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ABSTRACT

Scanning tunneling microscopy combined with terahertz (THz) electromagnetic pulses and its related technologies have developed remark-
ably. This technology has atomic-level spatial resolution in an ultrahigh vacuum and low-temperature environment, and it measures the
electrical dynamical behavior of a sample’s surface with femtosecond temporal resolution. In particular, it has been used to image the diffu-
sion and relaxation dynamics of electrons in real time and real space and even instantaneously control molecular motions. In this Perspective,
we focus on recent progress in research and development of ultrafast time-resolved THz scanning tunneling microscopy and its application

to materials research.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052051

I. INTRODUCTION

Since its invention in 1982,' scanning tunneling microscopy
(STM) has been used to image the electronic states of material sur-
faces with atomic resolution.”” In STM, electrons, driven by an
applied bias voltage, pass through a tunnel junction that forms when
the metallic tip is set in very close proximity to a conductive sample
[Figs. 1(a) and (b)]. The resulting tunneling current varies expo-
nentially with respect to the width of the gap w between the tip
and the surface. Scanning a sample with the tip under constant
bias allows us to map the topology and conductivity of the sur-
face. When the tip is sharpened to an atomic-scale apex like in
Fig. 1(a), STM is able to produce two-dimensional images of indi-
vidual atoms of solid surfaces and map the local density of state
(LDOS) on metallic surfaces.*” STM can also be utilized as a form
of spectroscopy (i.e., STS) to obtain the electrical band structure
at the surface of samples.®'% It has been used to image the elec-
tronic states of various materials exhibiting exotic quantum prop-
erties, such as semiconductors,'! superconductors,® ' topological
insulators,'*~'° and magnetic materials.'®!”

An enormous amount of research and development has been
conducted on STM in the last 40 years; today, STM is one of the pre-
miere tools of materials science. An important challenge has been

how to obtain a fine enough time resolution to map the dynamics of
materials.'® The temporal resolution of STM had been limited by the
bandwidth of the microscope’s electronics (typically kHz-MHz). As
a way around this limitation, ultrashort optical pulses can be irra-
diated on the tunnel junction as an alternative to application of an
electronic bias. This method has recently been used to modulate the
I-V curves transiently and measure carrier and spin dynamics with
femtosecond time resolution and nanoscale spatial resolution.'’~*

Meanwhile, the advances in the femtosecond laser have led to
extensive development of spectroscopy techniques for studying var-
ious materials in the terahertz (THz) frequency region. The term
“terahertz (THz) light” refers to electromagnetic waves with fre-
quencies ranging from 0.1 to 10 THz, energies from 0.4 to 41 meV,
wavelengths from 30 ym to 3 mm, and wavenumbers from 3.3 to
333cm ™72 Many elementary excitations that are distinct physi-
cal properties of solids exist in this frequency: for example, super-
conducting gap,’*’! phonons,’>~** spin resonances,’”*” plasma fre-
quencies,”®” electron binding energies of impurities,*’ and binding
energies of excitons in semiconductors.*’** This makes the THz
frequency region very attractive from the viewpoint of materials
science.

In addition to the linear THz spectroscopy as mentioned above,
the recent advent of technology for generating intense THz pulses
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FIG. 1. Schematic diagram of tunnel junction (a) of STM biased static voltage (left
half) and THz-STM (right half). (b) A potential barrier of height ¢ across an insu-
lating layer (vacuum) of width w between the tip and sample forms the tunnel
junction. The dashed line indicates the actual potential under a constant bias V.
(c) The electric field accompanying the THz pulse transiently modulates the
tunneling junction.

has ushered in a new era of nonlinear optics.”*~*° Now, THz pulses
have started to be used as pulsed external fields for excitation and
control of materjals’*%*%30374146-32 and also have led to novel
ultrafast time-resolved spectroscopic technologies with nano- and
atomic-scale spatial resolutions.””?>~>*?° It has been demonstrated
that THz pulses directly modulate the potential barrier in the tunnel
junction of STM and drive a transient tunneling current.”>>” This
modulation does not cause a lot of thermal energy, which would oth-
erwise be a problem with the photoexcitation bias method. In this
Perspective, we review recent progress in research and development
of STM based on THz pulses.

Il. FEMTOSECOND-RESOLVED DYNAMICAL IMAGING
BY SCANNING TUNNELING MICROSCOPY

The energy diagram of the tunneling junction with a gap of
length w under a positive bias voltage V is shown in Fig. 1(b).
In this model, called the Fowler-Nordheim model,”*" electrons
in the tip that are in energy states of the Fermi level tunnel
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through the barrier of height ¢ to the unoccupied energy states
of the sample. Quantum mechanics tells us that the tunnel cur-
rent I strongly depends on the gap length w and applied bias V:
I(V) o< exp(—Cw) [Fig. 1(b)]. The tunnel current changes exponen-
tially with respect to the gap width w under a constant bias volt-
age V. The factor C in the exponential term is typically ~10nm™',
so the tunneling current varies drastically when the gap is changed
by atomic-size distance. This is the fundamental principle behind
STM’s ability to resolve minute asperities of surfaces. This depen-
dency is also the basis for STM’s ultrahigh lateral resolution because
the tunneling current is concentrated on the atom closest to
the tip.

In THz-STM, the bias applied to the tunnel junction is simply
from a THz pulse [Fig. 1(a)] rather than a DC voltage. The voltage
arising from the irradiation varies with time [Fig. 1(c)]. The strong
enhancement and spatial confinement of the THz electric field just
underneath the metal tip allow the THz irradiation to be used as a
local transient bias though the spot size of the THz pulse is much
larger than the metal tip. In addition, because of the nonlinearity of
the bias—current (I-V) relation of the tunnel junction, such a pulse
causes the tip to emit a bunch of electrons that appear as a tunnel-
ing current I when the electric field reaches around the peak electric
field. Thus, the temporal duration of a bunch of electrons becomes
less than that of the temporal duration of the THz pulse and can
reach a few hundred femtoseconds. If the applied THz pulses are sin-
gle cycle or multi-cycle, the net tunnel current will be zero or very
small. This is not a suitable situation for a measurement because
the injected electrons generate a lot of heat that distorts the state
of the sample even though the detected electric signal from these
electrons may be very small. On the other hand, an asymmetric tem-
poral shape of the THz pulse can generate a tunneling current in
one direction of the electric field; because the tunneling current is
unidirectional, almost all of the electrons contribute to the electri-
cal signal. In fact, a (quasi) half-cycle THz pulse is an ideal bias for
ultrafast time-resolved STM.*

The principle of time-resolved measurements of THz-STM
is the same as in pump-probe spectroscopy. A temporally sepa-
rated pair of pulses that is a combination of THz-THz"?>* or
THz-optical pulses’””° is focused on the tip-sample gap. In both
cases, the tunnel current induced by THz pulse excitation is moni-
tored as a function of the temporal separation 7 between the pulses,
which is varied by using an optical delay line. The THz pulse induces
a tunnel current that is used as a probe of the response of the material
to the optical (or THz) pump pulse. The spatial resolution of THz-
STM is determined in the same way as static STM. An atomic level
of resolution can be realized by appropriately setting the gap width,
bias voltage, and sharpness of the apex of the tip under ultralow
temperature and ultrahigh vacuum conditions.

Ill. DEMONSTRATIONS OF THz-STM

THz-STM was first reported by Cocker et al. in 2013, where it
was used for imaging of highly ordered pyrolytic graphite (HOPG)
and semiconductor nanodots under ambient conditions.”’ The non-
linear characteristic of the current-voltage relation (I-V curve) in
the tunnel junction and bias that is the sum of the electric field of
the THz pulse and DC component made an asymmetric directional
tunneling current. Therefore, the THz-induced ultrashort pulsed
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tunneling current appeared as a rectified current measurable with
conventional electronics. This study showed that THz-STM could
measure a tunnel current with 0.5 ps temporal resolution and 2 nm
lateral spatial resolution.

A. Atomic resolution imaging only by applying
THz-induced bias

Jelic et al. performed atomic-resolution imaging of the
Si(111)-(7 x 7) surface by using only tunneling current induced
by THz pulses.”” Asymmetric single-cycle THz pulses were guided
into an ultrahigh vacuum chamber and focused on the tip by using a
polymethylpentene lens [Fig. 2(a)]. The THz pulse with a center fre-
quency of ~0.4 THz [Fig. 2(b)] induced a transient voltage at the tun-
neling junction and drove a transient tunneling current [Fig. 2(c)].
The nonlinearity of the I-V relation enhanced the asymmetry of
the THz induced current and generated negative current on average.
This rectification model was quantitatively verified by measuring the
I-V curve without and with THz pulses. The I-V curve without THz
pulses showed asymmetry through the origin [Fig. 2(d), black curve].
By irradiating the tip with THz pulses, the I-V curve was shifted by
—12 pA at zero bias (V4. = 0V) without changing the overall ten-
dency [Fig. 2(d), red curve]. The current-distance characteristic (I-z
curve) was also measured when THz pulses were applied together
with a DC bias and when only a DC bias was applied. The tunnel
current when only DC bias was applied showed typical I-z char-
acteristics. The overall tendency was not significantly changed even
when THz pulses were added [Fig. 2(e)]. This is evidence that both
the DC bias and THz pulse electric field induce a tunnel current and
that the THz-induced tunnel current is inherently equivalent to the
tunnel current driven by a DC bias.

THz pulse autocorrelations were used to determine the
temporal resolution of THz-STM. The time delay between the

PERSPECTIVE scitation.org/journal/apm

THz-STM: =200 V cm™?

(b) (d)

Viudt) > 0
<

FIG. 3. Constant-height STM images of Si(111)—(7 x 7) at a THz-pulse peak elec-
tric field of —200 V/cm (a) without DC bias. Image size 9 x 9nm?; a7 x 7 unit cellis
shown in the red rhombus. (b) Waveform of THz pulse. (c) and (d) Band diagrams
and electron flow for the first half (c) and last half (d) of the THz pulse shown in (b).
The figures are reproduced from Ref. 23 with permission for the reuse of Springer
Nature content.

THz pulse pair was controlled through a Michelson interferom-
eter and fixed during each imaging [Fig. 2(f)]. Two-dimensional
imaging of autocorrelation at constant-height STM showed the
tunnel

spatiotemporal localization of femtosecond current

®
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FIG. 2. (a) Schematic diagram of ultrahigh vacuum THz-STM. The inset shows the tunneling current at the junction. (b) Waveform of the THz electric field and corresponding
spectrum (inset). (c) Schematic relationship between the THz-induced tunneling current (blue curve) and applied voltage (red curve). Nonlinear -V properties (black
curve) convert the temporal waveform. (d) Measured /-V curve acquired with (red curve) and without (black curve) THz pulses. (e) Measured /~z relation with (red curve)
and without (black curve) THz pulses. (f) Michelson interferometer makes a pulse pair with a variable delay time At for autocorrelation measurements. (g) Snapshots of
spatiotemporal autocorrelation obtained by the constant-height tip with an electric field of —100 V/em for each pulse. Image size: 13 x 13 nm?. The figures are reproduced

from Ref. 23 with permission for the reuse of Springer Nature content.
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[Fig. 2(g)]. These autocorrelation experiments verified the model
shown in Fig. 2(c) wherein the duration of the tunnel current is
shorter than the applied THz voltage because of the nonlinear I-V
response.

The contrast of the THz-STM image shown in Fig. 3(a) could
be explained by a model of the tunnel junction including band bend-
ing, screening, and non-equilibrium carrier occupation. A key point
in this model is that the electric field of a THz pulse causes the elec-
tric band to bend across the subsurface depletion region, resulting in
a shift of the surface state whose Fermi level is temporarily shifted
from the bulk Fermi level. As a result, a new tunneling path through
the surface states appears, and it transiently enhances the tunnel
current.

As an example, let us consider a situation in which a bipolar
electrical pulse with an asymmetric electric field strength is applied
to the tunnel junction. The positive half cycle of the THz pulse, i.e.,
the first half of the pulse shown in Fig. 3(b), causes ultrafast charg-
ing of surface states by electrons tunneling from the tip. This, in turn,
causes the band to bend upward and shift the surface states upward.
Therefore, electrons tunnel from the tip to unoccupied states of the
surface concurrently with electrons tunneling from the surface states
into the unoccupied bulk states [Fig. 3(c)]. In the negative half cycle,
i.e., the last half of the pulse shown in Fig. 3(b), ultrafast electron
depletion of the surface states occurs until the transport of elec-
trons from the bulk into the depletion region recovers from the
band bending. During the electron depletion of the surface states,

(a)

| . Dark

howo « \‘\OMCI

Tip

(b)

CyoAu(111)

Il . Optical Excitation
(d) Ly, (t, -2.0V)

-0 < K
1 NI 77777 . Al 17.1 ps
* I QM 11.4 ps
A\,L C| 3.8ps
D| 5.4 ps
...
= E|24.9ps

Il . After Excitation

/LUMO

Lomol«
l 0 20 40 60 80

Delay time [ps]

electrons on the surface tunnel to the tip and electrons in bulk move
to the surface [Fig. 3(d)]. This electron flow creates more tunnel-
ing current than in the steady state because the electrons lost by
the surface states due to the tunneling into the tip are continuously
replenished from the bulk.

The experimental tunneling junction modulated by a picosec-
ond transient electric field of the THz pulse was well described by
a model shown above that includes the bending of the electrical
band and cascading electron flow via surface states. This means that
THz-STM works in the same way as static STM, even though the
tunneling current induced by the THz pulse forms an ultrashort
bunch of electrons. The experimental results and their interpretation
showed that THz-STM is a versatile inspection apparatus with sub-
picosecond temporal resolution and atomic-scale spatial resolution
that can be applied to various interesting materials.

B. Ultrafast carrier dynamics in Cgg films

Spatiotemporal imaging of the diffusion dynamics of carriers
was demonstrated using a Ceo multilayer film on an Au (111) sub-
strate.”® The energy diagram of the sample and tunneling junction is
shown in Fig. 4(a). Without optical excitation under a negative bias
condition (dark condition), the tunneling current to the tip comes
from the highest occupied molecular orbital (HOMO) of Cs that
is below the Fermi surface of the Au substrate. The optical pulse
(1064-nm wavelength) excites electrons in the tip and Au substrate,

17.2 ps
32.6 ps
13.6 ps
11.2 ps

FIG. 4. (a) Band diagram of tunnel junction and schematic electron flow. (b) STM image of the Cgy multilayer structure including steps and a vacancy defect indicated by the
arrow. (c) Snapshots of tunneling currents with different delay times in the same area of (b). (d) Ultrafast tunneling currents induced by the THz pulses obtained at A to | in
(b). Decay times of the tunneling currents are indicated on the right. The figures are reproduced from Ref. 26 with permission for the reuse of ACS Publications content.
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FIG. 5. (a) Molecular structure of pentacene. The THz-STM image of an isolated pentacene molecule with a maximum THz voltage set to —2.05V (b) and +1.3V (c).
HOMO and LUMO of free pentacene simulated by DFT are illustrated at the bottom. (d) Measurement of a single pentacene molecule’s dynamics in a pump and probe
experiment. The tunneling current due to the second pulse (probe pulse) shows coherent oscillations as a function of delay time 7. (e) Schematic diagram of the pump
and probe experiment. The first THz pulse excites a vertical vibration of the pentacene molecule by removing an electron from HOMO. The second THz pulse detects the
temporal change in the heights of the molecules. The figures are reproduced from Ref. 22 with permission for the reuse of Springer Nature content.

and the electrons from the Au are injected into the lowest unoc-
cupied molecular orbital (LUMO) of Cgo. After the optical excita-
tion, the tunneling current is the sum of the HOMO and LUMO.
The tunneling currents via the HOMO do not change because the
HOMO is always filled with electrons from the Au substrate. There-
fore, the dynamical behavior of the carrier in Ce films is dominated
by diffusion and relaxation of electrons in the LUMO.

Yoshida et al. clearly imaged the position-dependent temporal
variation of the tunneling electrons that were injected to the LUMO
of Cep shown in Fig. 4(b) by the optical pulses by using a single cycle
THz pulse as a picosecond transient bias. The example in Fig. 4(c)
shows that THz-STM can provide deep insights into materials, espe-
cially on heterogeneous surfaces that have nanoscale structures and
defects. They obtained the temporal variation of the tunnel cur-
rent at characteristic positions around the terrace of Ceo including
a defect. The experimental results showed that the carrier relaxation
time 7 strongly depends on the position of the sample structure. For
example, carriers in the Cep molecule at the marginal of the terrace
relaxed within several picoseconds [C and D in Fig. 4(d)]. On the
other hand, the relaxation time becomes much longer at the middle
points in the terrace (G and H in Fig. 4(b)] and near the boundary
[E in Fig. 4(b)]. These results are considered to reflect the diffusivity
of the electrons, the flux of the electrons to and from the surround-
ings, and the existence (or nonexistence) of relaxation centers, such
as defects.

C. Ultrafast motion of single molecule

Cocker et al. used a low-temperature THz-STM to investi-
gate an isolated pentacene adsorbed to a monolayer island of NaCl
formed on an Au (110) substrate shown in Fig. 5(a).”> Applying
a combined bias consisting of a low DC voltage and THz electric
field whose direction and peak strength were tuned to the resonance

at the HOMO and LUMO of pentacene, the density of molecular
orbits was clearly imaged [Figs. 5(b) and 5(c)] and compared with
those predicted by density functional theory (DFT). In addition, the
resolution of the lobes of the HOMO was sharper than in typical
steady-current STM because the low-voltage bias avoided creation
of artifacts. The asymmetry in the HOMO was due to the asymmetry
of the tip. This high-contrast visualization of molecular orbits with a
temporal resolution of 115 fs that was determined by autocorrelation
measurements on pentacene shows the great potential of THz-STM.

They also monitored the motion of an isolated molecule by
using constant-height THz-STM following an ultrafast excitation
[Figs. 5(d) and 5(e)]. By applying a THz pulse pair with a delay time
7, they monitored the tunneling current accompanying the motion
of the molecule at a temporal resolution of ~100 fs. The first THz
pulse extracted the electrons from the HOMO of pentacene to the
tip and then caused its vertical motion [Fig. 5(e), left]. The second
THz pulse detected the height of the molecule as a change in the
net tunneling current [Fig. 5(e), right]. The probe tunneling current
exhibited an oscillation at a frequency of 0.5 THz [Fig. 5(d)]. They
interpreted this oscillation to be a coherent vibration of the molecule
and estimated its amplitude to be +4pm (x4 x 107> m) from the
tunneling currents and barrier height. In addition, they investi-
gated other molecular vibrations in isolated pentacene and copper
phthalocyanine molecules on a monolayer NaCl island formed on
missing-row Au (110). This examination clarified that the molecular
vibrations are governed by the van der Waals interaction between
the molecule and the substrate and are coherently excited by the
transient extraction of electrons by the THz pulse.

IV. SUMMARY AND PROSPECTS

As summarized above, the progress on extreme imaging
techniques combining advanced THz technology with STM
has been remarkable. In addition to the THz-STM technique,
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time-resolved  scattering-type  scanning near-field optical
microscopy  (s-SNOM),*” **  laser-combined  angle-resolved
photoemission spectroscopy (ARPES),*>°° photoemission elec-
tron microscopy,”’"*’ and time-resolved transmission electron
microscopy (TR-TEM)”’"7* have high spatiotemporal and energy
resolution. THz-STM will have a complementary relationship with
these methods in the fields of physics, chemistry, and engineering.
In particular, a static STM has been shown to be compatible with
the magnetic field.® ® In the future, technological developments may
focus on applying THz-STM to measurements in a high magnetic
field for studying exotic quantum materials.
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