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ABSTRACT: Light-field-driven processes occurring under conditions far beyond the diffraction
limit of the light can be manipulated by harnessing spatio-temporally 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 sub-
cycle 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, the electron tunneling was coherently manipulated over the femtosecond timescale. 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.



TEXT: 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 non-perturbative regime. In this regime, precise control of the carrier-envelope
phase (CEP) of ultrashort laser pulses enabled 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 sub-cycle 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 the CEP-controlled laser pulses have been demonstrated
for either electron emission from metal nanotips [10,11] or dielectric nanospheres [12,13]. The
use of nanostructures provides the large-field enhancement and nanoscale confinement of light
beyond the diffraction limit. However, owing to their geometry, the laser fields employed in

these studies were limited 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 investigations; for example, spatiotemporal manipulations of phase transitions



[26,27], coherent spin dynamics [28], and chemical reactions are expected [29]. Precise
characterization and active control of near fields in a tunnel junction with sub-cycle 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 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 tip apex of a nanoscale metal tip.
This retrieval relied 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 [20-22] have assumed that THz far fields and near

fields in a tunnel junction are identical.

In the present study, we demonstrate the sub-cycle retrieval of THz near fields in a tunnel
junction by using a combination of THz-STM and a CEP shifter [32]. 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 timescale by

employing a Mach-Zehnder interferometer with a dual-phase double-pulse scheme.



The basic concept of our experimental set-up is illustrated in Fig. la. Highly oriented
pyrolytic graphite (HOPG) was used as a sample, owing to its atomically flat surface. Single-
cycle THz electric fields were generated via optical rectification of NIR femtosecond pulses in a

LiNbO3 prism using a tilted-pulse-front configuration [33]. The generated THz pulses were then
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Figure 1. (a) Schematic of the experimental setup. QWP: quarter-wave plate, HWP: half-
wave plate, WGP: wire grid polariser, OAP: off-axis parabolic mirror. CEP-and polarisation-
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 grey lines show the CEP-controlled
waveforms for each (2/9)m shift. (c) THz frequency spectra obtained through Fourier
transformation of (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 (setpoint: bias voltage V, =1 V, tunnel current I, = 0.1 nA).



guided into a CEP shifter [32], which was composed of three optical elements (a quarter-wave

plate, half-wave plate, and wire-grid polarizer) for broadband THz pulses [34]. The CEP of the
THz pulses that pass through the CEP shifter is given by @cgp = @cppo + 20, Where @egp and @egpy

are the output and initial CEPs, respectively, and « 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 [20] 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 0-2sm without the occurrence of these variations, as shown in Fig.
1b and c. 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 ¢gp, 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 2m, we could observe a series of CEP-dependent tunnel currents using an
oscilloscope (see Fig. 1d). The time interval of each current pulse (2 ms) is equal to the repetition
rate of the irradiated pulses (see Supporting Section I). 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.



Figure 2a 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 0.677w for electrons
tunneling from the nanotip to the sample and at 1.67x for the opposite scenario. In these cases,
the THz waveform in the junction is expected to be a single-cycle co-sinusoidal 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 0.06st, 1.17sw and 2.11, corresponding to a sinusoidal near field in the

junction; the near field with symmetric positive and negative polarities drives the bidirectional
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Figure 2. (a) Number of electrons driven by a single THz pulse as a function of the CEP
with different THz pulse energies (V, = 1 V, I, = 0.1 nA). The electrons undergo tunneling
from the nanotip to the sample with positive values, and vice versa 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.



tunnel current with the same number of electrons. An increase in the number of electrons with
THz pulse energy exhibits threshold-like non-linear behavior, as shown in Fig. 2b, owing to the
strong modulation of the potential barrier in the junction [20]. This CEP-dependent non-linear
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.

We investigated the THz near fields in the junction by comparing with their far-field
waveforms. These waveforms were experimentally obtained via electro-optic sampling (EOS),
and the number of electrons driven by the far fields was calculated using the Simmons model
[35]. During these calculations, the THz-field-induced sub-cycle 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 eV and 1.0 nm, respectively) used in the calculation were both
obtained from current-distance (I-Z) experiments with a direct current (dc) electric field. Here,
the THz electric field was treated as a quasi-static field because the I-V response in the THz
regime is the same as that in the dc regime [20] (see Supplementary Information III in [20]). The
results for three different nanotips (Tip 1, Tip 3 and Tip 5, see Fig. 3b) are shown in Fig. 3a. 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]. The result for five different nanotips is summarized in Fig. 3c. The
large CEP shift can be attributed to the antenna properties induced by local fields at the apex of a

nanotip [15,36,37]. We simulated the THz near field in the junction by using an antenna model
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Figure 3. (a) CEP-resolved rectified electrons with different nanotips (V, =1V, I, =0.1
nA). The CEP-resolved rectified electrons induced by the corresponding far field, which
is 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 coloured symbols correspond to the data shown in a.

that assigns an equivalent RLC circuit to the nanotip. As Fig. 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 (see Supporting Section II).
The difference in the CEP shift of the nanotips originates 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 among different nanotips, the resulting THz near field and
subsequent electron current depend strongly on the nanotip (Fig. 4b). 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. 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.

For a thorough understanding of the tip-dependent CEP shift as shown in Fig. 3c, we
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Figure 4. (a) CEP-resolved rectified electrons calculated from the antenna model. The

simulation parameters are summarised in Supporting Section II. The grey circles denote the

measured CEP-resolved rectified electrons (corresponding to Fig. 3a). (b) Tip dependence

of far-field and near-field waveforms, and that of the resulting tunnel currents, at a CEP

shift of 2.1x 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.



performed the finite integration simulation of the THz near-field waveform in a tunnel junction
using a commercially available software, CST MW STUDIO (see Supporting Section III for
more details). Figure 5a shows the tip-sample configuration used in the simulation to investigate
the effect of the nanotip macroscopic feature. The tip shape was assumed to be a Lorentzian with
different heights. We confirmed that the waveform of local electric field was insensitive to gap
distances ranging from 1.0 nm to 10 gm (see Supporting Section III for more details). Therefore,
the gap distance between the tip and a sample was set to 10 ym. We used an actual THz far-field
waveform measured via EO sampling, which was incident on the tip at 75°. As shown in Fig. 5b,
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 co-sinusoidal 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 Fig. 5c. The CEP shift increases up to 0.477w 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 yield 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.



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 Fig. 3b 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 sub-cycle resolution. This prescription for retrieving the THz near field in a

tunnel junction holds significant promise for unprecedented control of electrons in ultrafast
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Figure 5. (a) Tip-sample configuration with a gap width of 10 gm. The waveform of far-field
THz electric fields was measured via electro-optic sampling (Fig. 1b). (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. (c) CEP shift between each THz near field

and far field as a function of the tip height.



atomic-scale electronics and metrology.

To reveal ultrafast dynamics of near-field-mediated electron tunneling with sub-cycle 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
Supporting Section I), as schematically illustrated in Fig. 6a. The timing and direction of the

electron tunneling were controlled and observed over a femtosecond timescale, as shown in Fig.

a
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Figure 6. (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 (b) and co-
sinusoidal near fields (c) as shown in the inset waveforms (V=1 V, 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.



6b and c. Furthermore, the CEP-controlled first pulse was adjusted to yield either a sinusoidal
(Fig. 6b) or co-sinusoidal (Fig. 6¢) near field, as shown in the insets. In the case of the (i)
sinusoidal near field, a bidirectional sub-picosecond electron burst was generated with an
interval of 1.2 ps and (ii) co-sinusoidal 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 Fig. 6b 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 Fig. 6¢c, the peak position of the electron burst is shifted
by 70 fs 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 desirable 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 sub-cycle 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 superconducting gap in superconductors [23].

Finally, we will discuss the difference between scattering-type near-field scanning optical
microscopy (s-NSOM) and our CEP-controlled THz-STM based on their operating principles: s-
NSOM measures a local electric field underneath the nanotip, while THz-STM measures a tunnel
current at a tunnel junction. In the case of s-NSOM [36-41], 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



sub-cycle 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)
[20,22,42]. Based on the operating principles, the spatial resolution of THz-STM is much higher
than that of s-NSOM. The spatial resolution of s-NSOM is the order of 10 nm [38,39], while that
of our THz-STM is around 1-2 nm even under ambient laboratory condition [43]; it can be
further reduced to 0.06 nm by using low-temperature and ultrahigh-vacuum STM [21]. The
limitations of THz-STM are as follows. First, the sample surface should be electrically
conductive otherwise we cannot measure the tunnel current. Second, 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 [20,44].

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 sub-cycle 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 the finite integration simulation, we found that the CEP shift
is determined by the wavelength-scale feature 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 timescale. 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 [45,46]. In these higher-frequency ranges, we expect

a higher sensitivity of the near-field waveform for smaller geometrical shapes of the nanotips



(than for 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 [47,48].
We believe that the concept presented here facilitates the development of strong-field physics
and next-generation ultrafast atomic-scale electronics and metrology, which are the building

blocks of future information technology.
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