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ABSTRACT
We report on a lightwave-driven scanning tunneling microscope based on a home-built microscope and a compact, commercial, and
cost-effective terahertz-generation unit with a repetition rate of 100 MHz. The measurements are performed in an ultrahigh vacuum at
temperatures between 8.5 and 300 K. The cross-correlation of the pump and probe pulses indicates a temporal resolution on the order of
a picosecond. In terms of spatial resolution, CO molecules, step edges, and atomically resolved terraces are readily observed in terahertz
images, with sometimes better contrast than in the topographic and (DC) current channels. The utilization of a compact, turn-key terahertz-
generation system requires only limited experience with optics and terahertz generation, which may facilitate the deployment of the technique
to further research groups.

© 2024 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/10.1063/5.0165719

I. INTRODUCTION

Scanning tunneling microscopy (STM) has, since its invention,
been a valuable tool to image and probe the properties of indi-
vidual atoms and molecules adsorbed on surfaces. The transfer of
energy and angular moment between the tunneling electrons and
the investigated systems can trigger out-of-equilibrium dynamics,
such as the vibration of a molecule,1 the flipping of a spin,2 and
the switching of a molecule.3 Because of the limited bandwidth of
the trans-impedance amplifiers, conventional STMs can only probe
slow dynamics (! 1 ms), while effects involving faster dynamics (e.g.,
spin-flip) are measured in a steady-state regime.

The coupling of terahertz (THz) pulses to the STM junction
(hereafter referred to as lightwave-driven STM) provides a sub-
picosecond time resolution with negligible thermal effects.4–6 A
single-cycle THz pulse is generated and transmitted in free space to
the STM junction, where the electric field of the THz radiation is
enhanced by a factor of 105 (Refs. 7–9). The rapidly varying electric
field in the junction translates into a transient voltage between the
tip and the sample, leading to a transient current. A THz-induced
current, ITHz, defined as the time-average of the transient current,

is obtained when the transient voltage (of time-average zero) repeat-
edly sweeps a non-linear region of the current–voltage characteristic.
For time resolved measurements, ITHz is recorded for varying delays
between two THz pulses (pump and probe pulses). Further details
may be found in recent reviews.5,10 This technique has gained grow-
ing interest and has been used, for instance, to track the ultrafast
motion of a pentacene molecule,11 to investigate extreme tunnel
currents through single atoms on a silicon surface,12 and to image
graphene nanoribbons,13 among other recent results.14–23 In addi-
tion to THz table-top sources, it may be interesting to use intense
narrow-band THz pulses from a free electron laser with STM, as it
has been done for experiments based on atomic force microscopy.24

The key quantity in lightwave-driven STM (LDSTM) is the
average THz-induced current, ITHz, which needs to be large enough
to be detectable with a high signal-to-noise ratio. ITHz essentially
depends on the rectification of the THz-induced voltage transient
and scales with the repetition rate, fRep. The reported setups are
mostly based on Ti:Sapphire (800 nm) or regenerative ytterbium-
doped potassium gadolinium tungstate (Yb:KGW, 1030 nm) lasers
with an output powers of 1 W or larger, typically providing pulses
with energies between 1 and 40 ! J (see Table I). Tilted-pulse-front
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optical rectification in lithium niobate, the most commonly used for
LDSTM, is particularly adapted for the generation of THz pulses
with high electric-field amplitudes (1–16 kV/cm). The LDSTM
instruments reported so far were, therefore, mostly designed to pro-
duce THz pulses of large intensity, thereby sweeping large voltage
ranges, on the order of a few volts, of the current–voltage char-
acteristic of the junction. Such large pulses lead to high current
densities, reaching 1011 A/cm! 2 (Ref. 12), compared to the steady-
state regime. Large rectification is achieved in junctions where
the current–voltage characteristic, in the range swept by the volt-
age transient, has a large curvature, for instance, due to electronic
states.11,12 Conversely, for tunnel junctions with relatively linear
current–voltage characteristics, where the rectification is poor, a
high repetition rate is required to obtain a measurable signal. So far,
the repetition rate of instruments producing a voltage-transient of
#0.1 V is limited to 41 MHz (Ref. 20).25

In addition to the performances, the reported LDSTM instru-
mentations are generally composed of (i) a large optical table for
the laser system and the generation, manipulation, and focusing of
the THz pulses, and (ii) a focusing lens in the ultrahigh-vacuum
chamber of the STM. Those aspects limit the portability of the THz
system.

Here, we report on a lightwave-driven STM instrument based
on a home-built STM and a compact, commercial, and cost-effective
THz-generation unit with a repetition rate of 100 MHz. The THz
system is based on a compact femtosecond erbium fiber laser
(1560 nm, 100 mW). To keep the system compact and to circum-
vent the intensity loss associated with the splitting of THz-pulses,
we use a unique design based on two photoconductive emitters for
the generation of pump and probe THz pulses. The emitters and
the focusing mirrors are mounted on a relatively compact, portable
plate (20 " 15 cm2) placed in front of the ultrahigh-vacuum window
of the STM at a distance of " 15 cm from the STM junction. Mea-
surements at temperatures between 8.5 and 300 K are realized. The
cross-correlation of the pump and probe pulses indicates a temporal
resolution on the order of a picosecond. In terms of spatial resolu-
tion, CO molecules, step edges, and atomically resolved terraces are
readily observed in THz images, with often better contrast than in
the topographic and (DC) current channels. The high repetition rate
of the instrument allows the investigation of junctions with relatively
linear current–voltage characteristics, such as metal substrates in the
tunneling regime, which is otherwise challenging.16 The utilization
of a compact, turn-key THz-generation system requires very limited
experience with optics and THz generation, which may facilitate the
deployment of the technique in further STM groups.

II. DESCRIPTION OF THE SETUP
The THz generation and the THz focusing components of

our instrumentation are schematized in Fig. 1(a). A compact, turn-
key, femtosecond fiber laser (T-Light from Menlo Systems) delivers
short pulses (<90 fs) with a center wavelength of 1560 nm at a
repetition rate of 100 MHz. A fiber optic splitter splits the pulses
into two fibers (0.2 nJ per pulse after split), each of which is con-
nected with an optical fiber to a terahertz photoconductive emitter
(Tera15-TX-FC from Menlo Systems) based on InGaAs/InAlAs het-
erostructures,26 providing an estimated output power of #30 ! W.
One of the branches includes a delay line (adapted from Physik
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FIG. 1. THz generation and coupling to the STM junction. (a) Overview of the THz-STM setup composed of a femtosecond Þber laser (T-Light from Menlo Systems, a
wavelength of 1560 nm), a delay stage (adapted from Physik Instrumente, allowing delays of up to 670 ps), a ÒTHz plate,Ó and a home-built variable-temperature STM. The
angle between the THz beam and the surface normal is 70! . The solid black lines represent optical Þbers for the transmission of the 1560 nm-laser light, while the solid
red lines depict the laser beam in free space. The delay stage is contained in a box, such that the user is effectively not exposed to beams in the free space. (b) Detail of
the THz plate, including two photo-conductive THz emitters (Tera15-TX-FC from Menlo Systems), two 90! off-axis parabolic mirrors, and a double off-axis parabolic mirror
(homemade). The main role of this THz plate is to focus the THz radiation from two emitters into a single focal point at the position of the STM junction. (c) Photograph of the
double parabolic mirror along with one 90! off-axis parabolic mirror. (d) Three-dimensional view of the THz plate.

Instrumente, delays of up to 670 ps). The transmission in optical
fibers allows us to separate the laser system and the delay stage from
the STM frame, which would be more difficult for a free-space beam
because of the vibrational damping of the STM frame. The two emit-
ters are mounted on a “THz beam combiner plate” [Figs. 1(b) and
1(c)], along with two off-axis parabolic mirrors and a homemade off-
axis double parabolic mirror focusing the THz pulses at a distance of
120 mm. The position of the THz plate is adjusted to have the focal
point coincide with the STM junction. As the plate is mounted on
the same frame as the STM, the vibrational damping of the STM
frame does not affect the focus of the THz beam. The generation
and focusing of THz pulses are all realized on that plate, which is
20 cm long and 15 cm wide. The femtosecond fiber laser and the
delay stage are in a box with dimensions of 56 " 46 " 20 cm3, making
the THz-system relatively compact.

It should be mentioned that the usage of two THz emitters,
for pump and probe pulses, is so far unique for LDSTMs. This
has several advantages compared to a configuration where a single
THz beam is split. First, as we generally drive the emitters to their
maximum, we reach higher THz-output power. Second, combined

with the double parabolic mirror, it allows us to keep the free-wave
THz-path short and keep the system compact.

III. ALIGNMENT OF THE EMITTERS AND MIRRORS
For the alignment of the parabolic mirrors and the characteri-

zation of the free-wave THz pulses, the THz-plate is detached from
the UHV chamber, deposited on a table, and fixed to an optical
rail. A pinhole (0.5 mm diameter) is mounted on the rail at a dis-
tance of 120 mm from the double parabolic mirror (Fig. 2). A set of
two TPX lenses with a focal length of 50 mm is used to collect and
focus the light of the pinhole on a THz detector (Tera15-RX-FC).
That detector is triggered by the second output of the laser, which
can be delayed using an internal delay line of the laser system. The
emitters and mirrors are adjusted to converge the two THz beams
to the pinhole. Moreover, the delay between the two independent
pulses can be adjusted. The distance between the double parabolic
mirror and the pinhole of 120 mm corresponds to the expected
distance between the mirror and the STM junction for LDSTM
measurements.
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FIG. 2. Set up for the alignment and detection of free-wave THz pulses. The THz
plate lies on a table and Þxed to an optical rail. A pinhole, two TPX lenses with a
focal length of 50 mm, and a THz detector are mounted on that rail. The mirror
to pinhole distance is Þxed at 120 mm, while the other distances are adjusted to
collect and focus the light of the pinhole onto the detector.

Figure 3(a) shows the waveform of the emitted THz pulses as
retrieved with the detector after alignment. As expected for electro-
magnetic waves in free space (without charge), the time integral of
the measured signal over one cycle is approximately zero. It should
be noted that we do not exactly observe the waveform of the elec-
tric field, but the convolution of that waveform with the response
function of the detector.

The emitters produce relatively similar THz pulses [compare
the red and black curves in Fig. 3(a)], with small variations at #10 ps.
The Fourier spectra are maximum at frequencies of 0.3 THz (emitter
1) and 0.35 THz (emitter 2). The orientations of the emitters have
been adjusted such that the polarizations of the THz electric fields
are both vertical (leading to p polarization upon coupling to the
STM junction). When both emitters are emitting, the total THz elec-
tric field at the focal point [green curve in Fig. 3(b) with zero delay
between the two pulses] corresponds to the sum of the individual
components (dashed black curve).

IV. RECTIFICATION OF THE VOLTAGE TRANSIENT
IN THE STM JUNCTION

The THz plate is mounted on the UHV chamber for LDSTM
measurements, as shown in Fig. 1 (no THz detector), and the detec-
tion is realized via the tunneling current. The detection scheme
of LDSTM is essentially the same as previously reported;4,11 it is
detailed below for pedagogical purposes. The coupling of the THz
pulse to the STM junction leads to a transient voltage vTHz( t) , whose
time integral is zero over one cycle. The induced tunneling cur-
rent transient is iTHz( t) . Figures 4(a)–4(c) illustrate this process for
two idealized tunneling junctions with linear (dashed black) and
quadratic (blue) current–voltage characteristics. In the case of a lin-
ear current–voltage evolution, the THz pulse induces a peak current
of # $ 5 pA [dashed black curve in Fig. 4(b)]. However, the time inte-
gral of the current transient, i.e., the net charge flow, is zero [dashed
black curve in Fig. 4(c)]. There is no rectification of the voltage tran-
sient in a STM junction with a linear current–voltage characteristic.
The situation is different when the current in the STM junction
evolves quadratically with the voltage. There is a rectification of the
voltage transient, which leads to a net charge flow per transient [blue

FIG. 3. Lineshapes of the THz pulses in the far Þeld. (a) Electric Þeld transients
at the THz focus point generated by emitter 1 (red) and emitter 2 (black). The
corresponding Fourier transforms are shown in the inset, which exhibit a maximum
at a frequency of! 0.3 THz for emitter 1 and 0.35 THz for emitter 2. Emitter 2 is
turned off during the data acquisition of emitter 1, and vice versa. (b) THz transient
(green) measured at the THz focus point with both emitters active (and no time
delay between the generated pulses). The dashed black line is the sum of the
individual THz transients [red and black curves in (a)]. The data shown here are
not deconvolved from the detector response, such that the actual pulse shape may
deviate from these measurements.

curve in Fig. 4(c)]. Note that we here implicitly assumed that the
current–voltage characteristic is unaffected by the THz pulse. This
is not necessarily the case, but the rectification mechanism remains
the same.

Because of the limited bandwidth of the current amplifier of
the STM (cutoff frequency of #1.5 kHz), we are only sensitive to the
time-average of iTHz,

ITHz = fRep!
1! fRep

0
iTHz( t) ! dt, (1)

where fRep is the repetition rate of the THz pulse. ITHz is referred
to as the THz-induced current. It should be noted that the tran-
sient current iTHz has a non-zero value for only #10 ps, such that the
time integral in Eq. (1) is independent of the repetition rate (1! fRep
is typically much larger than one ns). ITHz then scales linearly with
the repetition rate and indirectly depends on the amplitude of the
transient voltage.

ITHz is typically small and only represents a small fraction of
the total tunneling current. It is, therefore, measured by lock-in
detection by chopping the THz beam at #1 kHz. The chopping is
effectively done by modulating the voltage of the emitter electrodes
[on/off with a duty cycle of 50%, Fig. 4(d)]. With our repetition rate
of 100 MHz, we have on the order of 50 000 THz pulses per modu-
lation cycle (1 ms). The high repetition rate of the laser allows us to
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FIG. 4. Illustration of the rectiÞcation process. (a) Linear (dashed black) and
quadratic (blue) currentÐvoltage characteristics of hypothetical STM junctions. The
red waveform depicts a voltage transient induced by the THz pulse, which effec-
tively sweeps the voltage (VDC = 0.5 V in this example). RectiÞed transient (b)
current and (c) charge for the two considered currentÐvoltage characteristics. (d)
Schematic of the modulation and detection scheme. A square voltage modulation
(fmod" 1 kHz) is applied to the photoemitters. The THz pulses (here for simplic-
ity only the pump pulse) and the corresponding voltage transientvTHz are then
applied to the junction only when the modulation is in the high state. Note that
the duration of the pulses is only about a few picoseconds. The rectiÞcation of the
THz-induced voltage transients leads to an extra DC current,ITHz, when the modu-
lation is in a high state. The tunnel current( IDC+ ITHz) is fed to a lock-in ampliÞer
synchronized with the modulation to extractITHz.

resolve the extra current ITHz directly with an oscilloscope in some
cases.6 Generally, however, ITHz is extracted by lock-in detection
as it evolves with the same frequency as the chopping of the THz
beam [Fig. 4(d)]. Because we are using two independent emitters
to generate THz pump and probe pulses, the THz emitters may be
chopped individually at different frequencies, or one of the beams,
e.g., the pump pulse, may be left non-chopped. For the data shown
in the present study, both emitters were chopped with the same
modulation voltage.

Following the adjustment of the emitters and mirrors with a
THz detector (described above), the fine alignment of the THz beam
to the STM junction is done by maximizing the THz-induced cur-
rent. This is essentially done using precise stepper motors, which
displace the whole THz-plate. Finer adjustment of the beam is real-
ized by adjusting the double parabolic mirror with piezo inertia
actuators.

Figure 5(a) shows the evolution of the THz-induced current
as a function of the amplitude of the THz electric field (character-
ized in free space) measured on a Ag(111) surface. The evolution
is highly non linear (mainly quadratic), as expected because we are
sensitive to the rectified current, which depends on the details of
the current–voltage characteristics. Because of the relatively linear
current–voltage characteristics of Ag(111) at low voltages, we are
presumably only rectifying a small fraction of the induced current.
The tip–sample distance needs to be extremely small (resistance

FIG. 5. THz-induced tunneling current on a Ag(111) surface. (a) Evolution of the
average THz-induced current as a function of the amplitude of the incoming THz
electric Þeld (green circles). The solid line is a quadratic Þt to the data (linear term:
! 1.9 pA, quadratic term: 17.7 pA). (b) THz-induced current as a function of the time
delay between the THz pump and probe pulses acquired for increasing (red) and
decreasing (blue) delays. A modulation voltage of 140! V at 970 Hz was added
(we veriÞed that this modulation does not affect the detection of the THz-induced
current). The duration of the pulses is on the order of 1 ps, which determines the
temporal resolution. Further Þeld-sensitive analysis of the pulse shape can lead
to improved temporal resolution. Measurements in (a) and (b) were performed at
room temperature with the feedback current loop active (regulating the absolute
value of the current).

on the order of 1 M! ) to have a measurable signal (exponential
dependence on the tip–sample distance, as the transient voltage is
expected to be independent of the tip–sample distance in the tun-
neling regime9). A typical DC voltage of 1 V would lead to a large
current on the order of 1 ! A that would cause issues with stability
and surface degradation. We, therefore, use relatively low voltages
of #100 ! V. Under these conditions, the THz-induced current rep-
resents #10% of the total current, which is readily extracted by the
lock-in amplifier.

With the repetition rate of our system ( fRep = 100 MHz), a
THz-induced current of 10 pA corresponds to an average of 0.6 elec-
trons rectified per THz pulse. We are, therefore, in a regime of one to
a few electrons per THz pulse on Ag(111) with our instrumentation.

In order to determine the time resolution of the instrument,
we use a pair of THz pulses with a variable delay between them.
The obtained cross-correlation function for increasing (decreasing)
delays is shown in red (blue) in Fig. 5(b). A maximum THz-induced
current of 33 pA is obtained for a zero time delay and a minimum of
12 pA for a delay of 1.2 ps. This 1.2 ps represents a higher bound for
the time resolution of the system. A similar pump–probe spectrum,
measured at the lowest base temperature of 8.5 K, is shown in the
Appendix.

V. EXPERIMENTAL RESULTS
We first focus on large images of Ag(111), where the relative

height of the tip, the current, and the THz-induced current were
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FIG. 6. THz-induced current at step edges. Apparent height (left), average cur-
rent (middle), and THz-induced current (right) images of a Ag(111) surface for
left-to-right (top) and right-to-left (bottom) scan directions. Because of the limited
bandwidth of the feedback loop, a height increase (decrease) in the scan direction
causes a temporary increase (decrease) of the current (on the order of 1%). In the
THz-induced current images, the step edge appears as a depression (the signal
decreases by" 25%), independently of the scan direction. The arrows point at the
same step edge in different images. The images have been acquired at room tem-
perature withIDC = 100 pA andVDC = 250! V at a scanning speed of 24.5 nm/s.
These and the following STM images were processed with WSxM.27

simultaneously recorded (Fig. 6). For imaging, we systematically
chose a zero time delay between the pump and probe pulses to max-
imize the signal. The step edges are observed as darker lines in the
THz channel (see arrow in the top right image of Fig. 6). A simi-
lar signal is observed in the current channel (top center), which is
caused by the delayed response of the feedback current loop and
the tip–sample distance being too large for a short moment. For the
backward image (tip scanning from right to left), the response of the
feedback causes an increase in the current (bottom center) due to a
temporary too short tip–sample distance. In contrast, the step edges
remain darker in the THz image. The darker lines in the THz image,
although sensitive (in intensity) to the tip–sample distance, do not
exhibit a change of contrast. These lines are, therefore, not directly
related to the current. We propose that the I–V characteristic, and
in particular d2I! dV2(V) , of the step edge slightly differ from that
of the terrace,28 leading to a different rectification of the THz pulses.

The spatial resolution of the LDSTM is probably better visible
in Fig. 7. The atoms of the surface, slightly discernible in the topo-
graphic image, can be better observed in the THz image (raw data).
This data shows the atomic-resolution capability of the technique
and the instrument.

FIG. 7. THz-induced current on a Ag(111) terrace. Apparent height (left), average
current (middle), and THz-induced current (right) images of a Ag(111) surface with
atomic resolution. The images have been acquired at room temperature withIDC
= 100 pA andVDC = ! 70! V.

FIG. 8. Impurities, presumably CO molecules, on a Ag(111) surface. (a) Apparent
height, (b) average current, (c)d2I! dV2, and (d) THz-induced current images of
a Ag(111) surface imaged at 80 K andVDC = 0 V (IDC = 85 pA). A modulation
voltage of 280! V at 977 Hz was applied, andd2I! dV2 was recorded with a lock-in.
The current feedback loop is fed with the absolute value of the current.

To evidence the correlation between the rectification of the
tunneling voltage by the non-linear current–voltage characteristic
and the THz-induced current, we performed an experiment using
a purely AC-tunneling voltage with an amplitude of 280 ! V with-
out a DC-component. Instead of working with the tunneling current
directly, the current feedback loop is fed with the absolute value of
the current. The observed average tunneling current results from
the rectification of the voltage modulation by the tunneling junc-
tion. Figure 8 shows the apparent height, average current, d2I! dV2,
and the THz-induced current acquired at 80 K on a Ag(111) surface.
The surface exhibits #1 nm wide defects [observed as depressions
in Fig. 8(a)], which presumably are CO molecules.29 As VDC = 0,
the measured average current is sensitive to the non-linearity of
the current–voltage characteristic, which rectifies the sinusoidal
voltage modulation. To illustrate that, we acquired an image of
the second harmonic of the current with a lock-in, which corre-
sponds to d2I! dV2 (V = 0) [Fig. 8(c)]. The two images are very
similar.

The THz-induced current [Fig. 8(d)] is also the result of a volt-
age rectification, this time not of the modulation voltage but of the
repeated voltage transients induced by the THz pulses. The finite
d2I! dV2 at VDC = 0 largely contributes to the rectification of the
voltage transient as the modulations of the d2I! dV2 signal are visible
in the THz image (see, for instance, arrows in Fig. 8 showing areas
of larger and smaller intensities). The remaining features of the THz
image, for instance, the well-resolved impurities, are likely originat-
ing from higher-order derivatives and the larger voltage amplitude
of the transient. For completeness, we mention that the backward
scan images look identical (not shown).

It appears that the small non-linearity of the current–voltage
characteristic induced by surface states and impurities rectifies a
(presumably small) fraction of the THz-voltage transients lead-
ing to THz images. We carried out additional work on non-linear
current–voltage characteristics at larger voltages, which indicate
THz-induced voltage amplitudes on the order of a few hundred mil-
livolts. The waveform of the voltage transient remains to be better
characterized in future studies.
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VI. CONCLUSION
We have developed an ultrahigh-vacuum variable-temperature

LDSTM using a compact, commercial, and turn-key THz-
generation system based on a cost-effective femtosecond erbium
fiber laser. The instrument has a time resolution on the order of one
picosecond and a sub-nanometer spatial resolution, providing atom-
ically resolved THz images of a Ag(111) surface. The high repetition
rate of the instrument allows probing systems with limited rectifi-
cation capabilities. The proposed design requires limited experience
with optics and the generation of terahertz pulses, which facilitate
the deployment of the technique.
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APPENDIX: PUMP-PROBE MEASUREMENTS AT 8.5 K

A z-cut quartz window (Korth Kristalle GmbH) of a thick-
ness of 2 mm is fixed on the opening of the outer radiation shield

FIG. 9. THz-induced current as a function of the time delay between the THz pump
and probe pulses acquired on Ag(111) at 8.5 K.

(#1 cm in diameter) to prevent cryopumping onto the sample and
to limit the thermal radiation toward the STM. The lowest base tem-
perature of our instrument is 7.5 K (shields fully closed), which is
increased to 8.5 K during LDSTM measurements. Figure 9 shows
an example of a THz pump-probe measurement performed at this
lowest temperature.
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