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ABSTRACT

We have developed a cryogen-free, low-temperature terahertz scanning tunneling microscope (THz-STM). This system utilizes a continuous-
flow cryogen-free cooler to achieve low temperatures of ~25 K. Meanwhile, an ultra-small ultra-high vacuum chamber results in the reduction
of the distance from sample to viewport to only 4 cm. NA = 0.6 can be achieved while placing the entire optical component, including
a large parabolic mirror, outside the vacuum chamber. Thus, the convenience of optical coupling is much improved without compromis-
ing the performance of STM. Based on this, we introduced THz pulses into the tunnel junction and constructed the THz-STM, achieving
atomic-level spatial resolution in THz-driven current imaging and sub-picosecond (sub-ps) time resolution in autocorrelation signals dur-
ing pump-probe measurements. Experimental data from various representative samples are presented to showcase the performance of the
instrument, establishing it as an ideal platform for studying non-equilibrium dynamic processes at nanoscale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208689

I. INTRODUCTION

The nature of quantum-tunneling electrons enables the scan-
ning tunneling microscope (STM) to achieve impressive high spatial
resolution, making it an indispensable tool for investigating sur-
face atomic structures and electronic states. However, the STM’s
temporal resolution is a drawback as a single scan typically takes sev-
eral minutes. Consequently, ongoing research efforts are devoted to
improving the STM’s capabilities to achieve both outstanding spatial
and temporal resolutions.’

One of the primary approaches being explored is the develop-
ment of high-speed STM. Typically, the scanning rate of STM is
influenced by factors such as the sampling rate, circuit bandwidth
(BW), the feedback system, and the response time of the scanning
piezo-tube. The sampling rate and the circuit BW are limited to the
intermediate frequency (IF). Higher scanning rates result in a reduc-
tion in the number of samples per pixel or the number of pixels

per unit area. Furthermore, the tunnel junction has a mechanical
resonance frequency, and achieving higher scanning rates requires
more sensitive feedback, while sensitive feedback can easily lead
to resonance. In addition, the scanning piezo-tube exhibits a time
delay in response to applied voltage, causing significant distortion
in collected images at high scanning rates. Recent developments
have enabled fast scanning STMs to achieve frame rates of sev-
eral hundred frames per second, proving their value in studying
surface diffusion, reconstruction, and aggregation of atoms, clus-
ters, or molecules. Notably, these dynamic processes, which lack
a defined starting time, are difficult to investigate directly through
the pump-probe technique. Thus, fast scanning STM remains an
irreplaceable tool in such research works.””’

The introduction of pump-probe technique provides an alter-
native approach to conduct time-resolved measurements in STM.
This technique involves acquiring the tunneling current signal at
varying time delays between the pump and probe pulses. Although
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a time resolution on the order of nanosecond (ns) can be achieved
with electric pulses applied directly onto the junction in a radio
frequency (RF) circuit, optical pulses are preferred in order to over-
come the limitations of the circuit’'s BW. For instance, Weiss et al.
demonstrated an early example of achieving picosecond (ps) reso-
lution by using two sets of laser pulses to separately gate the bias
wire and the current wire, with controlled time delay between them.*
To avoid the constraints imposed by electric wires, researchers have
employed a method where optical pulses are directed at the junc-
tion to achieve sub-picosecond (sub-ps) time resolution. However,
this approach introduces a complex interaction between the optical
pulses and the tunnel junction. Apart from the optical rectifica-
tion effect, various nonlinear effects can occur, including nonlin-
ear effects such as the excitation of high-energy phonons (known
as the photothermal effect), which cannot be eliminated using
conventional techniques such as choppers and lock-in amplifiers
(LIA).”°

The combination of STM with terahertz (THz) pump-probe
techniques shows promise in avoiding such complexities while
maintaining ultrafast temporal resolution, leading to the develop-
ment of THz-STM. The first THz-STM was invented by Tyler et al.
in 2013 in Hegmann’s group,” on which THz-driven rectified cur-
rent was collected on Au nanoislands and optical pump-THz probe
experiment was performed on InAs nanodots. All the experiments
were performed in air at that time, but soon a THz-STM work under
ultra-high vacuum (UHV) was reported,® in which THz-driven cur-
rent on pentacene molecules was recorded and an oscillation of
the current signal during THz pump-THz probe was observed,
which is attributed to the vibration of the molecules. After that in
2020, they achieved coherent control over the switch of an indi-
vidual MgPc molecule using THz-driven current.”'’ In addition to
molecules, solid surfaces have been investigated using THz-STM as
well. The first atomic resolution of THz-driven current on Si(111)
7 x 7 reconstruction was reported in 2017'' and the behavior of the
driven current on Cu(111) was comprehensively studied in 2020,
both by Hegmann’s group. Takeda’s group reported the perfor-
mance of their THz-STM in 2016, and in 2018, they were the
first to introduce a continuous phase shifter for the THz waveform,
allowing for the carrier-envelope phase-control.'* By 2020, they
had developed THz-field-driven scanning tunneling luminescence
(THz-STL) spectroscopy, a technique that impressively combined
THz-STM and STL, and achieved an upconversion of the photon
energy."” In addition, Wilson’s group has focused on the THz rectifi-
cation spectroscopy (TRS), demonstrating its comparability with the
inelastic electron Tunneling spectroscopy (IETS) signal. Recently,
they reported a series of works on the dynamics of single H, or CO
molecule inside the tunneling junction using THz-STM,'®*’ serving
as a quantum sensor. Other systems, such as Au(111) surface”"** and
Cso island,”*" were also studied by other research groups.

THz-driven current generation can be easily explained: the
electric field component is oriented perpendicular to the sample sur-
face, creating a transient voltage between the tip and the sample,
thereby inducing a transient tunneling current. Compared to other
kinds of optical pulses, THz pulses carry less energy and typically
stimulate a limited number of quasiparticles, making them advan-
tageous for experimental data analysis. There are primarily two
different response times in the STM junction: the average traversal
time for individual electrons and the collective response time, which
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is represented by the plasma modes of the junction acting as a reso-
nant cavity. The traversal time for a tunneling electron is estimated
to be around 107 s, as suggested by both theoretical calculations
and experimental results.”” " On the other hand, the tip-enhanced
Raman scattering (TERS)”® and the STM-induced luminescence
(STML)” involve wavelengths within the visible spectrum, indicat-
ing a characteristic time for collective modes of ~10™" s. These time
scales are significantly shorter than the period of the THz pulse, sug-
gesting that the THz photons lack sufficient energy to activate these
excitations. Hence, the THz electric field can be approximated as a
quasi-static bias for the tunneling electrons.

THz pulses can be considered as bundles of photons, each car-
rying energy levels in the milli-electron volt (meV) range, capable of
generating excitations within this energy range. The characteristics
of a THz pulse, such as its pulse width and spectrum, have a direct
impact on its time and energy resolution. A narrower pulse width
generally leads to higher time resolution but may result in lower
energy resolution due to its wider spectrum. Conversely, a wider
pulse width reduces time resolution, but offers more precise excita-
tion energy due to a narrower spectrum. Currently, most reported
THz-STM systems treat THz pulses as a transient bias; therefore,
single-cycle THz pulses are chosen,” '**" ***"*" while TRS is practi-
cally achieved using continuous-wave THz-STM.'? In order to focus
the THz pulses into the junction, the use of a parabolic mirror
can be advantageous as it allows independent reflection regardless
of refractivity, in contrast to lenses. Nevertheless, incorporating a
parabolic mirror in the UHV chamber requires precise adjustments
of numerous degrees of freedom.

In this paper, we present our home-built THz-STM system,
where we have made several advancements. Instead of a bulky
static liquid helium dewar, we utilize a continuous-flow cryogen-
free cooler to achieve low temperatures, resulting in a significant
reduction in the size of the ultra-high vacuum (UHV) chamber.
Consequently, the distance from sample to the optical viewport is
reduced to about 4 cm, and a numerical aperture (NA) as large
as 0.6 is accessible from the viewport. By positioning the focus-
ing parabolic mirror outside the chamber, the THz light beams are
focused at the STM tunneling junction. We verified the performance
of our THz-STM system through a series of experiments. In the
following, we first describe the setup of our system, including the
STM module and the THz module, as well as the coupling of these
two parts. We will then present some typical experimental results
obtained using our THz-STM to demonstrate the performance of
our system.

Il. EXPERIMENTAL SETUP
A. The LT-UHV-STM part

The low-temperature environment of our LT-STM is achieved
through a commercial continuous-flow cryogen-free cooler (Qcryo,
Physike Co., China) that operates in two cycles.” In the first cycle, a
Gifford-McMahon (GM) cryocooler cools down two stages of cold
heads, allowing for heat exchanges with the second cycle. In the
second cycle, the helium is continuously pumped into a cryostat
located inside the STM chamber through a flexible corrugated pipe.
By controlling the needle-valve and employing the Joule-Thomson
(JT) refrigeration and the adiabatic expansion of helium, the cryo-
stat cold head is further cooled, ultimately reaching a temperature
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of 2.5 K. The scanner is suspended under the cryostat cold head
directly with beryllium-copper springs and an oxygen-free copper
braid. To shield the scanner from thermal radiation and electromag-
netic interference, it is enveloped by a dual-layered thermal shield
mounted on the cryostat cold head. A hole is positioned on the
shields to allow optical beams to pass through. To facilitate optical
alignment and provide convenience, the cryostat cold head is con-
nected to a four-dimensional positioning stage. This stage enables
adjustments of displacement with a traveling precision of 0.002 mm
and maximum traveling length of 12 mm each, and the z direction
has a traveling precision of 0.2 mm and maximum traveling length
of 100 mm as well as tilt angles within an angle of ~+5°, allowing the
scanner to move accordingly. The entire vacuum chamber is situated
on a pair of active-damping modules to isolate the vibrations from
the building or other mechanical noise transmitted from the floor in
three dimensions.

The STM scanner is purposefully designed to offer openness,
ensuring integration with optical components. The STM scanner has
a modified Pan-type configuration, with the magnets for the eddy
current damping positioned in a circular arrangement around it.
Due to the small diameter of the cryostat cold head (only 2 cm)
(Fig. 1), the STM scanner is designed with a remarkable compact-
ness. The UHV chamber itself is also compact, with just a 4 cm
distance from the flange entrance to the STM tip. Therefore, it
is easy to achieve focus by placing the parabolic mirror outside
the UHV chamber. This design scheme significantly enhances the
convenience of optical coupling.

The STM system is equipped with a preparation chamber that
allows for the processing of samples in various ways. Within this
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chamber, samples can be heated up to 800 °C through a tungsten fil-
ament radiation and can be further heated up to 1500 °C by e-beam
heating. An argon gun is equipped to bombard to the sample sur-
face, and a variety of evaporation sources aiming at the sample stage
can be used for molecular beam epitaxy (MBE). Moreover, a cleav-
age stage is incorporated to enable cleaving of bulk materials and
obtain clean sample surfaces.

B. The THz optical part

The schematic of the whole optical path is shown in Fig. 2.
The femtosecond (fs) laser used in this setup is a CARBIDE model
from Light Conversion Co., with a wavelength centered at 1030 nm.
The linearly polarized pulses emitted by the laser are divided into
four beams, each of which is directed to its respective delay line
stage. These stages are utilized to manipulate the relative time delay
between the beams.

Two of the beams are specifically employed to generate THz
pulses. This is accomplished by directing the beams through a grat-
ing and subsequently focusing them onto a LiNbO; crystal at a
specific angle to meet the phase-matching condition, according to
the tilted-wavefront method. This method offers several advantages.
First, it allows for the generation of relatively high-powered THz
pulses, which is desirable for effectively driving current. In addi-
tion, the generated THz pulses and the residual 1030 nm pulses
go non-collinear after passing through the crystal, which is conve-
nient for collecting THz pulses. The repetition rate of our fs laser is
1 MHz, and its maximum output power is 20 W. The energy con-
version efficiency of the THz pulses in our system can reach 0.5%.

®  Cryostat cold head

®  Berylium copper springs

®  Unibody frame

@  Sample plate

®  Tip stage

®  Stepper moter

@  Connect to the continuous-flow
cryogen-free cooler

4-dimensional positioning stage

® Ion pump

Ton gauge

@  Dual-layered thermal shield

® Quartz window

® Magnetic rod used for rotation
of the thermal shield

Viewport

®  Adsorption pump

Gate valve

@  Molecular pump

Connect to the feedthrough flange

FIG. 1. (a) Structure of the STM scanner suspended under the cryostat cold head. (b) Structure of the UHV-STM chamber.
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FIG. 2. Schematic of the generation and sampling of the THz pulses and their coupling with STM.

The two beams of 1030 nm pulses each generate a beam of THz
pulses, which are emitted nearly in the same direction and propa-
gate along the same path. In order to prevent interference between
the two beams, they are separated at a small angle of ~0.15°. Com-
pared to the Michelson-Morley (MM) interferometer scheme, this
method eliminates the need for a THz beam splitter, which prevents
any loss of energy or changes in the waveform of the THz pulses.
However, a disadvantage of this method is that the conversion
efficiency of one of the THz beams will decrease due to deviation
from the strict phase-matching condition. Fortunately, the experi-
mental results suggest that the power of the THz pulses is sufficient
for driving tunneling current.

Each time the THz pulses pass through a node on a mirror or a
focal point, they undergo half-wave loss. We can reverse the phase of
the THz pulses by a pair of TPX lenses with a common focal length
of 50 mm, which is known as the Gouy phase shift. Furthermore,
the polarization of the THz pulses can be continuously adjusted by
grid polarizers, and the power of the transmitted THz pulses varies
with the direction of a polarizer in accordance with the Malus law
(1), where Iy is the intensity of the incident light, I is the intensity
of the transmitted light, and 0 is the angle between the direction
of the polarization of the incident light and the direction of the
polarizer,

I =1 cos 6. (1)

The third 1030 nm beam first passes through a commercial
optical parameter amplifier (OPA) to tune its wavelength and then
co-focuses with the THz beams into a (110)-cut ZnTe crystal, to

serve as a sampling beam for probing the THz waveform. After the
sampling beam traverses the ZnTe crystal, it undergoes a transfor-
mation from linear to a circularly polarized beam by a quarter-wave
plate. Subsequently, a Wollaston prism is employed to separate the
s and p components of the circularly polarized beam. This allows
for the independent measurement of the power of the two com-
ponents. When no THz pulses are present, the power of the two
components of the sampling beam should be “balanced,” while when
there is a THz pulse arriving at the ZnTe crystal simultaneously with
the sampling pulse, the electric field of the THz pulse modulates the
refractivity of the crystal. Consequently, the polarization state of the
sampling pulse is altered, resulting in an imbalance between the two
components. The difference of these two components is linearly cor-
related with the electric field intensity of the THz pulse, as described
by the following equation:

S = Lol sin (2¢), (2)

where S is the recorded difference, Iy is the intensity of the sam-
pling light, ¢ is the angle between the direction of the polarization
of the sampling light and the direction of the long axis of the index
ellipsoid of the ZnTe crystal induced by the THz electric field,
and T is the phase shift of the sampling light induced by the THz
electric field when passing through the ZnTe crystal. This phase
shift is directly proportional to the strength of the THz electric
field. Therefore, the waveform of the THz pulses can be derived
by scanning the delay line between the THz pulses and the sam-
pling pulses. Such a method is called the electro-optical sampling
(EOS). The fourth 1030 nm beam is an optional sampling beam. To
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sum up, a total coincidence in both time and space of all the four
beams has been achieved in the ZnTe crystal and later in the STM
junction.

The generated THz pulses are guided by a series of gold mirrors
and off-axis parabolic (OAP) mirrors, focusing to the STM junction
(through a quartz window). The whole optical path of THz pulses
is completely enclosed in a N, atmosphere to exclude the interfer-
ence from water vapor on the THz light. The system is settled in a
clean room, where the temperature is maintained at around 23 °C,
to guarantee the stability of the optical parts.

C. Inducing THz-driven tunneling current

The THz beam is focused onto the tunnel junction using an
OAP with a focal length of 190 mm. The angle of elevation of the
focusing beam is 25°. The THz spot is appropriately positioned by
carefully aligning the 190 mm OAP to optimize the strength of the
driven current signal. By observing the focused THz spot through
a THz camera, it is evident that the minimum diameter of the
focused THz spot is ~2 mm [Fig. 4(g)]. The electric field compo-
nent of the THz pulses vertical to the sample surface can induce
a THz-driven tunneling current. The THz-induced bias is consid-
ered to be quasi-static. This means that the THz-driven current is
induced within an fs timescale, thus its direction reverses in accor-
dance with the inverse of the THz electric field within each period.
However, due to the limited BW of our control circuit and pre-
amplifier (4 kHz), only the rectification signal of the THz-driven
current can be detected. The rectification signal is greatly influenced
by the waveform of the THz pulse. The opposite electric fields with
similar strength within one cycle hinder the generation and detec-
tion of the rectification signal. Moreover, the nonlinearity of the I-V
characteristic of the junction is essential. It should be noted that
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the THz pulses are generated through the optical rectification pro-
cess of the LiNbO3 crystal, the electric field E(t) of which satisfies
formula (3),

) 821(t)

o’ )

E(t) o< x
where x? is the second-order susceptibility and I(t) is the transient
intensity of the 1030 nm pulse. Therefore, a totally linear junction
would yield no rectification current.

The rectification signal is mixed with the d.c. current. To extract
the rectification current signal, we use a lock-in technique. A chop-
per is employed to modulate the intensity of the THz pulses, with
a lock-in frequency set between 500 Hz and 1 kHz, which is much
lower than the repetition rate of the laser but much higher than the
sampling rate of the current signal. Then, an LIA can be utilized to
demodulate the specific frequency components in the current signal,
enabling the extraction of the rectified THz-driven current signal.
The demodulated phase is determined by various factors within the
entire system, including the state of the junction, the response of
the circuit, and the phase shift caused by the cables, among other
influences. In many cases, the relaxation time of the sample is much
shorter than the period of the chopper modulation, thus the demod-
ulated phase remains stable as long as the experiment conditions
keep unchanged. During the pump-probe experiment, both the
pump and the probe beams are modulated by the chopper, result-
ing in the rectification signal coming from the superposition of both
pulses.

The capacitance effect, namely, the charging effect, should not
be neglected. The capacitance of the junction typically falls within
the scale of 107" F, resulting in an impedance of 10> Q at THz wave-
length, while the resistance of the junction typically ranges around
10" Q, indicating that the flow of the THz-induced charges is sig-

. A A
1072 (pmAHz) ) ) © D)
10°
10°
10 0.0 0.0 0.0
0 500 1000 -0.2 0.0 02 -1.6 -0.8 0.0 04-0.4 0.0 0.4
Frequancy (Hz) Bias (V) Bias (V) Bias (V)

FIG. 3. STM images and spectra. (a) dl/dV mapping on Ag(111), 30 x 30 nm?, tip bias = —20 mV, and setpoint = 500 pA. (b) Mechanical noise of the junction, in range. (c)
Topography of BioSr,CaCu,0g..5, with image size of 8 x 8 nm?, tip bias = 600 mV, and setpoint = 30 pA. (d) Topography of GaGeTe, with image size of 30 x 30 nm?, tip bias
=20 mV, and setpoint = 600 pA. The little dots show the hexagonal lattice of the top Te atoms, and the light-colored triangles are the defects underneath. (e) Topography of
two-layer graphene/6H-SiC, with image size of 6 x 6 nm?, tip bias = 80 mV, and setpoint = 200 pA. The larger period refers to the 6 x 6 buffer layer between graphene and

SiC. (f)—(h) STS on panels (c)—(e).

Rev. Sci. Instrum. 95, 093703 (2024); doi: 10.1063/5.0208689
Published under an exclusive license by AIP Publishing

95, 093703-5

8€:6%:20 ¥20Z Jequisides 0z


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

nificantly stronger than the driven tunneling current. Fortunately,
the flow of the induced charges does not contribute to the recti-
fication signal, ensuring that the signal purely reflects the driven
tunneling current (thus, it is reasonable to refer to the “rectification
THz-driven tunneling current signal” as “driven current” or “driven
signal” in the following). Although the electric field of the induced
charges can cause a phase shift in the waveform of the induced bias
of the junction, and the nonlinear enhancement effect of the THz
electric field can lead to a distortion in the THz near-field waveform
as well. Therefore, the near-field waveform differs from the far-field
waveform and requires special measurement.

lll. PERFORMANCE
A. STM imaging

Typical topographic and spectroscopic images obtained from
our STM are shown in Fig. 3, including the topography images of
cleaved Bi,Sr,CaCu, 0445 (BSCCO), GaGeTe (GGT), and in-siu pre-
pared bilayer graphene/SiC and their corresponding dI/dV curves,
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along with the dI/dV mapping of the clean Ag(111) surface. These
figures demonstrate the atomic spatial resolution, clear character-
istics of the surface state of Ag(111), the superconducting gap of
BSCCO, the semiconductor bandgap of GGT, and spectroscopic fea-
tures of graphene. The sample temperature is around 25 K, indicated
by a thermocouple placed at the sample holder, and the mechanical
noise of the junction has reached a level lower than 2 pm//Hz, as
shown in Fig. 3(b). It is evident that the noise level of our system is
sufficiently low to satisfy the requirements for topography and STS
analysis in most samples.

B. THz waveform sampling

A pyroelectric THz power meter is used to verify the generation
of THz pulses. The generated THz power under different 1030 nm
power levels is measured, and the results are shown in Fig. 4(a). The
quadratic nonlinear relationship between powers of the THz and
1030 nm beams suggests that the collected signal is indeed gener-
ated through the optical rectification process. The polarization of
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FIG. 4. Characterizations of far-field THz pulses. (a) Logarithmic graph of the power of generated THz pulses vs the power of 1030 nm pulses. The experiment values fit well
with a straight line with a slope of 2. (b) Single polarizer experiment: the transmitted THz pulses shows the pattern of sinusoidal line, verifying the linear polarization of the THz
pulses generated from the crystal. (c) Double polarizers experiment: the peaks of the sinusoidal pattern shift and are attenuated with the rotation of a second polarization,
verifying the linear polarization of the THz pulses transmitted through the polarizer. (d) The waveform of the THz pulses by EOS. (e) The frequency spectrum of panel (d). (f)
The waveform of the inverse THz pulses by EOS. (g) The THz spot captured by a THz camera in the focus inside the vacuum chamber. The diameter of the spot is down to

2 mm. (h)—(l) The waveform of double THz pulses by EOS with various time delays.

Rev. Sci. Instrum. 95, 093703 (2024); doi: 10.1063/5.0208689
Published under an exclusive license by AIP Publishing

95, 093703-6

8€:6%:20 ¥20Z Jequisides 0z


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

the generated linearly polarized THz pulses can be twisted by a grid
polarizer. Figures 4(b) and 4(c) show the relationship between the
power of the transmitted THz and the angles of the polarizers. These
results confirm that both the generated THz pulses and the pulses
transmitted through the polarizers exhibit linear polarization.

Another method to confirm the generation of THz pulses is the
waveform sampling. The far-field waveform is shown in Figs. 4(d)
and 4(e). From the waveform, we can learn that the pulse width
of the THz pulses is of ps scale, and the spectrum ranges from
0.1 to 1 THz. If we take the diameter of the spot as 2 mm, an electric
field peak intensity of 0.6 kV/cm can be derived. The reversed wave-
form is also shown in Fig. 4(f), indicating that the waveform remains
relatively intact.

Figures 4(h)-4(l) show the waveform of pairs of the pump-
probe pulses. Both pulses are clearly discernible, and the delay
between them can be precisely controlled with an accuracy of 0.2 fs.
The stronger pulse functions as the pump pulse, while the weaker
pulse serves as the probe pulse.

C. THz-driven tunneling current
1. Acquisition of the driven current

The THz-driven current can be influenced by multiple factors.
First, the driven current exhibits a nonlinear increase with respect
to the THz intensity. This nonlinearity arises from several reasons:
(1) the nonlinearity of the I-V characteristic of the junction; (2) the
THz electric field induces screen charges and image charges in the
metallic tip and conductive samples, enhancing the electric field in
the junction, which is known as the “antenna effect;” and (3) the
sharp tip further enhances the electric field in the near field, which
is known as the “lightning rod effect.” Second, the driven current
decreases as the junction spacing increases. This effect is originated
from the following reasons: (1) as the spacing increases, the non-
linear enhancement effect is weakened, leading to the decline of the
induced bias and, consequently, the decrease in the driven current;
(2) the probability of electron tunneling decreases as the spacing
increases, which, in turn, reduces the driven current.

There are mainly two operational regimes for THz-STM, refer-
ring to the THz intensity: the tunneling regime and the emission
regime. In the tunneling regime, the THz intensity is relatively weak,
and the THz electric field can be viewed as a transient bias. However,
when the THz intensity is increased to the point where the chemical
potential of the electrons in the negative side surpasses the vacuum
level in the positive side, the electrons will experience a period of
motion in vacuum. In this case, the THz electric field acts as an accel-
erating field, causing the system to enter into the emission regime. In
both regimes, the driven current increases nonlinearly with the THz
intensity. The results shown in Fig. 5(a) are in accordance with this
prediction.

2. Scanning imaging of the driven current

There are two commonly used operating modes of THz-STM,
namely, the constant-height mode and the constant-current mode.
During constant-height scanning, the tip is maintained at a fixed
height, while the THz-driven current signal extracted from the LIA
is recorded. This signal is determined by the local density of states
(LDOS) within the transient bias. However, even if we apply a zero
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FIG. 5. Features of the THz-driven current signal. (a) The driven current is non-
linearly enhanced as the THz electric field increases. The data were acquired on
Ag(111). (b) Topography of Ag(111), with size 45 x 45 nm?, tip bias = —7 mV,
and setpoint = 200 pA. (c) THz-driven current signal collected simultaneously with
panel (b). Two defects appearing as dark dots in panel (b) marked by the red arrow
are present on the surface, which are also visible in the THz-driven current chan-
nel, manifesting as light dots in panel (c). (d) Topography of GaGeTe, with size
4 x 4 nm?, tips bias = 500 wV, and setpoint = 2 pA. The periodic pattern is the
lattice of the surface Te atoms. (€) THz-driven current signal collected simultane-
ously with panel (d). No apparent signal can be observed. It should be noted that
the laser was turned off when scanning to ~1/3 and then turned it back on at 2/3
of the scanning time, to verify that the signal is indeed THz-driven. (f) Topography
of few-layer graphene/SiC, 50 x 50 nm?, tip bias = 1 mV, and setpoint = 200 pA.
The periodic pattern is the lattice of the 6 x 6 buffer layer. In the image, the left
side is covered by mono-layer graphene, while the right side is covered by bilayer
graphene. (g) THz-driven current signal collected simultaneously with panel (f).
The bilayer region shows a stronger signal than the mono-layer region. The dis-
appearing scanning lines in the image are due to intentionally turning off the laser
during those instances to verify that the signal is indeed THz-driven.
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d.c. bias, the presence of contact electromotive force (emf) and
thermal-emf causes the persistence of a d.c. current. Consequently,
the driven current becomes mixed with the d.c. current, making its
extraction difficult. Conversely, during constant-current scanning,
the height of the tip is adjusted to maintain a setpoint for the cur-
rent signal. The driven current signal is simultaneously impacted
by both LDOS and the junction spacing. The junction spacing is
mainly determined by the d.c. current. Therefore, the driven cur-
rent is inevitable influenced by the d.c. current. In conclusion, both
constant-height and constant-current modes possess advantages
and disadvantages, necessitating a comprehensive analysis.

Figure 5 shows the selected scanning imaging results obtained
using the driven current signal in the constant-current mode. The
driven current image on Ag(111) is shown in Fig. 5(c). Defects are
manifested as light dots in the image, indicated by the red arrows.
When the tip is positioned over these defects, the reduction of
the junction spacing leads to an increase in the THz-driven sig-
nal, corresponding to the bright dots signals. Figure 5(e) shows the
driven current image on cleaved GaGeTe, which is a kind of lay-
ered semiconductor. In Fig. 5(g), we also show the driven current
image on few-layer graphene/SiC. It can be found that the signal
on bilayer graphene is stronger than that on mono-layer, which
can be explained to be originated from the surface charge density
difference. We found that the THz-driven signal on GaGeTe, FeSe
(see below), and epitaxial graphene is weak, typically at the order of
100 fA, in contrast to bulk materials, such as Au(111), Ag(111), and
Si(111), where the driven signal is able to reach tens of pA. It could
thus be inferred that the THz-driven signal would be weaker on lay-
ered materials, probably because of the lower carrier density and the
weaker inter-layer transferring within the range of the penetration
depth of the THz electric field.

3. Temporal resolution

The THz pump-THz probe configuration enables detection of
the driven current with temporal resolution. Due to the nonlinearly
enhancement of the THz electric field, when a pump pulse and a
probe pulse arrive at the junction simultaneously, the driven sig-
nal undergoes an extra amplification known as the “autocorrelation”
signal. The full width at half maximum (FWHM) of this signal is
considered as the time resolution of the driven current. It is shown
in Fig. 6(a) that the system achieves a time resolution of 700 fs. The
delay stage moves continuously at a speed of 0.04 mm/s, correspond-
ing to a uniform change in the delay time between the two pulses at
arate of 267 fs/s. The sampling rate of the z-channel signal is 50 Hz,
which is equivalent to sampling a point approximately every 50 fs.

4. Spatial resolution

Thanks to the near-field enhancement of the THz electric field
by the STM tip, the driven current exhibits a high spatial resolu-
tion capability. Figure 6(i) shows the driven current collected on the
Si(111) 7 x 7 reconstruction surface using constant-height mode.
The distinct visibility of the surface atoms demonstrates the high
spatial resolution ability of the technique. Figures 6(j) and 6(k) show
the simultaneous collection of an STM image and a driven current
image on a single crystal of FeSe. The FeSe surface was prepared
in situ through cleaving and verified using STM topography. As
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FIG. 6. Time resolution and spatial resolution of the THz-driven current. (a) The
autocorrelation signal derived on Ag(111) with feedback off. (b)~(h) The wave-
form of double THz pulses corresponding to the red indicating points in panel (a)
sequentially, among which panel (e) shows the waveform at zero time delay. (i)
Scanning imaging using THz-driven current on the Si(111) 7 x 7 reconstruction
surface under constant-height mode, 10 x 12 nm?, where tip bias is set to 0 V
and the total current is around 30 pA. An atomic spatial resolution is achieved. (j)
Topography of FeSe under constant-current mode, 9 x 6 nm?, tip bias = 3 mV, and
setpoint = 30 pA. The orthorhombic lattice is the signal of the top Se atoms. The
single Se atom vacancies are manifested as the four-lobe protrusions, while the
single Fe atom vacancy is less discernible under this specific scan condition, which
is marked by the red arrow. (k) THz-driven current signal collected simultaneously
with panel (j). The driven signal decreases around the Se defects, exhibiting a
concave shape, while it inverses around the Fe defects, appearing as a highly
pronounced concavity.

shown in Fig. 6(j), the orthorhombic lattice in the STM image is the
signal of the top Se atoms. The four-lobe protrusion corresponds
to a single Se atom defect.’ The defect marked by the red arrow
is attributed to a single Fe atom vacancy,*' which is less discernible
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under this specific scan condition. While in the driven current image
[Fig. 6(k)], the driven signal decreases significantly around the Se
defects compared to the background, exhibiting a concave shape. In
contrast, around the Fe defects, the driven signal shows an inverse
increase, manifesting as negative values and appearing as a highly
pronounced concavity in the image. These behaviors of both the Fe
defects and Se defects are notably distinct from those observed in the
topographic channel shown in Fig. 6(j). This phenomenon may pro-
vide valuable insights into the LDOS and other information related
to the defects. Detailed analysis requires further experiments and
calculations.

IV. CONCLUSION

In conclusion, we have designed and built a cryogen-free LT
THz-STM system that combines atomic-level spatial resolution with
sub-ps level time resolution. This system features a very compact
UHV chamber that can locate the optical part completely out-
side the chamber and greatly improves the convenience of optical
coupling.

Countless materials have proven to be responsive to THz
pulses. For instance, a variety of collective modes in superconductors
has been researched using ultrafast THz techniques, but has seldom
been visualized in spatial dimensions yet."”"** The electron dynam-
ics in certain ferroelectric, ferromagnetic, and multiferroic materials
have exhibited notable THz response,”” "’ and it is anticipated that
some intriguing experimental phenomenon can be observed using
THz-STM. In addition, novel phases, such as charge density wave
(CDW), spin density wave (SDW), or the Moiré superlattice, in some
multilayer structures renormalize the energy structure into smaller
scales, enabling the possibilities to be coupled with THz excitation.
Moreover, experiments have indicated the capability of THz elec-
tric fields to drive carriers within diverse material systems.” *’ Our
THz-STM system is expected to play a role in these research areas.
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