si substrates. Unexpected large opacity in the
THz transmission spectra occurs in the percolated nanostructures when the
THz electric field strength is increased: the maximum THz-field-induced
transmittance difference, more than 50%, is reached just above the percolation
threshold thickness. By fitting the experimental data using a Drude-Smith
model, we also found that the both the localization and scattering of electrons
in Au nanostructures decreases as the THz electric field strength increases.
These results indicate that nonlinear electron delocalization takes place due to
the strong electric field of THz pulses; the intense THz electric field suppresses
the backscattering rate at grain boundaries and induces electron tunneling
between Au nanostructures across a nanometer-scale air gap without any

material breakdown.
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3.1 Introduction

It is now possible to generate intense single-cycle terahertz (THz) electric fields
with a peak amplitude of 0.1 — 100 MV /cm [1-5]. In contrast to excitation
using near-infrared or visible light, THz pulses can access low-frequency
elementary excitation directly and accelerate electrons without undesirable
interband excitation because of their low photon energy. These advantages
have led to the extensive study of THz-field-induced nonthermal and nonlinear
phenomena in a wide range of materials, notably dielectrics [6-8],
semiconductors [9-12], and semimetals [13,14]. However, despite their
fascinating electromagnetic and transport properties, very few studies have
been devoted to metallic systems.

Exploiting their high conductivity and chemical stability, metallic systems
have been widely studied in the fields of micro- and nano-electronics, and
plasmonics. In particular, metallic nanostructures can manifest unique
properties that completely differ from those of the bulk material, depending on
their morphologies, such as insulator-to-metal transition (IMT) caused by the
formation of a percolating network [15,16], surface plasmon-enhanced intense
near fields for single-molecule detection [17], high-efficiency THz generation at
the percolation threshold [18], and quantum tunneling between metallic
nanoparticles [19-21]. Owing to these unique properties, metallic
nanostructures are promising candidates for next-generation integrated
nanocircuits and plasmonic devices. In this context, it is important to develop
methods that can provide improved control over the motion of electrons in
metallic nanostructures and their electromagnetic properties.

In order to explain the dielectric properties of inhomogeneous metal
nanostructures, effective-medium theories such as the Maxwell-Garnet [22]
and Bruggeman [23] models have been proposed that take into account the
local-field effect (on a length scale much smaller than the incident wavelength).
However, these models struggle to describe systems with strong carrier
localization arising from carrier backscattering at the boundaries of grains or
nanoparticles, which occurs when the characteristic dimension of the
nanostructure becomes comparable to the carrier mean free path at the Fermi
energy [24] (e.g., 25—35 nm in Au ). Hence, a phenomenological Drude-Smith
model [25] is generally used to explain the carrier response of inhomogeneous

metal nanostructures. This is an extension of the simple Drude model with an
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additional term that suppresses conductivity at low frequencies [16,26-29].

In this chapter, THz-field-induced nonlinear electron delocalization is
demonstrated. We show the experimental THz transmissions and complex
dielectric spectra are well described by the Drude-Smith model over relatively
broad frequency ranges of 0.35—1.25 THz and 13—100 THz. We also show the
THz transmittance decreases dramatically in the percolated Au nanostructures
by increasing THz electric field strength, indicating that intense THz electric
fields induce electron tunneling between Au nanostructures across

nanometer-scale insulating bridges.

3.2 Fabrication of Au nanostructures

In order to fabricate Au nanostructures, we employed the d.c. sputtering
method, illustrated schematically in Figure 3.1. In a vacuum chamber, the Au
target acts as the cathode, while the Si substrate to be coated is located
underneath and acts as the anode. The Au target is vaporized to atoms in the
plasma by ionized Argon gas which is accelerated to hit the surface of the
target. These vaporized atoms are then deposited onto the Si substrate to form
ultrathin Au films with nanogap structures. The average thickness of the
ultrathin Au films is precisely controlled by the sputtering time. As the
substrate, we used 500 pm thick high resistivity Si(100) wafer covered by a
native oxide of about 2 nm thickness [30]. High resistivity Si is used to avoid
nonlinear effects from the substrate under intense THz irradiation such as
impact ionization [31]. All films were prepared by sputtering and without any
post annealing to obtain Au nanostructures that were both isolated and
percolated.

Au target

Vacuum

Si substrate Voltage +
X *,‘ 4 ;&)

AN

Sample stage

Figure 3.1 | Schematic of d.c. sputtering method.



Chapter 3 Nonlinear electron delocalization in Au nanostructures

a

Figure 3.2 | Characterization of Au nanostructures using SEM. (a)
Scanning electron micrographs of ultrathin Au films with average
thicknesses of d = 5, 10, 15, 20, and 25 nm, sputtered on high resistivity Si
substrates. (b) Fractional surface coverage of the films p as a function of
their average thickness. The dashed line highlights the linear correlation.

The surface morphology of the Au films was investigated using scanning
electron microscopy (SEM). Figure 3.2a shows the SEM images of Au films
with different average thicknesses of d = 5, 10, 15, 20, and 25 nm. The surface
morphology of the Au film is strongly dependent on average thickness.

In the thinnest sample (d = 5 nm), Au nanostructures are isolated, forming
nanoislands. In contrast, the nanogap structure almost vanishes in the thickest

sample (d = 25 nm). Figure 3.2b illustrates the linear correlation

C
800
: o 600}
. -
v T S
o) o 4001
-_& O
. i 200+
.".*
> rﬁ 0 1 1

0 10 ZIO 3I0 40
Height (nm)

Figure 3.3 | Characterization of Au nanostructures using STM. (a,b)
Topographic images of ultrathin Au films with average thicknesses of 25
nm obtained by constant-current mode of STM. (¢) Height histogram of

(a) which shows average height of 25 nm.
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3.2 Fabrication of Au nanostructures

between the fractional surface coverage (p) and the average thickness. The
fractional surface coverage was calculated by applying a filter function to the
raw image (Figure 3.2a) in order to separate Au regions from the Si substrate.
The isolated Au nanostructures coalesce into a percolating Au network above
the percolation threshold coverage, p = 0.68 (d = 15 nm), which is in good
agreement with previously reported values [32]. In this film, IMT is expected to
take a place due to percolative transport of electrons. The Au percolation
network forms more gradually here than in Au films prepared by thermal
evaporation [16]. In order to investigate the 3D profile of Au nanostructures
with higher resolution, we measured a topographic image of Au thin film with
a thickness of d = 25 nm using scanning tunneling microscopy (STM), as
shown in Figure 3.3a. The Au thin film consists of Au nanoparticles with a
radius of 15-25 nm. This STM image is consistent with the SEM image shown
in Figure 3.2a. Average film thickness was determined to be 25 nm using the
height histogram (Figure 3.3c). This is in good agreement with the intended

value (25 nm) which we sought to achieve by controlling the sputtering time.

3.3 Experimental setup for THz-TDS

Figure 3.4a shows our experimental setup. A Ti:sapphire amplifier system
(repetition rate, 1 kHz; pulse duration, 130 fs; center wavelength, 800 nm;
pulse energy, 2 mJ/pulse) was employed to generate intense single-cycle THz
electric field transients, which were produced using a LiNbOjs prism in a
tilted-pulse-front configuration (as we explained in Chapter 2). THz pulses
with a beam diameter of 700 pm were incident normally on the Au films. Peak
field strengths of up to 340 kV/cm were tuned using a pair of wire-grid
polarizers (WG1 and WG2). The THz pulse was measured after passing
through the Au thin film using EOS with a 400 pm thick GaP crystal. We
confirmed that the transmittance of the plain Si substrate (Tsi = FEsi/Fair =
0.7) is independent of the incident THz field strength, ensuring that any
nonlinearities in the EOS were negligible in our experiment. All the
measurements were performed at room temperature in a nitrogen gas
atmosphere in order to avoid water absorption.

Figure 3.4b illustrates THz transmission measurement through the Au thin
film. For all samples, in order to avoid the undesirable phase shift, half of the

Si substrate was covered with Au, while the remaining half was a bare Si
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Figure 3.4 | Experimental setup for THz-TDS with intense THz electric
field. (a) BS: beam splitter, DS: delay stage, HWP: half-wave plate, PM:
parabolic mirror, WG: wire-grid polarizer, QWP: quarter-wave plate,
PBS: Polarizing beam splitter, BP: balanced photodiode. (b) Illustration
of THz transmission measurement through the Au thin film.

substrate. The THz transmittance spectrum was obtained by measuring THz
electric-field transients transmitted through an Au thin film and a bare Si
substrate. This scheme enables us to discuss THz-field-induced nonlinearity of
electrons in Au nanostructures by measuring THz transmittance spectrum as a
function of THz electric field strength using ultrathin Au films with different

film thicknesses.

3.4 Theory of electrical conduction

3.4.1 Drude model

When free electrons in a metallic or a semiconductor system are exposed to an

a.c. electric field of light, the equation of motion is given by

LO°T L 0P —
m¥=—m yE—eE, (3.1)
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3.4 Theory of electrical conduction

where m* is the effective mass of free electrons, and v is the damping
constant. The first term on the right hand side is a frictional force proportional
to velocity, and the second term is the Coulomb force acting on free electrons.

Here, we express the a.c. electric field of light using the following equation:
E = FO exp(—iwt). (3.2)

In this case, free electrons also oscillate with frequency w. Therefore, the

motion of free electrons is given by

N e 1 —
P — (3.3)
m* w?+iwy
Then, the polarization is given by
s N_, (—eF) ne? 1 1ok (3.4)
= — =n(—er)=———F, .
v’ m* w?+iwy

where N is the number of free electrons, V'is the volume, and n is the density of

free electrons. From equation (3.4), the polarizability is given by

(@) == ————. (3.5)

Therefore, using the plasma frequency w,, the dielectric constant is given by

)
Fo)y=1+%L=1-—7 (3.6)
& w(w + iy)
where
2
ne
Wy = , (3.7)
gym*
while the optical conductivity is given by
w,
6(w) = —. (3.8)
Yy —iw

3.4.2 Drude-Smith model
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Chapter 3 Nonlinear electron delocalization in Au nanostructures

The Drude-Smith model was developed by N. V. Smith [25] to explain optical
conductivity in poor metals such as liquid metals and quasicrystals. In these
materials, the optical conductivity spectrum is known to deviate from the
Drude model in the infrared region. The Drude-Smith model is derived using
an impulse response approach and Poisson statistics as explained below.
Consider a unit impulse of electric field applied to the electron system at time
t = 0 and the current response at time ¢ j(t). Then j(0) = ne2/m* and the

complex conductivity can be obtained from the Fourier transform of j(¢):

6(w) = J Jj(texp(imt)dt . (3.9)
0

In the case of isotropic scattering, scattering reduces the population of

electrons carrying current, because only non-scattered electrons contribute to

the current response. If the carrier relaxation time is 7, the resulting current

response is given by
J@0)/j(0) = exp(—t/7), (3.10)
and the Fourier transform of this equation gives

. ne’r/mk*
5(w) = ——, (3.11)
l-iwt
which corresponds to the Drude model as described above (7 =1 / v)-
In the case of anisotropic scattering, a scattering event cannot be treated as
population decay in the current response. The probability of n anisotropic
scattering events in the time interval (0, ¢) with relaxation time 7 is given by

the Poisson distribution

(t/7)"exp(~t/7)

P(0,1) = pr

(3.12)

Taking account of the first and subsequent scattering events, the current

response is given by

(3.13)

n!

J@)/j(0) = exp(~1/2) [1 4 Y et ] ,
i=1
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3.4 Theory of electrical conduction

where ¢, can be viewed as the probability that electrons will experience
anisotropic backscattering rather than isotropic scattering. The value of ¢,
can range from —1 to 0, where complete backscattering occurs for ¢, = —1 and
isotropic scattering is recovered for ¢, = 0. Here, Smith made a key
assumption: anisotropic backscattering only happens for the first scattering
event (n = 1). The validity of this single-scattering assumption is still under
debate [24,33] as we explain later. However, with this assumption, the current

response yields
. . ct
Jj(®/j(0) = exp(—t/7) ll + —l, (3.14)
T

where ¢ is relabeled as c. Then, the Drude-Smith optical conductivity can be

found using the Fourier transform:

2
5 w) = LM [1+ < l (3.15)

l1-iwt l-iwt

where ¢ (—1 < ¢ < 0) is a localization parameter that accounts for partial
electron localization caused by backscattering. For ¢ = 0, the Drude-smith
model reduces to the simple Drude model, giving the conductivity due to free
electrons. Electron backscattering increases with decreasing ¢, and for ¢ = —1,
the electrons are completely localized and afford no d.c. conductivity.

Alternatively, the dielectric constant is given by

2
é(w)zl—L<l+;>. (3.16)

w(w +iy) 1—iwy

3.4.3 Physical interpretation of the Drude-Smith
model

The Drude-Smith model has been applied to reproduce experimental
conductivity spectra for various nanomaterials including Au nanostructures in
the THz region [16]. Its most significant difference from the Drude model is the
presence of a localization parameter ¢, which is intended to represent the
localization of electrons. As we described above, Smith assumes that the
anisotropic backscattering only happens for the first scattering event and any

subsequent scattering is always isotropic. However, no physical explanation is
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Chapter 3 Nonlinear electron delocalization in Au nanostructures

given for introducing this hypothesis. In addition, the physical meaning of the
localization parameter c¢ is ambiguous. In most papers using the Drude-Smith
model, the meanings of its fit parameters, beyond phenomenological
expressions, are not discussed in detail. The physical interpretation of the
Drude-Smith model is an active area of research in the THz community
[24,33,34]. Némec et al. [24], for example, conducted Monte Carlo simulations
in 2009 in order to calculate the optical conductivity in the THz range of free
charge carriers localized in semiconductor nanoparticles. The shape of
conductivity spectra is fitted well by the Drude-Smith model, and they found
that the localization parameter ¢ indeed represented the degree of localization
of charge carriers, determined by the transmission probability of carriers
through interparticle boundaries and the ratio of the nanoparticle size and
carrier mean free path in the bulk. Based on this finding (although the validity
of the single-scattering approximation remains unclear), we applied the
Drude-Smith model to evaluate the localization of electrons in nanostructured
Au film.

3.5 Measurement results

Figure 3.5 compares typical THz electric-field transients transmitted through

an Au thin film and a plain Si substrate. The inset shows the THz transmission
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Figure 3.5 | Waveform of transmitted THz electric field. Temporal
waveforms of the single-cycle THz electric field transmitted through either
a 17.5 nm thick Au film or a plain Si substrate. The maximum field
strength of the incident THz electric field was 340 kV /cm. The inset shows

the power transmittance spectrum.
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3.5 Measurement results

spectrum, |Esample(w)|2/ |Ereference(w)]2, which is obtained by normalizing the
transmitted THz waveform from the Au thin film to that from the Si substrate.
As shown in the inset, the transmittance has weak frequency dependence
between 0.35 and 1.25 THz. In order to discuss the dependence of the
transmittance on the THz electric field strength, the intensities are averaged
over this frequency range henceforth.

Figure 3.6a shows the averaged transmittance as a function of the film
thickness with different THz peak electric fields. The averaged transmittance
is almost unity below the percolation threshold thickness (<15 nm) and then
decreases as the thickness of the film increases. This behavior is typically the
result of an IMT [16]. The most striking feature shown in Figure 3.6a is the
decrease in transmittance as the THz electric field strength increases, which
only appears above the percolation threshold (<15 nm). This strongly
indicates that electrons in percolated Au nanostructures play a crucial role in
THz-field-induced opacity. In order to evaluate this nonlinearity, we define the
THz-field-induced transmittance difference as AOD(E)/OD(FEyweax), where
AOD(E) = OD(E) — OD(FEweax), and OD(E) and OD(Eyeax) are, respectively,

the average optical densities at a given THz electric field strength, E, and at
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Figure 3.6 | Nonlinear response of Au nanostructures. (a) Averaged THz
power transmittance as a function of film thickness for Au films sputtered
on high resistivity Si substrates at different THz electric field strengths.
The vertical line indicates the percolation threshold thickness. (b)
THz-field-induced transmittance difference as a function of the electric
field strength for Au films of different thicknesses. The dashed lines
indicate the nonlinearity, which is more marked the steeper the line.
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Chapter 3 Nonlinear electron delocalization in Au nanostructures

the weakest field strength, Eyeak.

Figure 3.6b shows how this nonlinearity varies as a function of the incident
THz electric field strength in percolated Au nanostructures with different film
thicknesses. The dashed lines, drawn to highlight nonlinear effects, show that
the THz-field-induced transmittance difference strongly depends on the
thickness of the film. The transmittance difference is maximal (more than
50%) just above the percolation threshold (~15 nm), and decreases abruptly
with increasing film thicknesses, becoming negligible for the 25 nm thick film,
which is fully covered with Au (p ~ 1). Note that no transmittance difference
was observed for the isolated Au nanostructures below the percolation
threshold, meaning that this THz-field-induced nonlinearity is characteristic of
percolated Au nanostructures.

In order to confirm the presence of an IMT, broadband infrared transmission
spectra were measured using a conventional Fourier transform infrared
(FT-IR) spectrometer. These spectra are combined in Figure 3.7a for various
film thicknesses with THz transmission spectra under the weakest THz electric
field of 40 kV /cm (assuming the linear regime). As shown in Figure 3.2a, for
thicknesses below the percolation threshold (<15 nm), the Au nanostructures
are isolated so the transmittance decreases with frequency in the IR region due
to a tail of localized surface plasmon resonance located at higher frequency. On
the other hand, in the THz region the film becomes transparent because of the
absence of free carriers and therefore behaves as an insulator. Near the
percolation threshold (d = 15 nm), the transmittance becomes small at THz
frequencies and the same trend is observed in the IR region, suggesting strong
carrier localization at grain boundaries. In contrast, for films thicker than 20
nm, strong attenuation occurs in the THz region, but the transmittance
increases with frequency in the IR region, which is typical of metallic phases
[35]. This behavior therefore verifies the presence of an IMT in our Au
nanostructures with different morphologies.

In order to clarify this non-monotonic behavior of electrons in the metallic
phase quantitatively, the sheet dielectric constant was calculated for
thicknesses above the percolation threshold using the following formula (as we
discussed in Chapter 2);

iny+ Dy, 1 =TIT,

g = , 3.17

68



3.5 Measurement results

a
1.6f — 5nm — 17.5nm
10 nm — 20 nm

14 435mm — 25nmm

12 15 nm
®
o
c
©
E
%)
c
o
|_

Frequency (THz)
b
—~ 1.2+
“o 15 nm
k> 1'06@@ O Imaginary part
= 0.8+ Real part
8
w 0.6+
5
O 04
o
S 0.2
3
o) 0.0 4w a aANNNNAAAALNS \/\/ ‘L
O 02k ! ! L 1
0.4 0.6 0.8 1.0 1.2

Frequency (THz)

Figure 3.7 | THz and infrared spectra of Au nanostructures. (a) Infrared
and THz transmission spectra (at an electric field of 40 kV/cm) for Au
films of different thicknesses sputtered on high resistivity Si substrates. (b)
Real and imaginary parts of the complex dielectric constant measured for
15 nm thick Au film. The dashed curves in (a) and (b) show the best fits
obtained using the Drude-Smith model (equation (3.18)).

where, ns is the dielectric constant of the Si substrate, d is the thickness of the
ultrathin Au films, v, is the velocity of light, and T/ Tj is the complex electric
field transmittance of the Au films relative to that of the bare Si substrate.
Figure 3.7b shows the real and imaginary parts of the dielectric constant for a
15 nm-thick Au film at the weakest field strength of 40 kV/cm. In order to
clarify the behavior of conduction electrons, the data were fitted to the

Drude-Smith model using

E(w) = % 1 ¢ 318
g(w)‘gm_w@w)( +1—iwy>’ 19
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Chapter 3 Nonlinear electron delocalization in Au nanostructures

where e is the dielectric constant at infinitely high frequency, wy, is the
plasma frequency, 7 is the damping constant, and ¢ (=1 < ¢ < 0) is a
localization parameter (described in detail in Sections 3.4.2 and 3.4.3). The
resulting fits, shown in Figure 3.7a, b by dashed curves, have good agreement
with the transmittance at 0.35—1.25 and 13—100 THz, as well as for the real
and imaginary parts of the dielectric constant, confirming that this numerical
evaluation is reasonable for revealing details of conduction electrons in Au
nanostructures.

Figure 3.8a-c shows the fitted Drude-Smith parameters in the linear regime
(with the lowest THz electric field), obtained by fitting broadband spectra as
shown in Figure 3.7a, b, in order to highlight the influence of nanostructure
morphology on electron conduction. With decreasing film thicknesses, both the
effective electron density and the plasma frequency decrease because of the
depolarization effect [36]. The negative localization parameter ¢ approaches 0
as the films become thicker, whereas the damping constant decreases toward
the bulk value (/27 = 17.1 THz [37]). This indicates that thicker Au films
have electromagnetic properties similar to those of bulk Au; namely, the
localized electrons become mobile because of reduced backscattering at grain
boundaries.

Focusing now on THz-field-induced nonlinearity, recall that this is enhanced
for thicknesses just above the percolation threshold, as shown in Figure 3.6a, b.
Figure 3.9a, b shows the fitted Drude-Smith parameters — the localization

parameter and damping constant — as functions of the THz field strength
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Figure 3.8 | Drude-Smith parameters in the linear regime. (a) Plasma
frequency. (b) Localization parameter. (¢) Damping constant. These
parameters are obtained by fitting both broadband transmission spectrum
(0.35—1.25 and 13—100 THz) and complex dielectric constant (0.35—1.25
THz) with the lowest THz electric field.
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Figure 3.9 | Drude-Smith parameters in the nonlinear regime. (a) The
localization parameter and (b) the damping constant in the Drude-Smith
model as a function of the normalized THz field strength for percolated Au
films with different average thicknesses.

(normalized to the maximum value) in a percolated Au nanostructure with
film thickness of 15, 17.5, and 20 nm. Although the absolute values differ for
percolated Au nanostructures of different film thicknesses, in each case the
damping constant decreases and the localization parameter increases toward 0
with increasing THz electric field strengths. This indicates that the observed
nonlinearity has a single cause. Note the increased variability of the
Drude-Smith parameters close to the percolation threshold thickness; the large
negative value of ¢ indicates the strong carrier backscattering due to many
open nanogaps. The nonlinear behavior can be understood by considering

electron delocalization under a strong electric field of THz pulses.

3.6 Discussion

We believe that electron delocalization occurs mainly through electron

tunneling, which is suggested in the d.c. field experiments [38,39]. When a
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sufficiently strong local field is applied to a nanometer-scale insulating bridge,
the insulating channel becomes conductive due to intergrain tunneling, leading
to less electron backscattering and thereby lowering the damping constant, as
schematically illustrated in Figure 3.10. Note that the characteristic time
required to complete electron tunneling is sufficiently short compared with the
pulse duration of the single-cycle THz electric field (~1 ps) [40]. The THz
electric field may therefore be regarded as a quasi-static field for the tunneling
process, and as a result, it could effectively produce the nonlinearity.

We also note that this nonlinear response is repeatable, not irreversible, as is,
for instance, material breakdown [41]. The reversibility was confirmed by the
THz transmission measurement with low field strength after intense THz
irradiations. Any irreversible change was observed in our ultrathin Au films. In
micrometer-scale metamaterials with Au split-ring resonators (SRR), strong
electric field enhancement occurs at THz frequencies due to LC resonance [42].
This THz-electric-field enhancement can readily and permanently damage
SRR gap structures. In contrast, the percolated Au nanostructures are not
damaged, probably because the electron tunneling itself reduces the field
enhancement [19] and/or the relatively long length-scale of the Au network
places their resonance outside the THz range. Percolated Au nanostructures
therefore suppress excess THz-field enhancement and avoid permanent
breakdown, while retaining the nonlinearity required to enhance electron
tunneling across the nanometer-scale insulating bridges.

Our findings, large THz-field-induced opacity and/or nonlinear electron

£

_e-ps_-_

Si backscattering Si quantum tunneling

A\

Intense THz electric-field

Figure 3.10 | THz -field-induced quantum tunneling. The backscattering of
electrons at the grain boundaries plays an important role in electron
localization under weak THz electric field strengths, whereas the quantum
tunneling of electrons is induced across the narrow insulating bridge
between the Au nanostructures by intense THz electric field strengths.
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3.6 Discussion

delocalization in percolated Au nanostructures, should prove useful for
controlling and enhancing the unique electromagnetic properties of metal
nanostructures on the picosecond time scale, which, more generally, will be
useful for future microelectronics and nanometer-scale plasmonic devices.
Finally, we would like to discuss the validity of the Drude-Smith model used
in our analysis. We evaluated the complex dielectric constants for all the
experimental data with different THz electric field strengths, based on the
same procedure generally used in the linear regime. The obtained dielectric
constants therefore deviate from conventional dielectric properties, because
they include contributions from nonlinear polarizations. However, because the
nonlinearity might be averaged over the whole Au nanostructure randomly
distributed with different sizes and nanogaps, we believe that our analysis
provides a preliminary intuitive understanding of the origin of THz-induced
nonlinearity. Recent research, using well-defined nanogap structures, has
reported transmittance decrease due to electron tunneling induced via intense
THz electric fields [43,44]. The use of well-defined nanogap structures in these
studies enabled an in-depth analysis of nonlinear electron tunneling and the
enhanced electric field, and also made it possible to successfully estimate the

dielectric change at the nanogap.

3.7 Summary and outlook

In summary, the nonlinear response of localized electrons driven by intense
THz electric field transients has been demonstrated in ultrathin Au films with
percolated Au nanostructures. As the THz electric field strength is increased,
large opacity in the THz transmission spectrum occurs in percolated Au
nanostructures. The Drude-Smith model was applied over wide frequency
ranges, viz. 0.35—1.25 and 13—100 THz, in order to understand the nonlinear
behavior of localized electrons quantitatively. The damping constant in this
model decreases and the localization parameter increases as the strength of the
incident THz electric field is increased. The experimental data indicate that
ultrafast electron delocalization occurs due to the strong electric field of THz
pulses, leading to electron tunneling across the narrow insulating bridge
between Au nanostructures without material breakdown. These results show
that intense THz pulses are a highly effective means of controlling the

electromagnetic properties of metal nanostructures.
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In this chapter, we investigated THz-field-induced electron tunneling in
random nanogap structures via THz-TDS. Our results strongly suggest that
the combination of a single-cycle THz electric field and a tunnel junction is a
promising candidate for a new platform for ultrafast lightwave nanoelectronics.
To this end, it is essential to be able to detect and manipulate the
THz-field-induced tunnel current directly. Furthermore, detailed mechanisms
of THz-field-induced electron tunneling, such as dynamics, nonlinearity, and
field enhancement, will become clear by using a well-defined tunnel junction.
In the following chapter, we will show how these ideas can be investigated

using THz scanning tunneling microscopy (THz-STM).
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Chapter 4

Real-Space Coherent Manipulation of
Electrons in a Single Tunnel Junction

The ultrafast coherent manipulation of electrons using the electric field of
waveform-controlled laser pulses is a key technique in the development of
lightwave electronics. Developing such a technique for a tunnel junction will
provide a new platform for governing ultrafast currents on an even smaller
scale, which will be indispensable for the advancement of next-generation
ultrafast quantum nanocircuits and plasmonic devices.

In this chapter, we demonstrate that carrier-envelope-phase (CEP) controlled
single-cycle terahertz (THz) electric fields can coherently drive electron
tunneling either from a nanotip to a sample or vice versa in a scanning
tunneling microscope (STM). The motion of electrons in a single tunnel
junction can be coherently manipulated in real-space by controlling the CEP of
the THz electric field. Spatially confined intense THz pulses with a peak
amplitude of more than 10 V/nm strongly modulate the potential barrier at a
single tunnel junction on the subpicosecond timescale and can steer a large
number of electrons in an extremely nonlinear regime, which is not possible
using a conventional STM with d.c. electric field. We expect our results, by
making available a new, ultrafast and ultrasmall experimental regime, will

pave the way for the future development of nanoscale science and technologies.
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Chapter 4 Real space coherent manipulation of electrons

4.1 Introduction

The latest advances in laser technology have made it possible to control the
carrier-envelope phase (CEP) of ultrashort laser pulses with high accuracy.
Using few-cycle CEP-controlled near-infrared (NIR) laser pulses, several
studies have demonstrated the ultrafast coherent control of electrons in a wide
range of systems [1-9]. In these studies, metallic nanostructures, so-called
metal nanotips, were used to produce highly localized near-fields by
concentrating laser pulses to a scale far below the diffraction limit of the
incident light. Using a spatiotemporally tunable near-field of up to ~10 V/nm,
the sub-cycle control of ultrafast electron bursts from a nanotip has been
realized [7-9].

These sophisticated electron manipulations offer the opportunity to overcome
the bandwidth limitation of signal processing in modern information
technology [10,11]. The largest field enhancement is expected to occur at a
tunnel junction [12-15] by concentrating the laser field at a sub-nanometer
scale. The strong nonlinearity of electron tunneling will be useful for the
manipulation of electrons at the atomic scale, which is highly desirable for the
advancement of next-generation integrated nanocircuits [12,13,16,17] and
plasmonic devices [14,18,19].

However, strong NIR laser pulses focused on a tunnel junction induce thermal
expansion [20], leading to permanent damage to the junction. Therefore,
precise control of the motion of electrons at the atomic scale is still a
challenging task. Recently, single-cycle electric field transients with high
intensity have been generated in the terahertz (THz) spectral range (0.1-10
THz) [21,22]. In contrast to few-cycle NIR laser pulses, single-cycle THz
electric fields with a bandwidth over an octave may be useful for accurately
steering electrons and may, because of their low photon energy, drive electron
tunneling without undesirable heating. Indeed, THz-field-induced nonlinear
electron tunneling has been observed in percolated gold nanostructures [23]
and metal-graphene-metal hybrid structures [14] without any adverse thermal
effects. Terahertz scanning tunneling microscopy (THz-STM) [15], which was
developed after optical pump-probe STM [24,25], may allow atomic-scale
imaging of ultrafast dynamics with fewer thermal expansion problems.

In this chapter, we demonstrate real-space coherent manipulation of the

motion of electrons in a single tunnel junction using CEP-controlled
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single-cycle THz electric fields. In the THz spectral range, no suitable medium
for changing the CEP has been identified yet, because most materials exhibit a
flat frequency response in this range, in contrast to NIR laser pulses.
Therefore, it remains difficult to investigate the CEP-dependence of nonlinear
response using a low-frequency (below 10 THz) single-cycle THz electric field.
In order to actively control the CEP, we utilize the Gouy phase shift [26] by
placing a lens pair in the THz beam path. Unlike the imaging of surfaces at the
atomic scale using conventional STM, our THz-STM with the tunnel junction
presented here acts as an ultrafast rectifying diode or a THz field-effect
transistor; the electron current is switched on and off via the CEP-controlled

single-cycle THz electric fields.

4.2 Experimental setup

4.2.1 Scanning tunneling microscope

A commercial STM (Digital Instruments, Nanoscope E), which has excellent
stability in air, was used in this study. Sharp nanotips were fabricated by
electrochemical etching of a Pt/Ir (80/20%) wire with a diameter of 0.3 mm,
while blunter tips were obtained by pulling the wire with pliers. The formation

of the nanotip apex was confirmed using a scanning electron microscope (SEM),
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Figure 4.1 | Setup for the tunnel junction of STM. (a) SEM image of a
sharp nanotip fabricated by electrochemical etching with a tip apex
diameter of 40 nm. (b) STM image of HOPG with atomic resolution. (c)
Typical current pulse generated by a single THz pulse. The dashed curve
shows the best fit obtained using a single exponential function with a
decay time of 63 + 1 ps, which corresponds to the bandwidth of the
current amplifier incorporated in the STM circuit.
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as shown in Figure 4.1a. Highly oriented pyrolytic graphite (HOPG) was
freshly cleaved before the measurements to obtain a clean surface, and its
atomically flat surface was confirmed using the STM, as shown in Figure 4.1b.
Figure 4.1c shows a tunnel current pulse with a decay time of 63 + 1 ps
generated by a single THz pulse. This decay time corresponds to the
bandwidth (15 kHz) of a current amplifier incorporated in the STM circuits.
Since the bandwidth is much greater than the repetition rate (1 kHz) of THz
pulses, integrating the current pulse with respect to time gives the number of
rectified electrons driven by a single THz pulse through the junction; i.e., the
number of rectified electrons, N, was calculated using N = J(I (t)/e)dt, where

1(¢t) is the tunnel current and e is the elementary charge.

4.2.2 Experimental setup for the THz-STM

Figure 4.2 shows our experimental setup for the THz-STM. As a light source,
we employed a Ti:sapphire regenerative amplifier with a repetition rate of 1

kHz, a pulse duration of 130 fs, and a center wavelength of 800 nm. As shown

/ \
4 N
ST™M
800 nm
130 fs PM2
1kHz == f=200
DS PM3
Removable i
A4 I WG
I \G
Grating
/ <> TL == ZnTe
e f=50
BS LiNbO3 e = QWP
WP
BP
\ ' l / f=200 PM1

Figure 4.2 | Experimental setup for THz-STM. BS: beam splitter, DS:
delay stage, CL: cylindrical lens, HWP: half-wave plate, PM: parabolic
mirror, TL: Tsurupica lens, WG: wire grid polarizer, QWP: quarter-wave
plate, WP: Wollaston prism, BP balanced photodiode.
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in Chapter 2, intense single-cycle THz electric field transients were generated
using a LiNbOj prism in a tilted-pulse-front configuration [21]. The generated
THz pulses were collimated by a gold-coated off-axis parabolic mirror (PM1),
and the field strength was tuned by a pair of wire grid polarizers. In order to
generate the THz pulses with a CEP of 7 or 7/2, we set either a pair of
spherical or cylindrical Tsurupica lenses, respectively, in the optical pathway.
The waveform-controlled THz pulses were then guided into one of two paths
by tuning a removable Au-coated mirror: one was used for characterizing the
THz pulses by electro-optic sampling (EOS) and the other was used for
delivering the THz pulses to a tunnel junction of the STM. For the EOS, a 2
mm-thick ZnTe (110) crystal was used as an EO crystal. The field strength was
evaluated by assuming an electro-optic coefficient of r;; = 3.9 pm/V and
refractive indices of ngonn = 2.86 and nryg, = 3.19. In order to accurately
characterize the THz waveform at the junction, identical off-axis parabolic
mirrors (PM2 and PM3) with 4-inch focal length and 2-inch diameter were
used to focus the THz pulses. The resulting beam diameter at the STM
junction and the EO crystal was 1.2 mm. The THz tunnel current was
recorded by a digital oscilloscope via the STM circuits. All measurements were
performed under ambient laboratory conditions. Note that intense THz
electric fields with a repetition rate lower than the bandwidth of the circuits
were used in our system. Therefore, we could observe the tunnel current as a

pulse train in real-time using a conventional oscilloscope.

4.3 Theory of electron tunneling

Electron tunneling between electrodes separated by a thin insulator, as
schematically shown in Figure 4.3, was extensively studied by Simmons [27] in
the 1960s. Here, we describe the Simmons model, which can be used to
calculate the I-V (current vs. voltage) and I-Z (current vs. distance) curves in
the tunnel junction.

The probability D(Ey) that an electron can penetrate a potential barrier V(x)
is given by the WKB approximation [28]

4z (%2 1
D(E,) = exp {—TJ [2m(V(x) — Ex)]2dx}, (4.1)

51

where Fy is longitudinal energy of the electron (normal to the surface), s; and
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5o are the two roots of V(x) — Ex = 0. The mumber V; of electrons tunneling
through the barrier from metal electrode 1 (M;) to metal electrode 2 (M) is
given by

Em
N, = %[ n(v,)D(E,)dE,, (4.2)
0

where F,, is the maximum energy of electrons in the electrode, and n(vy) is

given using the Fermi distribution function f{F) by

3 oo
") = 22 j f(E)dE,, (4.3)
0

with polar cordinates; v? = vy2 + vzz, E? = mv?/2. Then, N; can be expressed by

Arm? (Em ®
Ny == J D(Ex)dExI f(E)dE,. (4.4)
0 0
In the same way,
4 2 rEy [¢)
N, = ’;’3" [ D(Ex)dExJ f(E+eV)dE.,. (4.5)
0 0

Therefore, the tunnel current J is given by

Vacuum level

ENari

th

Fermi level

Figure 4.3 | Metal-insulator-metal tunnel junction.
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Ep,

J=M—M=J

0 0

dgm? [
D(E,)dE, X 3 [f(E)—f(E+eV)IE, ;. (4.6)
This formula can be further simplified to
J=w%{@em«ﬂ@%—w¢+evmm[ﬂu¢+evﬁ]}, (4.7)

with J, = e/2zhAs* and A = (47rAs/h)(2m)%, where ¢ is the mean barrier
height, As( = s; —s,) is the effective barrier width, m is the electron mass, h
is Planck's constant, and « is a scaling parameter that accounts for the
density of states and the effect of the geometry of the tunnel junction. This
equation can be applied to a potential barrier of arbitrary shape, providing the
mean barrier height is known.

The potential barrier in the tunnel junction is expressed by considering a
rectangular potential barrier, an external bias voltage, and an image potential

as follows:

eV
M@=%—:ﬂ+%®, (4.8)

where ¢, is the effective work function of the junction, V' is the applied bias
voltage across the gap, s is the gap width, and V.(z) is the image potential.
Now V,(z) is given by

vw= ()L e L L 19
N T8re ) 20 =\ [(ns)2 = 2] ns | (4.9)

where € is the permittivity of the gap. We approximated the image potential
by

1.154s2
Vi) = - ==, (4.10)
x(s —x)
where
2In2
p=212 (4.11)
l6rzes
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which is a good approximation to the true image potential. Note that V,(z) is
half that in the original Simmons equation, which included an error previously

noted by Miskovsky et al. [29]. The mean barrier height is given by

1 (%
P = —J Vi(x)dx, (4.12)
As

51
where s; and s, are the real roots of the cubic equation

eV 1.151s*
Pg——x ————— =0, (4.13)

s x(s —Xx)
When considering a rectangular potential barrier without including the image
potential, the tunnel current J can be calculated in the three different regimes,

shown schematically in Figure 4.4.

Figure 4.4 | Potential barrier with rectangular shape. (a) Low-voltage
regime: V = 0. (b) Intermediate-voltage regime: V < e/¢p,. (¢) High-voltage

regime: e/@, < V.

(a) Low-voltage regime : V=0 (Figure 4.4a)
J= l3(2m¢0)%/2sl (e/h)2V exp l—(4ns/h)(2m(po)%l L (414)

(b) Intermediate-voltage regime : V < e/, (Figure 4.4b)

1

; e eV 4775(2 )% eV\2
= —— )exp |[-——2m -—
2hs? Qo= )P [T, P~
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(4.15)
(c) High-voltage regime : e/, <V (Figure 4.4c)
2.2¢°F? 87 13
= — 2 22
= ahon eXp[ 2.96heF m)z%]
(142 Yexp | ——" a2 1+—V7
20 )P | T 206her 0 )
(4.16)
with F'= V/As.

4.4 Measurement results

4.4.1 CEP control of THz-field-driven tunnel current

Our experimental set-up is illustrated schematically in Figure 4.5a—c. The
generated THz pulses were guided into one of two optical paths: one was used
to characterize the THz waveforms using EOS, while the other was used to
deliver the THz pulses to a single tunnel junction. By placing either a pair of
spherical or cylindrical lenses in the beam path (Figure 4.5b), the CEP of the
incident THz pulses (¢crp = 0) was shifted by ¢cpp = 7 or ¢cpp = 7/2,
respectively, via the Gouy phase shift. As schematically shown in Figure 4.5c¢,
the CEP-controlled single-cycle THz electric field modifies the potential
barrier between the nanotip and the sample, leading to the unidirectional
coherent motion of electrons.

By irradiating the junction with THz pulses with ¢cep = 0 (Figure 4.6a), a
series of tunnel currents were synchronously generated with the same
repetition rate as the laser system (1 kHz), as shown in Figure 4.6b. Note that
the time-integrated value of each current pulse represents the number of

rectified electrons driven by a single THz pulse through the junction, as we
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Potential
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Figure 4.5 | Schematic illustrations of the experiment and measurements.
(a) CEP-controlled single-cycle THz electric fields are focused onto the
apex of a Pt/Ir nanotip at an incident angle of 75°. OAP, off-axis
parabolic mirror; EOS, electro-optic sampling. (b) m phase-shift of a THz
electric field via the Gouy phase shift using a pair of spherical lenses. A
pair of cylindrical lenses is used when a 7/2 phase-shift is required (¢) An
electron (e ) tunneling between a nanotip and a sample under the
influence of a static electric field. The motion of electrons is coherently
controlled using THz electric fields with different CEPs.

explained in Section 4.2.1.

The CEP dependence of the tunnel current was measured with different
CEPs of ¢cep = 0, 7/2 and 7, while adjusting the d.c. bias from 300 mV to —
300 mV (Figure 4.7a, b). The most remarkable feature of Figure 4.7b is a series
of THz-induced pulse trains, which is the fingerprint of ultrafast current bursts
in the tunnel junction. In the case of ¢cep = 0, the pulse train takes a positive
value, which corresponds to an electron tunneling from the nanotip to the
sample. The intensity of the pulse train increases with increasing d.c. bias. In

the case of ¢cgp = m, on the other hand, the tunnel current shows the
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Figure 4.6 | THz-field-driven tunnel current without d.c. bias. (a)
Temporal profile of a single-cycle THz electric field (¢cep = 0) measured
using EOS. The inset shows the corresponding THz frequency spectrum.
(b) Pulse train generated by the THz electric field (¢crp = 0) without any
d.c. bias. The feedback loop remained off during the measurement
(setpoint: bias voltage Vi = 1 V; tunnel current Iy = 1 nA). The decay
profile of each current pulse comes from the bandwidth of the amplifier
used in the STM circuits.

opposite behaviour; the pulse train with a negative value indicating an electron
tunneling from the sample to the nanotip. In the case of ¢cpp = 7/2, the

direction of electron tunneling strongly depends on the d.c. bias; electrons

a b c
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Figure 4.7 | CEP dependence of THz-field-driven tunnel current with d.c.
bias. (a) Temporal profiles of single-cycle THz electric fields with different
CEPs (¢crp = 0, /2 and 7). (b) CEP dependence of tunnel current as a
function of d.c. bias (Vs =1 V, Is = 0.5 nA). The spectra with ¢cgp = 0
and m are offset by 40.07 nA for clarity. (¢) Schematic illustration of the
motion of electrons driven by THz electric fields with different CEPs. The
orange and blue arrows show the tunnelling direction.

89



Chapter 4 Real space coherent manipulation of electrons

Current (e7/pulse x1 04)

-0.8 -0.4 0.0 0.4 0.8

Electric Field (kV/cm)
Figure 4.8 | CEP and power dependence of THz-field-driven tunnel
current. Number of rectified electrons induced by a single THz pulse
without d.c. bias as a function of the peak electric field (Vs =1V, =1
nA). The insets show the corresponding incident THz waveforms with
different CEPs (¢cgp = 0, m). The dashed curve shows the best fit

obtained by the Simmons model.

undergo tunneling from the nanotip to the sample under a positive d.c. bias
and in the opposite direction under a negative d.c. bias. The current pulse
disappears as the d.c. bias approaches 0. As schematically summarized in
Figure 4.8c, the coherent motion of electrons at the junction is controlled by
the CEP-controlled THz pulses with a given d.c. bias.

Figure 4.8 shows the number of rectified electrons induced by a single THz
pulse as a function of the peak electric field with different CEPs (¢crp = 0 and
écep = 7). The nonlinear increase in the number of rectified electrons with the
THz electric field was computed on the basis of the Simmons model [27]
assuming a potential barrier between the nanotip (M;) and the sample (Ms)
under a bias voltage V, as illustrated in Figure 4.3. More details about the
modeling of THz-field-driven tunnel current will be given in Section 4.5. As
shown by the dashed line in Figure 4.8, the experimental data are accurately
reproduced by the adjustable parameters of an effective work function of 3.8 +
0.1 eV, a gap width of 1.00 4+ 0.01 nm and an enhancement factor of 100,000 +
10,000. These values were also confirmed by current—distance (I-Z) and d.c.

current—voltage (I-V) experiments, as we discuss in Section 4.4.2. The large
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field enhancement originates from the extremely tight focusing of the THz
electric field onto the single junction with a 1 nm gap between the sample and
the nanotip induced by the broadband antenna effect of the nanotip and/or

the plasmonic effect at the tunnel junction [8,13].

4.4.2 I-V and I-Z characteristics of the tunnel junction
under d.c. electric field

In order to further confirm the validity of the estimated parameters — i.e., the
effective work function, the gap width and the field enhancement factor — we
carried out two I-Z (current vs. distance) and d.c. -V (current vs. voltage)
measurements. Figure 4.9a shows the observed current as a function of the
change in the tip-surface distance. The mean barrier height ¢ was estimated
to be 3.3 4+ 0.1 eV under the setpoint bias voltage of 1 V. The effective work
function ¢, was therefore determined to be 3.8 4= 0.1 eV by taking account of
the fact that @ = ¢q —eV/2. On the other hand, as shown in Figure 4.9b, the
gap width was experimentally estimated to be 0.85 4+ 0.17 nm by driving the
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Figure 4.9 | Characterization of the tunnel junction using d.c. electric field.
(a) Measured I-Z curve (setpoint: bias voltage Vi = 1 V| tunnel current I
= 2.5 pA). The data were fitted using I = exp(—1.025,/% Z) with a mean
barrier height of ¢ = 3.3 + 0.1 eV. (b) Gap width measured by driving
the tip into the graphite (Vs =1V, L = 1 nA). The inset shows a typical
I-Z curve. The rapid increase in the current indicates the point of contact.
The gap width was determined to be 0.85 4+ 0.17 nm. (c¢) Log-log plot of I-
V data obtained from the d.c. I-V and THz I-V measurements (Vs =1V,
I, = 1 nA). The THz I[-V data were reproduced from the
THz-field-induced current data using the THz waveforms experimentally
obtained by EOS; the field enhancement factor was estimated to be
100,000 + 10,000.
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Chapter 4 Real space coherent manipulation of electrons

tip into the HOPG sample. These values are in reasonably good agreement
with those obtained from the Simmons model. Finally, we performed d.c. -V
measurement under a high-voltage regime in order to directly determine the
field enhancement factor [30]. The upper limit of the d.c. voltage was 3.2 V
because of the damage threshold of the HOPG sample [31]. The THz -V
measurement was also carried out under low THz electric fields (0.3-0.4
kV /cm) in order to combine the results of the two I~V experiments, i.e., the d.c.
-V experiment and the THz I- V experiment under high electric fields shown
in Figure 4.8. Here, the THz [I-V data were reproduced from the
THz-field-induced current data (as typically shown in Figure 4.6b) using the
THz waveforms experimentally obtained by EOS, yielding a field enhancement
factor of 100,000 4+ 10,000. As shown in Figure 4.9c, the three experimental
results overlap smoothly, indicating that the obtained field enhancement
factor is in fairly good agreement with that estimated from the Simmons

model.

4.4.3 Electron tunneling in an extremely nonlinear
regime

By further increasing the THz electric field, we can implement a new regime for
electron tunneling that is not available using conventional STM. The results
are shown in Figure 4.10a for three different tips: two sharp nanotips (tips 1, 2)
and one blunt tip (tip 3) as shown in the inset. The curves plotting the number
of rectified electrons as a function of the incident electric field exhibit different
behavior for each tip. However, after converting the incident electric field into
the enhanced electric field, the curves exhibit almost the same behavior (Figure
4.10b), indicating that the tip geometry affects the enhancement factor, and
that the sharp tip can tightly focus the THz electric field.

The striking feature in Figure 4.10b is the strong saturation of the tunneling
electrons observed above the enhanced electric field of 6 Vnm ', which was not
predicted by the conventional Simmons model. A recent self-consistent
calculation [32] predicted a new regime that deviates from the Simmons model
at extremely high voltages, the so-called space-charge-limited regime, in which
an additional space-charge potential plays an important role in limiting the
current flow in the junction. In this calculation, the saturation of the tunnel
currents occurred above 6 Vnm ' with a work function of 4.08 ¢V; these values

are in reasonably good agreement with our results. Note that this regime
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cannot be realized with a d.c. bias voltage or near-infrared pulses because the
junction is destroyed by Joule heating and high-energy photons, respectively
[20].

a
3.0F
g 2.5F
e
x  20F
()
£
a 1.5F
> A Tip1 !g
= 1.0 = T!p2 o
o Tip3 %
5 05 -
&) &
LY
0.0 b eswsmm® | ! ! |
0.0 0.5 1.0 1.5 2.0 25
Incident Electric Field (kV/cm)
b
ar
2+ HM‘M.‘
5 a
o 10F -
0 o n O
2 ar i
S 10 F m Tip2
E ot .3 Tip3
&) - Saturation regime
2k ﬁ >
10° . | s ,
4 5 6 7
10 16

Enhanced Electric Field (V/nm)

Figure 4.10 | Saturation of electron tunneling in extremely nonlinear
regime. (a) Number of rectified electrons without d.c. bias as a function of
incident electric field (¢cep = 0) for different tips (Vs =1V, I, = 1 nA).
Tips 1 and 2 (sharp) were fabricated by electrochemical etching; tip 3
(blunt) was formed by mechanical cutting. Insets: scanning electron
microscopy images of the sharp (top) and blunt (bottom) tips. (b)
Log-scale plot of number of rectified electrons as a function of the
enhanced electric field at the tunnel junction. The enhancement factor of
tip 3 is 50,000 4+ 200, which is two times smaller than that of the sharp
nanotips. Error bars correspond to 95% confidence intervals.
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Chapter 4 Real space coherent manipulation of electrons

Finally, we stress that an enhanced THz electric field of 16 Vnm ' was
achieved at the junction, which is two times higher than the strongest THz
field previously reported in free space [33]. This spatially confined large
single-cycle THz electric field can coherently drive the motion of as many as

~300,000 electrons on the subpicosecond timescale.

4.4.4 Imaging of Au nanostructures

Finally, we investigate the spatial resolution of our THz-STM by nanoscale
imaging of Au nanostructures. Here, a topographic image of the sample and
the THz-field-driven tunnel current are obtained simultaneously by scanning
the sample surface using the constant-current mode of the STM. In order to
detect pure THz-field-driven tunnel current by filtering out the d.c. component
coming from the feedback bias, we used lock-in detection by modulating the
THz pulses at 500 Hz with an optical chopper.

Figure 4.11a shows the STM topography of the Au nanostructures deposited

on a HOPG substrate, whereas Figure 4.11b shows the tunnel current map
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Figure 4.11 | Spatial resolution of the THz-STM. (a) STM topography of
the Au nanostructures deposited on a HOPG substrate. The sample is
prepared by sputtering method as described in Section 3.1. (b) The tunnel
current map induced by a CEP-controlled THz electric field with ¢cgpp =
0 (set point: bias voltage Vi= 50 mV, tunnel current I;= 1 nA). (c) line
scans along the dashed lines shown in (a) and (b). The spatial resolution is
estimated to be 1-2 nm by the edge definition of the Au nanostructures

(grey-shaded regions).
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induced by a CEP-controlled THz electric field with ¢cgp = 0. The contrast
between the Au nanostructures and HOPG area is due to the difference in their
conductances at the tunnel junction. The HOPG surface is more conductive
with respect to the THz electric field for the given conditions. The spatial
resolution of our THz-STM is estimated to be 1-2 nm by line scans over the Au
nanostructures, as shown in Figure 4.11c. Although our THz-STM is operated
at ambient laboratory conditions, we could map the THz-field-induced tunnel

current on a nanoscale which is far beyond the diffraction limit of THz pulses.

4.5 Discussion

Several theoretical models have been proposed to understand -electron
transport at a tunnel junction [12,27,34-37]. Ward et al. calculated electron
transmission curves as a function of energy in an attempt to explain electron

transport at a metal tunnel junction subjected to a CW visible laser having
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Figure 4.12 | Fitting the experimental data with different shape of potential
barrier. (a) Schematic illustration of the potential barrier between a
nanotip and a sample. The upper and lower images show the barrier with
and without the image potential, respectively. (b) Number of rectified
electrons induced by a single THz pulse without d.c. bias as a function of
the peak electric field (¢cgp = 0). The solid curve shows the best fit
obtained by the Simmons model with the image potential, while the
dashed and dashed double-dotted curve indicate the best fit without the
image potential.
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high photon energy (1.58 e€V) [12]. Since their calculation was based on the
Landauer approach, the validity of this model is limited to the linear regime.
This model is therefore not suitable for our THz-STM experiments which
exhibit extremely nonlinear behaviour. The Tersoff and Humann model has
been widely used to describe electron transport at a tunnel junction with 3D
characteristics [34,35]. However, this model also assumes a low-voltage regime,
making it inapplicable to our experiments. Another approach is the extended
Simmons model [36], in which both the electrostatic and image potentials are
modified to describe a STM junction with 3D characteristics. However,
notational, geometrical, and electrical inconsistencies in the descriptions of the
hyperboloidal electrodes and the electrostatic potential were pointed out by
Ley-Koo [37].

Although the basic Simmons model is suitable for a tunnel junction with
planar plates [27], we believe that this model is one of the better choices for
understanding the physics underlying our THz-STM experiments with
extremely nonlinear behavior, which is considerably different from that in
conventional STM experiments. Because the photon-assisted tunneling is
negligible owing to the low energy of the THz pulses (~ 4.2 meV), electron
transmission might be accurately calculated using the WKB approximation in
the Simmons model. Indeed, the results of THz-STM experiments with weak
electric fields have been explained qualitatively by the Simmons model [15].

For the above reasons, we used the Simmons model [27] to analyse the motion
of electrons in a tunnel junction, which is generally applicable to a d.c.
condition. Because the time typically required for electron tunneling is less
than 1 fs [32,38] and much shorter than the period of the driving field, the THz
electric field transient acts as a quasi-static field. Therefore, the Simmons
model can also be applied to our experimental results.

In order to investigate an appropriate potential barrier for THz-field-driven
electrons, we fitted the experimental data with potential barriers having
different shapes (Figure 4.12a), as described in Section 4.3. As shown by the
solid curve in Figure 4.12b, the resulting best fit is only obtained by including
an image potential with an effective work function of 3.8 4+ 0.1 eV, a gap width
of 1.00 + 0.01 nm, and an enhancement factor of 100,000 4 10,000. The

obtained gap width is a reasonable value for a typical STM parameter. The
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effective work function of 3.8 4- 0.1 €V is slightly lower than that of the nanotip
and the sample [39,40] (~ 5 eV) because of the presence of adsorbates in the air
[41]. The estimated enhancement factor indicates an extremely large THz
electric field at the junction and is in reasonably good agreement with that at
a single-molecule tunnel junction subjected to monochromatic CW-THz
radiation [13], whose value is on the order of Aru,/d (where Arm, is the THz
wavelength and d is the nm-scale gap width; 100 (pm)/ 1 (nm) = 100,000).
The validity of the estimated parameters are further confirmed using two I-Z

and d.c. -V measurements, as described in Section 4.4.2, and summarized in
Table 4.1.

gap width effective work function enhancement factor
Simmons model 1.00 £ 0.01 nm 3.8 4+ 0.1eV 100,000 £ 10,000
d.c. measurement 0.85 + 0.17 nm 3.8 + 0.1 eV 100,000

Table 4.1 | Summary of estimated parameters
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Figure 4.13 | d.c. bias dependence of the THz-induced electron tunnelling.
(a—c), Results of simulations with a THz electric field ¢cgp = 0. (a)
Calculated THz electric fields with different DC biases. (b) Tunnel
currents obtained using the Simmons model. (¢) Number of rectified
electrons obtained by integration of the tunnel currents in (b). (d-—f),
Corresponding results of simulations with a THz electric field ¢cpp = 7/2.
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Using the Simmons model, we were able to obtain reasonable values for
various parameters, strongly indicating that this model is satisfactory for
understanding the physics underlying our experimental results. We expect
that our experimental results will accelerate the establishment of elaborate
theoretical models that can be used to investigate quantitatively the nonlinear
transport of electrons at a junction in an extremely nonlinear regime.

We now discuss the d.c. bias dependence of THz-field-induced electron
tunneling, as shown in Figure 4.7b. Under a d.c. bias, the total electric field at
a tunnel junction with THz electric fields can be expressed as Ern, + Fge. In
order to reveal the d.c. bias dependence of the tunnel current, we performed
simulations based on the Simmons model. Using the temporal profile of the
THz electric fields (¢crp = 0) with different d.c. biases (Figure 4.13a), the
tunnel current and the number of rectified electrons at the junction were
obtained as a function of time (Figures 4.13b and 4.13c). Note that the tunnel
current increases nonlinearly only around the peak THz electric field (¢ ~ 3 ps)
with increasing d.c. bias, leading to a rapid increase in the number of rectified
electrons within a sub-picosecond time scale. The reverse polarity of the tunnel
current and rectified electrons was expected when applying a THz electric field
with ¢cgp = 7. Almost all the electrons contributed to the unidirectional
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Figure 4.14 | Time-dependent modulation of the potential barrier. (a) Time
dependence of potential barrier under an enhanced THz electric field. (b)
Potential barriers at ¢t = 5 and ¢ = 5.7 ps, indicated by the dashed lines in
(a). The electron undergoes tunneling in the smaller potential barrier at ¢
= 5 ps rather than that at ¢ = 5.7 ps, as shown by the thicker and thinner
arrows, respectively. The thicker arrow indicates the higher probability of
electron tunneling.
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tunneling, reflecting the asymmetric single-cycle cosinusoidal THz waveform.

In a similar manner, the simulations were performed using the temporal
profile of the THz electric field (¢cep = 7/2) with different d.c. biases (Figure
4.13d). The tunnel current flows for both polarities, reflecting the sinusoidal
electric field. Upon applying a d.c. bias, however, the tunnel current becomes
asymmetric owing to the strong nonlinearity of the tunnel junction (Figure
4.13e). As a result, after the THz electric field has passed through the junction
(t ~ 5 ps), the number of rectified electrons and their direction can be tuned by
the d.c. bias: electron tunneling is induced from the nanotip to the sample
under a positive d.c. bias, and in the opposite direction under a negative d.c.
bias. These calculations are in good agreement with the experimental results
shown in Figure 4.7b.

In order to clarify the underlying physics of our experimental results, the
time-dependent modulation of the potential barrier was also calculated using
the Simmons model. As shown in Figure 4.13a, b, the potential barrier is
coherently distorted by the enhanced THz electric field at the junction. For
example, the barrier height is reduced to 0.98 eV whereas the barrier width
decreases to 0.41 nm at the field strength of +5.3 V/nm. In contrast, a field
strength of —2.0 V/nm causes the barrier to shrink less, with the height and
width reduced to 1.78 eV and 0.75 nm, respectively. This potential asymmetry
driven by the CEP-locked single-cycle THz electric field leads to unidirectional

electron tunneling through the junction on the sub-picosecond timescale.

4.6 Summary and outlook

In summary, we have demonstrated real-space coherent manipulation of
electrons in a single tunnel junction. CEP-controlled single-cycle THz electric
fields, can be used to induce electron tunneling either from the nanotip to the
sample or vice versa. The extremely large field enhancement at the junction
strongly modulates the potential barrier between the nanotip and the sample,
leading to the strong saturation of rectified electrons in a space-charge-limited
regime. We believe that this concept provides a new platform for the ultrafast
coherent control of electrons, and may lead to the design of new ultrafast
lightwave nanoelectronics. Furthermore, our CEP-controlled THz-STM with
an extremely high electric field is expected to be a powerful tool for exploring

the ultrafast nonlinear control of matter [22] at the atomic scale.
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Chapter 5

Retrieving and Tailoring Single-Cycle
THz Near Field in a Tunnel Junction

Light-field-driven processes occurring under conditions far beyond the
diffraction limit of the light can be manipulated by harnessing
spatiotemporally tunable near fields. A tailor-made carrier envelope phase in a
tunnel junction formed between nanogap electrodes allows precisely controlled
manipulation of these processes. In particular, the characterization and active
control of near fields in a tunnel junction are essential for advancing elaborate
manipulation of light-field-driven processes at the atomic-scale. Here, we
demonstrate that desirable phase-controlled near fields can be produced in a
tunnel junction via terahertz scanning tunneling microscopy (THz-STM) with
a phase shifter. Measurements of the phase-resolved subcycle electron
tunneling dynamics revealed an unexpected large carrier-envelope phase shift
between far-field and near-field single-cycle THz waveforms. The phase shift
stems from the wavelength-scale feature of the tip-sample configuration. By
using a dual-phase double-pulse scheme, electron tunneling was coherently
manipulated over the femtosecond time scale. Our new prescription — in-situ
tailoring of single-cycle THz near fields in a tunnel junction — will offer
unprecedented control of electrons for ultrafast atomic-scale electronics and

metrology.
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Chapter 5 Retrieving and tailoring single-cycle THz near field

5.1 Introduction

Strong-field interactions of light with matter have recently attracted
significant attention [1-9]. The strong field produced by few-cycle ultrashort
laser pulses can control the motion of electrons in the nonperturbative regime.
In this regime, precise control of the carrier-envelope phase (CEP) of
ultrashort laser pulses enables: the steering of light-field-driven currents in
solid-state systems, [1,2] high-harmonic generation of attosecond pulses [3],
and the chemical reaction of molecules [4,5] at the subcycle timescale. Focusing
of CEP-controlled ultrashort laser pulses beyond the diffraction limit will
provide fascinating avenues for manipulating light-field-driven processes in the
ultrafast and ultrasmall regime. The development of strong-field physics has
been greatly facilitated by locally-enhanced near fields in nanostructures [10—
18]. Near-field-mediated electron manipulations with CEP-controlled laser
pulses have been demonstrated for electron emission from metal nanotips
[10,11] and dielectric nanospheres [12,13]. The use of nanostructures provides
the large field enhancement and nanoscale confinement of light beyond the
diffraction limit. However, the laser fields employed in these studies were
limited, owing to their geometry, to inducing photoemission from materials.
Light-field-driven quantum tunneling between nanogap electrodes using
phase-locked single-cycle pulses has recently emerged as a new method for
ultrafast coherent control of electrons at the nanoscale. CEP-dependent
electron tunneling in near-infrared (NIR) [19] and terahertz (THz) [20] spectral
ranges as well as atomic-resolution imaging of ultrafast dynamics via terahertz
scanning tunneling microscopy (THz-STM) [21,22] have been reported.
Conventional STM is applicable to any type of conducting material, such as
superconductors, [23] magnetic materials, [24] and two-dimensional
nanomaterials [25]. Therefore, THz-STM with CEP-controlled single-cycle
THz pulses will pave the way for a new phase of ultrafast atomic-scale research,
including spatiotemporal manipulations of phase transitions [26,27], coherent
spin dynamics [28], and chemical reactions [29]. Precise characterization and
active control of near fields in a tunnel junction with subcycle resolution are
therefore crucial for advancing these next-generation light-field-driven
manipulations.

Streaking spectroscopy, originally developed for atomic systems and

commonly used in attosecond science [30,31], constitutes a promising means of
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visualizing optical near fields in nanostructures. In fact, for both THz [15] and
NIR [16] pulses, this technique has been successfully applied to the retrieval of
optical near fields at the apex of a nanoscale metal tip. This retrieval relies on
a dual-wavelength double-pulse scheme with different pulse durations and
ponderomotive energies. The photoemitted electrons initiated by a pulse with
a relatively short wavelength and pulse duration were accelerated by the near
field of a long wavelength phase-locked pulse with large ponderomotive energy.
However, streaking spectroscopy is inapplicable to a tunnel junction as the
electron transfer occurs only between nanogap electrodes via quantum
tunneling activated by the electric field of light. Electron removal from the
junction is therefore impossible.

An experimental method for reconstructing single-cycle near fields remains
elusive and, hence, previous studies [21,22,32] have assumed that THz far fields
and near fields in a tunnel junction are identical. In the present study, we
demonstrate the subcycle retrieval of THz near fields in a tunnel junction using
a combination of THz-STM and a CEP shifter [33]. Regardless of the nanotip
shape, we could implement in-situ tailoring of single-cycle THz near fields in
the junction. We also achieved precise control of the electron tunneling over
the femtosecond time scale by employing a Mach-Zehnder interferometer with

a dual-phase double-pulse scheme.

5.2 Experimental setup

Figure 5.1 shows our experimental setup. Single-cycle THz electric field
transients were generated using a LiNbOj prism in a tilted-pulse-front
configuration [34]. The generated THz pulses were collimated by a gold-coated
off-axis parabolic mirror (PM1), and then introduced into a Mach-Zehnder
interferometer characterized by a dual-phase double-pulse scheme. The THz
pulse was further split into two beams, using an anti-reflection coated silicon
beam splitter (Si BS1), which were then used as CEP-controlled and
delay-controlled THz pulses. For the CEP-controlled pulses, we used a CEP
shifter (applicable to broadband THz pulses) consisting of a quarter-wave
plate (THz QWP), a half-wave plate (THz HWP) and a wire grid polarizer
(WG1) [33,35]. The field strength of the THz pulses was tuned using a pair of
wire grid polarizers (WG2 and WG4). For the delay-controlled THz pulses, the
field strength was tuned using two wire grid polarizers (WG3 and WG4) after
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passing through a delay stage (DS). The CEP-controlled and delay-controlled
pulses were subsequently combined using an anti-reflection coated silicon beam
splitter (Si BS2). We used silicon wafers with different thicknesses (Si BS1 and
Si BS2) in order to provide adequate reduction of the field strengths associated
with the multi-reflection pulses (<20% of the main pulse). The
waveform-controlled double THz pulses were then guided into one of two paths
by either removing or inserting a removable gold-coated mirror; one path was
used for characterizing the THz pulses via electro-optic sampling (EOS) and
the other was used for delivering the pulses to a tunnel junction of the STM.
For the EOS, we confirmed that identical waveforms occurred for 2-mm-thick
ZnTe (110), 1-mm-thick ZnTe (110) and 0.4 mm-thick GaP (110) crystals. The
THz pulse energy was calculated by integrating the THz intensity both
temporally and spatially [36]. In order to accurately characterize the THz
waveform at the junction, identical off-axis parabolic mirrors (PM2 and PM3;
focal length: 4 inches, diameter: 2 inches) were used to focus the THz pulses.

The resulting beam diameter at both the STM junction and the EO crystal was

QWP

EO
B

[

WP ¢=50

BP STM /

f=200

WG| I
wG2 I
DS
PM2 WG4 WG3 \
Removable

Figure 5.1 | Experimental setup for THz-STM. Si BS: silicon beam splitter,
DS: delay stage, QWP: quarter-wave plate, HWP: half-wave plate, PM:
parabolic mirror, WG: wire grid polarizer, EO: electro-optic crystal, WP:
Wollaston prism, BP: balanced photodiode. A component of the CEP
shifter is enclosed by the dotted line.
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1.2 mm.

The THz tunnel current was recorded by a real-time digital oscilloscope
(Tektronics DPO71254C) via the STM circuits. THz pulses were chopped at
500 Hz and the feedback loop was switched on and off at a frequency of 20 Hz.
The CEP-dependent tunnel current (Figure 5.2d) was measured by rotating
the THz HWP by 180°, which corresponds to a CEP shift of 2. The data was
measured within 4 seconds and the feedback loop remained off during the

measurement.

5.3 Measurement and simulation results

5.3.1 Sub-cycle spectroscopy of electron tunneling

Our experimental setup is illustrated schematically in Figure 5.2a. Highly
oriented pyrolytic graphite (HOPG) was used as a sample, owing to its
atomically flat surface. The generated THz pulses were guided into a CEP
shifter, which was composed of three optical elements (a quarter-wave plate,
half-wave plate, and wire-grid polarizer) for broadband THz pulses. The CEP
of the THz pulses that pass through the CEP shifter is given by ¢cep = ¢cEpo
+ 2a, where ¢cgp and ¢cgpo are the output and initial CEPs, respectively, and
a is the azimuth angle of the half-wave plate. CEP adjustment either through
the insertion of a pair of fused-silica wedges [1,2,4,11,12,19] or spherical and
cylindrical lenses leads to variations in the time delay, pulse duration, and
frequency component. However, the CEP shifter enables precise control of the
CEP with values that change continuously from 0 to 27 without the
occurrence of these variations, as shown in Figure 5.2, parts b and ¢. The CEP
of single-cycle THz pulses tuned by the CEP shifter is highly stable, owing to
the robustness of our optical setup and the steady ¢cgp value passively locked
through the optical rectification. Furthermore, the CEP-controlled single-cycle
THz pulses were focused onto the apex of a Pt/Ir nanotip. By irradiating a
tunnel junction with these pulses while continuously tuning the CEP by 27, we
could observe a series of CEP-dependent tunnel currents using an oscilloscope
(see Figure 5.2d). The time interval of each current pulse (2 ms) is equal to the
repetition rate of the irradiated pulses. The time-integrated value of each
current pulse at a given CEP represents the number of electrons driven by a

phase-controlled single-cycle THz pulse through the junction.
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Figure 5.2 | Concept of the measurement. (a) Schematic of the
experimental setup; QWP, quarter-wave plate; HWP, half-wave plate;
WGP, wire grid polarizer; OAP, off-axis parabolic mirror. CEP-and
polarization- controlled single-cycle THz electric fields are focused onto
the apex of a Pt/Ir nanotip with an incident angle of 75°. (b) Far-field
single-cycle THz waveforms with different CEPs measured via
electro-optic sampling (EOS). The dotted gray lines show the
CEP-controlled waveforms for each (2/9)7 shift. (¢) THz frequency
spectra obtained through Fourier transformation of part (b). (d)
THz-driven tunnel currents as a function of the CEP shift of a THz
electric field without a direct current (d.c.) bias. The feedback loop
remained off during the measurement (set point: bias voltage Vi = 1 V;

tunnel current Iy = 0.1 nA).

Figure 5.3a shows the number of electrons as a function of CEP with different
THz pulse energies. The direction and number of electrons tunneling through
the junction are strongly dependent on the CEP. The number of rectified
electrons is maximized at 0.677 for electrons tunneling from the nanotip to the
sample and at 1.67x for tunneling in the opposite direction. In these cases, the
THz waveform in the junction is expected to be a single-cycle cosinusoidal near
field; the near field with either positive or negative polarity induces the
unidirectional tunnel current, indicating the symmetry-breaking of electric

transport. In contrast, the number of rectified electrons is minimized at 0.067,
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Figure 5.3 | CEP and power dependence of THz-field-induced electron
tunneling. (a) Number of electrons driven by a single THz pulse as a
function of the CEP with different THz pulse energies (Vs =1V; L = 0.1
nA). The electrons undergo tunneling from the nanotip to the sample with
positive values, and from the sample to the nanotip for negative values.
(b) Increase in the number of electrons with THz pulse energy associated
with (a). The THz pulse energy was calculated from the corresponding
THz waveform by integrating the waveform intensity both temporally and
spatially.
1.177, and 2.11m, corresponding to a sinusoidal near field in the junction; the
near field with symmetric positive and negative polarities drives the
bidirectional tunnel current with the same number of electrons. An increase in
the number of electrons with THz pulse energy exhibits threshold-like
nonlinear behavior, as shown in Figure 5.3b, owing to the strong modulation of
the potential barrier in the junction (as discussed in Chapter 4). This
CEP-dependent nonlinear increase in the electron tunneling indicates that the
electron transfer originates from the THz-field-driven process. Therefore, the

tunneling current exhibits a strong dependence on the CEP of THz near fields.

5.3.2 Retrieving THz near field in a tunnel junction

We investigated the THz near fields in the junction by comparing them with
their far-field waveforms. These waveforms were obtained experimentally via
EOS, and the number of electrons driven by the far fields was calculated using

the Simmons model [37]. During these calculations, the THz-field-induced
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subcycle modulation of a potential barrier with an image potential was taken
into consideration. The values of the effective work function and gap width
(3.8 €V and 1.0 nm, respectively) used in the calculation were both obtained
from current-distance (F-2) experiments with a d.c. electric field (discussed in
Chapter 4). Here, the THz electric field was treated as a quasi-static field
because the -V response in the THz regime is the same as that in the d.c.
regime.

The results for three different nanotips (Tip 1, Tip 3, and Tip 5, see Figure
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Figure 5.4 | Tip-dependent CEP shift of THz near field. (a) CEP-resolved
rectified electrons with different nanotips (Vs = 1 V; I, = 0.1 nA). The
CEP-resolved rectified electrons induced by the corresponding far field,
calculated using the Simmons model, is also shown. (b) Optical
micrographs of the electrochemically etched Pt/Ir nanotips used in (a). (c)
CEP shift of each THz near field for five different nanotips. The colored
symbols correspond to the data shown in (a).
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5.4) are shown in Figure 5.4a. As the figure shows, the CEP dependence of
electrons rectified by the single-cycle THz near field of each nanotip differs
completely from that rectified by the corresponding single-cycle THz far field.
This dependence varies significantly with the shape of the nanotips.
Measurements revealed a maximum CEP shift of 7/2 between the near and far
fields; this shift was ignored in previous studies [20-22,32]. The results for five

different nanotips are summarized in Figure 5.4c. The large CEP shift can be
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Figure 5.5 | Retrieving THz near field in the tunnel junction. (a)
CEP-resolved rectified electrons calculated from the antenna model. The
simulation parameters are summarized in the Section 5.4. The gray circles
denote the measured CEP-resolved rectified electrons (corresponding to
Figure 5.4a). (b) Tip dependence of far-field and near-field waveforms, and
that of the resulting tunnel currents, at a CEP shift of 2.17 rad
(highlighted by the red rectangle in (a)). For comparison with the near
field, the far field was magnified by field enhancement factors ranging
from 70 000 to 100 000. (¢) Schematic illustration of the electron tunneling
driven by each near-field for different nanotips. The orange and blue
arrows show the tunneling direction. The bigger arrow indicates the

higher probability of tunneling occurring.
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attributed to the antenna properties induced by local fields at the apex of a
nanotip [15,38,39].

We simulated the THz near field in the junction by using an antenna model
that assigns an equivalent RLC circuit to the nanotip. As Figure 5.4a shows,
the results correspond closely to the experimental data, which were calculated
using the corresponding far-field waveform and adjustable circuit parameters
depending on the nanotip. The detail of calculations will be given in Section 5.4.
The difference in the CEP shift of the nanotips arises from the difference in
resonance frequency and resistance, which depend primarily on the overall
shape of the nanotip. Although the far-field waveform is identical for each of
the nanotips, the resulting THz near field and subsequent electron current
depend strongly on the nanotip (Figure 5.5b). Reproduction of the enhanced
near-field waveform in the junction is difficult and requires more than simply
multiplying the corresponding far-field waveform by each field enhancement
factor. Consequently, the direction of electron tunneling depends on the
nanotip (Figure 5.5¢). In the case of Tip 1, the small CEP shift leads to
electron transfer in the same direction as that expected for the far-field
waveform. In the case of Tip 5, however, the transfer occurs in the opposite
direction due to the large CEP shift. In the case of Tip 3, electrons flow equally
in each direction, owing to the sinusoidal-shaped near field with a moderate
CEP shift.

5.3.3 Finite integration simulation

a b

Figure 5.6 | Setup for finite integration simulation. (a) Finite element mesh
with grid size of 2.5 pm x 2.5 pm x 2.5 pm. (b,¢) Snapshot of z (b) and x
(¢) component of THz near field when the peak of THz electric field
reaches the nanotip apex.
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A three-dimensional (3D) finite element calculation was performed using
commercially available software (CST MW STUDIO) in order to simulate the

THz near-field waveform in a tunnel junction. The effect of macroscopic

nanotip geometry was investigated using a Lorentzian function to model the

nanotip shape. A grid size of 2.5 pm x 2.5 pm x 2.5 pm and a gap width of 10

pm were used as shown in Figure 5.6a. The p-polarized THz radiation was

incident from a source plane with a uniform field distribution and an incident

angle of 75°. The Lorentzian-shaped tip and a sample were modeled as perfect

electric conductors. Snapshots of the z and x components of the THz near field
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Figure 5.7 | Simulation of the tip-dependent CEP shift. (a) Tip-sample

configuration with a gap width of 10 pm. The waveform of far-field THz

electric fields was measured via electro-optic sampling (Figure 5.2b). (b)

Far- and near-field waveforms with different tip heights. For clarity, each

waveform was normalized at the maximum peak electric field and offset
by unity. (¢) CEP shift between each THz near field and far field as a
function of the tip height.
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distribution when the peak of THz electric field reaches the nanotip apex are
shown in Figure 5.6b and c. The time evolution of the THz electric field was
calculated at the midpoint between the nanotip and the sample. For a
thorough understanding of the tip-dependent CEP shift, as shown in Figure
5.4c, we investigated the effect of the nanotip’s macroscopic features.

Figure 5.7a shows the tip—sample configuration used in the simulation. The
tip shape was assumed to be a Lorentzian with different heights. We confirmed
that the waveform of the local electric field was insensitive to gap distances
ranging from 1.0 nm to 10 pm (see the discussion in Section 5.4 for more
details). Therefore, the gap distance between the tip and a sample was set to
10 pm. We used an actual THz far-field waveform measured via EOS. As
shown in Figure 5.7b, the THz near-field waveform depends strongly on the tip
shape, indicating that the tip-dependent CEP shift observed in the experiment
results from the macroscopic shape of the tip. The tip with lower height is
characterized by a cosinusoidal shape, while the tip with higher height is
characterized by a sinusoidal shape. The estimated CEP shift between the far
and near fields is summarized in Figure 5.7c. The CEP shift increases up to
0.477 with tip height, consistent with the observed range of the CEP shift.
Roughly speaking, the tip with lower height behaves only as a scattered
medium having almost no phase shift. However, the tip with the
wavelength-scale height behaves as an antenna and therefore yields a large
phase shift of ~0.57. This indicates that the antenna effect becomes weaker
when the tip geometry becomes small compared to the incident THz

wavelength.

5.3.4 Dual-phase double-pulse experiment

In order to reveal the ultrafast dynamics of near-field-mediated electron
tunneling with subcycle time resolution, we employed a Mach-Zehnder
interferometer, with a dual-phase double-pulse scheme. This interferometer
has an additional delay-controlled THz pulse with a fixed CEP (see
Experimental setup, Section 5.2), as schematically illustrated in Figure 5.8a.
The timing and direction of the electron tunneling were controlled and
observed over a femtosecond time scale, as shown in Figure 5.8, parts b and c.
Furthermore, the CEP-controlled first pulse was adjusted to yield either a

sinusoidal (Figure 5.8b) or cosinusoidal (Figure 5.8c) near field, as shown in
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Figure 5.8 | Femtosecond control of electron tunneling with dual-phase
double-pulse. (a) Schematic of the experimental concept. An additional
single-cycle THz pulse with a fixed CEP was used with a given delay time
from a CEP-controlled single-cycle THz pulse. (b) Number of electrons as
a function of the delay time with sinusoidal near fields as shown in the
inset waveforms (Vi =1 V, Iy = 0.1 nA). (¢) Number of electrons as a
function of the delay time with cosinusoidal near fields as shown in the
inset waveforms (Vs =1V, I, = 0.1 nA). The dashed curves show the best
fit obtained by the Simmons model. The inset in (c) shows the temporal

shift of the current burst resulting from CEP tuning.
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the insets. In the case of the sinusoidal near field, a bidirectional subpicosecond
electron burst was generated with an interval of 1.2 ps; and in the case of the
cosinusoidal near field, a unidirectional electron burst was produced with a
pulse duration (full width at half-maximum) of 490 fs. These electron bursts
are accurately reproduced (as indicated by the dashed lines in Figure 5.8, parts
b and c¢) by the Simmons model (corresponding waveform shown in the insets).
This ultrafast electron burst is highly sensitive to the CEP. As shown in the
right inset of Figure 5.8c, the peak position of the electron burst is shifted by
+70 and —80 fs for CEP shifts of (1/9)m and —(1/9)m, respectively. This
indicates that our method can also manipulate the near-field-mediated electron
dynamics in a tunnel junction with femtosecond time resolution. In fact, this
precise active control of both the near-field waveform and the resulting
electron tunneling is unattainable without our stable and robust THz-STM
equipped with a CEP shifter. This shifter can control the desired CEP for THz
near fields without additional delay and chirp.

We believe that our double-pulse scheme with tailor-made THz near fields
will provide unique capability for future subcycle time-resolved experiments in
a tunnel junction, for example, by selectively accessing specific energy levels
such as HOMO and LUMO states in molecules [21] and the superconducting

gap in superconductors [23].

5.4 Discussion

The CEP of near fields in the junction is strongly dependent on the shape of
the nanotip (Figure 5.4). Therefore, we assume that the CEP shift results from
the configurational resonance of a nanotip, as discussed in previous scanning
near-field optical microscopy [38,39] and THz streaking spectroscopy
investigations of a nanotip [15]. In those studies, the THz near field in the
junction was phenomenologically simulated using a generic antenna-model [38],
where an equivalent RLC circuit was assigned to the nanotip. The relationship
between the THz near field at the tip apex Epear(t) and the current Ity,(t) in

an antenna is given as follows:

t
E (1) J Ly, (t)dt' . (5.1)

118



5.4 Discussion

Similarly, the induced current Itp,(w) in the frequency domain is expressed as:

Efar(a))
(R+joL —jl(@C))’

Iy, (0) (5.2)
where Epy( @), R, L, and C are the incident THz far field, radiation resistance,
inductance, and capacitance, respectively. The resonance frequency is
determined from f, = 1/(2rVLC). The THz near field in the junction can be
retrieved by adjusting the three reactive parameters, thereby yielding the
experimental results shown in Figure 5.5a. The simulation parameters used for
Tip 1, Tip 3, and Tip 5 are summarized in Table 5.1. The results obtained
correspond closely to the experimental data, as evidenced by reasonable
parameter values, which are similar to those used for THz streaking

spectroscopy at a nanotip [15].

Tip 1 Tip 3 Tip 5
R 350 Q 300 Q 220 Q
L 0.100 nH 0.126 nH 0.120 nH
C 0.620 fF 0.434 fF 0.448 fF

Table S1 | Simulation parameters for different nanotips.

We used different effective work functions between the sample and the
nanotip to reproduce the asymmetry of the observed CEP-resolved tunnel
currents. Effective work functions of 3.66 eV, 3.73 eV, and 3.74 eV were used
for Tip 1, Tip 3, and Tip 5, respectively, while an effective work function of
3.80 eV was used for the HOPG sample.

To determine whether the macroscopic or nanoscopic geometrical features of
nanotips have a significant effect on the shape of the THz near-field waveform,
we also simulated the THz near field for the tip-sample configuration with
nanoscale geometry. A gap width of 1.0 nm and the smallest grid size of 0.5 nm
x 0.5 nmx 0.5 nm between the nanotip and the sample were used in the
calculation. Although the gap width and the grid size of the nanoscale
simulations differed by four orders of magnitude from those of the macroscale
simulations, the THz near-field waveforms were almost identical (see Figure
5.9). This result indicates that the waveform of the THz near field is affected

by the wavelength-scale feature of nanotips, rather than the nanoscale
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geometrical configuration. We also note that the difference of the gap width
only affects the field enhancement of the near field. In the case of the 1 nm gap,
the enhancement factor of the peak THz electric field reaches 71,000, which is
in good agreement with the experimental results, as shown in Figure 5.5b. On
the other hand, in the case of the 10 pm gap, the field enhancement factor is
significantly reduced to 8.6.

Our results demonstrate that although the electron transfer occurs on the
nanoscale via a tunnel junction, the spatiotemporal behavior of this transfer is
determined by the overall shape of the nanotip. This behavior results from the
relatively long wavelength of the THz electric field. In actual experiments,
control of the tip shape—tip height, curvature, and symmetry—is very
difficult. Therefore, determining the CEP of a THz near field from the actual
tip shape prior to the THz-STM experiment (for example, see Figure 5.4, parts
b and c) is impossible. However, our scheme for THz-STM with a CEP shifter
enables in-situ tailoring of the CEP-controlled single-cycle THz near field with
subcycle resolution. This prescription for retrieving the THz near field in a
tunnel junction holds significant promise for unprecedented control of
electrons in ultrafast atomic-scale electronics and metrology.

Finally, we discuss the difference between scattering-type near-field scanning
optical microscopy (s-NSOM) and our CEP-controlled THz-STM, based on

their respective operating principles: s-NSOM measures a local electric field
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Figure 5.8 | Comparison of macroscale and nanoscale simulations. The
Lorentzian tip height in each case is 0.3 mm. Macroscale and nanoscale
simulations are performed with a gap width of 1.0 nm and 10 pm,
respectively. For clarity, each waveform was normalized at the maximum

peak electric field and offset by 2.
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underneath the nanotip, whereas THz-STM measures a tunnel current at a
tunnel junction. In the case of s-NSOM ([38-43|, the near-field signal is
extracted from a relatively high far-field background by nanotip tapping and
higher harmonic demodulations. In contrast, our CEP-controlled THz-STM
can retrieve a near-field waveform via subcycle electron tunneling spectroscopy
without isolation of the near field from its far field, because of a large
enhancement factor of the near field in a tunnel junction (~100,000) [20,22,44].
On the basis of these operating principles, the spatial resolution of THz-STM is
much higher than that of s-NSOM. The spatial resolution of s-NSOM is of the
order of 10 nm [40,41], while that of our THz-STM is around 1-2 nm even
under ambient laboratory conditions [45], which can be further reduced to 0.06
nm by using low-temperature and ultrahigh-vacuum STM [21]. However,
THz-STM does have two limitations. First, the sample surface should be
electrically conductive, otherwise we cannot measure the tunnel current.
Second, the I-V curve in the junction should exhibit nonlinear behavior with
respect to the THz electric field, because the operation of THz-STM relies on a

nonlinear rectification process in the junction [20,32].

5.5 Summary and outlook

In summary, we have demonstrated the characterization and active control of
THz near fields in a tunnel junction by precisely adjusting the CEP of a
single-cycle THz electric field. Measurements of the CEP-resolved subcycle
tunneling dynamics revealed a large CEP shift between single-cycle THz far
and near fields. Based on the antenna model that assigns an equivalent RLC
circuit to the nanotip, we could precisely retrieve the THz near field, regardless
of the shape of the nanotips. Using a finite integration simulation, we found
that the CEP shift is determined by the wavelength-scale features of the tip-
sample configuration. Use of the active-controlled double pulses enabled
coherent control of the electron transfer in the junction on the femtosecond
time scale. Moreover, we could create a desirable near field in the junction,
even if the CEP shift between far and near fields resulting from the tip-sample
configuration was unpredictable. Our method is applicable to the THz spectral
range and considerably higher-frequency ranges, such as the visible range
[46,47]. In these higher-frequency ranges, we expect a higher sensitivity of the

near-field waveform for smaller geometrical shapes of the nanotips (than for
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larger shapes). In addition, the dispersion of the dielectric function and the
penetration depth into the junction are expected to be non-negligible. The use
of artificially made structures for investigating the adiabatic focusing of
surface plasmons would also be interesting [48,49]. We believe that the concept
presented here facilitates the development of strong-field physics and
next-generation ultrafast atomic-scale electronics and metrology, which will be

the building blocks of information technology in the future.
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Chapter 6

Concluding Remarks

Summary of experimental results

The work presented in this thesis focuses on the ultrafast coherent control of
electron tunneling in metallic nanostructures for the development of lightwave
nanoelectronics. Carrier-envelope phase-controlled single-cycle intense THz
pulses have been exploited to drive real-space electron tunneling in randomly
distributed nanogaps of ultrathin Au film and a single tunnel junction of the
scanning tunneling microscope.

As a first step, the nonlinear response of localized electrons in percolated Au
nanostructures have been investigated using THz time-domain spectroscopy
[1]. We fabricate both isolated and percolated Au nanostructures on Si
substrates by changing the average thickness of ultrathin Au films. By
increasing the THz electric field strength, large opacity in the THz
transmission occurs in the percolated nanostructures: the maximum
THz-field-induced transmittance difference, more than 50%, is reached just
above the percolation threshold thickness. The observed nonlinear response is
due to the nonlinear increase in conductivity of Au films induced by
THz-field-driven electron tunneling between Au nanostructures across
nanoscale insulating bridges. Although the bulk metal acts as a perfect mirror
against the THz electromagnetic field, application of intense single-cycle THz

pulses to metallic nanostructures has been shown to be useful for ultrafast
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lightwave control of electrons on a nanoscale.

In another set of experiments, we developed THz-STM to directly measure
THz-field-driven electron tunneling by employing STM as a single tunnel
junction [2]. By tuning the CEP of THz pulses to values of 0, 7/2 and 7 via the
Gouy phase shift using a lens pair, the direction of electron tunneling through
a tunnel junction was coherently controlled either from a nanotip to a sample
or vice versa. By analyzing the experimental data using the Simmons model,
we found that this CEP-dependent ultrafast motion of electrons arises from the
sub-cycle asymmetric modulation of a potential barrier in the junction. The
large THz field enhancement factor of ~100,000 in the junction enables a large
number of electrons to be steered in an extremely nonlinear regime, which is
not possible using a conventional STM. Furthermore, because of spatial
confinement of THz pulses and nonlinearity of electron tunneling, we
succeeded in nanoscale imaging of the Au nanoisland on the HOPG substrate
[3] which is far beyond the diffraction limit of THz pulses (i.e., a few hundred
micrometers).

The last part of the thesis presents a novel method for characterizing and
tailoring a THz near-field in a single tunnel junction [4]. The CEP of
single-cycle THz pulse is precisely tuned to the desired value using the THz
CEP shifter [5]. Measurements of the phase-resolved sub-cycle electron
tunneling dynamics revealed an unexpected large CEP shift of up to 7/2
between far-field and near-field single-cycle THz waveforms. With the aid of
electromagnetic simulation, we found that the observed CEP shift stems from
the wavelength-scale macroscopic features of the tip-sample configuration
because of the antenna response. Given that accurate knowledge and control of
the waveform are required for a detailed understanding of lightwave-driven
phenomena, we believe this work will lead to techniques that will be the basis
for ultrafast atomic-scale electronics and metrologies [6,7]. Furthermore, the
double-pulse scheme with tailor-made THz near-fields will provide a unique
capability for future subcycle time-resolved experiments by selectively

accessing specific energy levels.

Spatial and temporal resolution

We now summarize the potential consequences of our results. By developing
THz-STM, manipulation of an electrical current with simultaneous

sub-picosecond (<500 fs) temporal resolution and nanometer (<2 nm) spatial
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resolution becomes possible. This novel technique makes it possible to access
the ultrafast and ultrasmall regime, beyond that which is possible with the
latest microprocessor technology, which is currently limited to sub-nanosecond
operation with circuit features around 10 nanometers [8]. Therefore, THz-STM
is expected to be highly beneficial for exploring future innovations in ultrafast
nanoelectronics.

The time resolution can be further improved by employing phase-locked
single-cycle pulses with shorter wavelength such as mid-infrared [9,10] and
near-infrared [11]. In this case, the time resolution is expected to reach a few
femtoseconds. We foresee that the application of short wavelength pulses will
require sophisticated modulation techniques for lock-in detection, in order to
avoid thermal expansion of the nanotip caused by the large photon energy.
Suitable techniques might include delay time modulation such as
shaken-pulse-pair-excited STM [12,13], or CEP modulation to extract the
CEP-dependent current from the background signal [14,15]. Ultimately, the
time resolution will be limited by the transition from the lightwave-driven
regime to the multiphoton regime [16].

On the other hand, the spatial resolution can be improved to the atomic scale
using ultrahigh-vacuum STM [6,7]. Recently, ultrafast imaging of a single
molecule with spatial resolution of 0.06 nm was achieved using

low-temperature and ultrahigh-vacuum STM [6].

Perspectives

Our phase-controlled THz-STM enables atomically strong single-cycle THz
pulses with desired waveform to be focused on a nanoscale. Therefore,
spatiotemporal manipulation of ultrafast nonlinear processes is expected in a
variety of systems [17]. One of the more interesting possibilities is ultrafast and
ultradense information storage, by exploiting phase-change chalcogenide alloys
GeaSboTes [18,19] which is widely used in optical recording media and
phase-change random access memory.

Filming an ultrafast non-equilibrium process with atomic resolution is highly
beneficial to understanding the underlying mechanism of that process. In
particular, photoinduced phase transitions have long been studied in
condensed matter systems, but many details still remain to be clarified [20].
Tracking the amplitude and phase dynamics of electronic structures in real

space will be a powerful technique for revealing the physics of those structures,
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something that is not possible with conventional ultrafast spectroscopies.

Furthermore, sophisticated techniques demonstrated in conventional STM,
such as scanning tunneling spectroscopy, spin-polarized STM [21,22], STM
light emission spectroscopy [23,24], and quasi-particle interference [25,26], can
be incorporated into THz-STM. Such techniques will require laser sources with
a high repetition rate in order to greatly improve the signal-to-noise ratio and
measurement efficiency.

From a more unified point of view, using THz-STM, electrons can be injected
into and extracted from a specific electronic state of the sample in a
space-selective, time-selective, and energy-selective manner. Because of this
unique capability, THz-STM will become an indispensable spectroscopic tool
for material and optical science in the future. We believe that the concept of
“lightwave nanoelectronics” presented in this thesis paves the way for the
development of next-generation ultrafast atomic-scale electronics and

metrology, which are the building blocks of future information technology.
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