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ABSTRACT
Lightwave-driven terahertz scanning tunneling microscopy has attracted considerable interest due to its ability to combine sub-ångström 
spatial resolution with sub-picosecond temporal resolution. Such measurements require accurate knowledge of the THz near-field tran-
sient generated upon coupling the far-field pulse into the junction. Conventional approaches rely on the onset of strong nonlinearity in 
current–voltage characteristics measured at constant tip–sample distance. Here, combining simulations with experiments exploiting the 
conduction-band onset of NaCl bilayers on Ag(111), we analyze the determination of the transient amplitude, with particular emphasis on 
the small-amplitude regime (&0:5 V). We show that the intrinsic broadening of electronic nonlinearities significantly complicates ampli-
tude extraction. We, therefore, introduce an alternative approach based on constant-current spectroscopy, in which the THz-induced 
current is measured as a function of sample voltage while the feedback loop maintains a fixed DC current. This method yields a pro-
nounced spectral peak whose amplitude, width, and onset are all sensitive to the transient voltage amplitude, providing multiple indepen-
dent observables for a more robust determination.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0336854

I. INTRODUCTION
Numerous processes at the atomic scale occur on ultrafast 

timescales, including vibrations, charge transfer, and quasiparticle 
excitations. Accessing these phenomena with temporal resolution 
comparable to their intrinsic dynamics, while retaining atomic 
spatial resolution, is essential for elucidating the underlying physi-
cal mechanisms.

The emergence of lightwave-driven terahertz scanning tun-
neling microscopy (THz-STM) provides a solution to this chal-
lenge by combining the sub-ångström spatial resolution of STM 
with the (sub-)picosecond temporal resolution of terahertz spec-
troscopy,1 while mitigating thermal effects associated with visible- 
light excitation.2–5 In this approach, phase-stable single-cycle THz 
pulses are coupled to the STM junction, where the metallic tip acts 
as an antenna that enhances the local electric field.1,6–8 The 

enhanced field induces an ultrafast transient voltage across the 
tip–sample gap which, through the intrinsic nonlinearity of the 
tunneling current–voltage characteristic, generates a rectified 
current that is generally detected using lock-in techniques (see, for 
instance, corresponding descriptions in Refs. 9 and 10).

This methodology has enabled studies of a broad range of 
ultrafast phenomena, including vibrational dynamics in single 
pentacene molecules,11 charge-density-wave dynamics,12 phase 
transitions,13 and lattice vibrations in 2D materials,14,15 as well as 
the dynamics of a single H2 molecule in an STM cavity.16 Ultrafast 
THz pulses can also generate forces on sub-picosecond timescales, 
enabling coherent hindered rotation of a single molecule17 or the 
launch of acoustic wave packets.18 In addition, THz excitation 
enables STM operation at vanishing DC voltages, thereby reducing 
perturbation of the system under study. This approach has been 
used, for example, to probe rapidly decaying orbitals of graphene 
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nanoribbons on Au(111).19 Further aspects of light–matter inter-
action at the nanoscale are reviewed in Refs. 20–22. 
Continuous-wave THz excitation has also been employed to inves-
tigate single-molecule vibrational dynamics.23

In these experiments, accurate knowledge of the THz wave-
form at the junction is essential. It has been shown that coupling 
to the STM junction leads to a low-pass filtering of the incident 
waveform, thereby modifying its temporal profile.7 In addition, 
surface plasmons propagating along the tip and undergoing 
reflections further reshape the transient voltage at the junction.24

Current approaches for reconstructing the transient voltage rely 
on the combination of strong and weak THz pulses.25–27 In 
these schemes, a measurable current is generated primarily at 
the maximum field of the strong pulse. Because the electric 
fields add linearly, the peak field is modulated by the value of 
the weak pulse at that instant. By scanning the relative delay 
between the pulses, the temporal profile of the weak field—and 
thus of the THz-induced transient voltage—can be recon-
structed. This enables time-domain spectroscopy by monitoring 
modifications of the waveform induced by the system 
dynamics.27

Quantifying the amplitude of the near-field THz voltage is 
equally important. Early approaches compared current–voltage 
characteristics acquired in constant-height mode with and without 
strong THz illumination, combined with simulations of the 
THz-induced current,9,28 hereafter referred to as THz current. 
However, this method requires transient voltages of several volts. 
A more direct approach exploits strongly nonlinear current– 
voltage characteristics, such as those associated with molecular 
orbitals11 or defects in 2D materials.29 The voltage at which the 
nonlinearity occurs is determined from conventional spectroscopy 
at constant tip–sample distance. Under THz illumination, when 
the sum of DC and transient voltages reaches this regime, the THz 
current varies sharply. The transient amplitude can, therefore, be 
inferred by tracking these sharp changes while sweeping the DC 
voltage or the THz field amplitude. Extending this approach, 
Bobzien et al. mapped the THz current as a function of both DC 
voltage and THz amplitude,29 yielding diamond-like structures. 
For an onset-type nonlinearity, the slopes of these features directly 
reflect the extrema of the transient voltage. These methods, 
however, require spectroscopic features significantly sharper than 
the transient amplitude. As typical electronic features are several 
hundred millivolts wide, they are not well suited for determining 
sub-volt THz amplitudes.

Here, we further analyze the impact of a broad onset of non-
linearity on the determination of the transient voltage amplitude. 
The commonly used onset-position method exhibits significant 
limitations in the regime of small amplitudes. We, therefore, intro-
duce an alternative approach in which the THz current is mea-
sured as a function of sample voltage under constant-current 
conditions, rather than at constant height. Supported by simula-
tions, we show that this method provides a strong dynamical 
response even for sub-volt transient amplitudes, and that multiple 
observables of the spectra are sensitive to VTHz. We experimentally 
compare both approaches using the conduction-band onset of 
NaCl bilayer islands on Ag(111). While the two methods yield 
comparable estimates of the transient amplitude, the constant- 

current approach offers additional redundancy, thereby reducing 
uncertainties through the use of multiple independent observables. 
An additional advantage of this measurement mode is that it 
allows spectroscopy to be performed while maintaining a low DC 
over the entire voltage range. This is particularly important at high 
sample voltages, where constant-height measurements would oth-
erwise lead to large tunneling currents that can destabilize or 
damage the STM junction.

II. MODELS AND SIMULATIONS
In this section, we consider (i) a prescribed transient 

voltage waveform at the STM junction (red trace in Fig. 1) and 
(ii) representative current–voltage (I–V) and tip–sample dis-
tance–voltage (z–V) characteristics inspired by measurements 
on bilayer NaCl on Ag(111). We assume that the electronic 
properties of the junction are not modified by the transient 
voltage, i.e., no transient changes of the I–V and z–V character-
istics are considered. Under this assumption, we compute the 
THz current ITHz as a function of the DC sample voltage VDC 
for different amplitudes of the transient voltage VTHz, yielding 
ITHz(VDC) curves for each VTHz. Thereafter, ITHz(VDC) is 
referred to as THz spectrum.

We consider two measurement schemes. The first corre-
sponds to constant tip–sample distance (feedback loop disabled), 
which is the most intuitive configuration and the one commonly 
used in reconstruction algorithms.28,30 We will, in particular, 
examine the limitations of this approach for small VTHz.

The second scheme corresponds to DC voltage sweeps per-
formed under constant current (feedback loop active), where the 
electronic information of the junction is encoded in Δz(V) rather 
than in I(V), where Δz describe the tip retraction during the 
voltage sweep (Refs. 31 and 32). We show that, although less intui-
tive, this approach is better suited for calibrating small VTHz.

For conciseness, we refer to THz spectra acquired in 
constant-height and constant-current modes. In the latter case, the 
total DC is maintained by the feedback loop, with ITHz represent-
ing only a small fraction of the total current.

A. Constant-height THz spectra
The considered I(V) characteristics are shown in Fig. 1(a), 

and their analytical expressions are given in Appendix A. Previous 
calibration approaches rely on the onset of strong nonlinearity in 
the tunneling current.11,29 The black curve represents an idealized 
case with an abrupt transition from a linear to an exponential 
regime at a threshold voltage Vt = 3.0 V. Since the linear regime 
does not produce rectification, a transient voltage within this 
range does not generate any THz current. A finite THz current is 
only obtained when the sum of VDC and the transient amplitude 
VTHz exceeds Vt. While this model is useful for illustration, the 
discontinuity in its first derivative at Vt may introduce non- 
physical artifacts. We further consider two additional models (red 
and blue curves), in which the transition is smoothed using a 
parameter σ, yielding I(VDC) characteristics that are more repre-
sentative of experimental data.
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The transient voltage waveform vTHz(t) is modeled as the dif-
ference of two derivatives of Gaussian functions,

vTHz(t) ! VTHz
N t e

" t2
2w2

1 " A2 (t " tD) e
"(t"tD)2

2w2
2

" #

, (1) 

where N is a normalization factor chosen such that vTHz(t) has a 
peak amplitude VTHz. Using tD = 1 ps, w1 ! w2 ! 0:77=

!!!
2
p

ps, 
and A2 = 1/1.4, the resulting waveform [red trace in Fig. 1(a)] 
closely resembles the experimentally observed shape,10 while 
ensuring numerical stability and reduced noise sensitivity. The 
time integral of vTHz(t) vanishes within numerical precision, 
consistent with the free-space propagation of the THz electric 
field from which the transient voltage at the junction is derived. 
The waveform used throughout the paper is shown as the black 
curve in Fig. 8(a).

For a given VDC, the transient current is given by

iTHz(t) ! I VDC # vTHz(t)$ % " I VDC$ %, (2) 

which yields a constant THz current

ITHz ! fRep

"1=fRep

0
iTHz(t) dt, (3) 

where fRep is the repetition rate of the THz pulses. ITHz is the 
experimentally accessible quantity.

We first consider the case of a sharp linear–exponential tran-
sition. Figure 1(b) shows calculated constant-height THz spectra 
for different values of VTHz (semi-logarithmic scale). For 
VTHz = 1 V (grey curve), the onset of the THz current occurs at 
VDC = 2.0 V, corresponding to Vt − VTHz, as expected. For smaller 
amplitudes, VTHz = 0.32 V (brown curve) and VTHz = 0.01 V (light 
violet curve), the onset shifts to higher voltages, VDC ≈ 2.68 V and 
VDC ≈ 2.99 V, respectively.

The magnitude of the THz current depends strongly on 
the tip–sample distance, i.e., on the tunneling parameters. 
Here, we assume a current of 1 nA at VDC = 2 V. In these con-
ditions, a detection threshold on the order of 1 fA (dashed 
lines in Fig. 1) is required to identify the onsets. This small 
detection threshold may, in principle, be increased by reducing 
the tip–sample distance. However, reaching these onset volt-
ages requires large VDC, which combined to large DC tunnel-
ing currents may lead to junction instability or damage. This 
already highlights the difficulty of determining small VTHz 
when Vt is large.

When the transition in I(V) is smoothed [Figs. 1(c) and 1(d), 
with σ = 0.1 and 0.3 V, respectively], the onset of the THz current 
becomes significantly less pronounced. Instead, ITHz increases 
gradually with VDC. For example, for σ = 0.3 and VTHz = 0.32 V 
[brown curve in Fig. 1(d)], the THz current increases from 
2 H 10−3 pA at VDC = 2 V to ≈1.4 pA at VDC = 3.2 V, without a 
well-defined onset.

At these voltages, the relative magnitude of the THz current 
is also unfavorable. At VDC = 3.0 V, we obtain ITHz ≈ 0.46 pA (for 
σ = 0.3 and VTHz = 0.32 V) for a DC of IDC ≈ 3.6 nA, 

FIG. 1. Simulated rectification of THz voltage transients in constant-height 
mode. (a) Idealized current–voltage characteristic (black curve) with a sharp 
transition from linear to exponential behavior at 3.0 V. The characteristics 
shown in red and blue have additional smoothing (see Appendix A). The red 
line depicts the temporal evolution of a transient voltage pulse with amplitude 
VTHz, as induced by coupling THz radiation to the STM junction. (b)–(d) 
Simulated THz spectra for different amplitudes VTHz as indicated in the legend 
using the I(V) characteristic with respectively sharp, smoothed with σ = 0.1 V 
and smoothed with σ = 0.3 V transitions. The horizontal dashed lines indicate 
a THz current of 1 fA, used here as an optimistic reference level. THz currents 
of this magnitude are experimentally challenging to measure and fall below the 
detection limit of many instruments.
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corresponding to a ratio of ∼10−4. Moreover, a reliable determina-
tion of VTHz requires precise measurements of both the I–V char-
acteristic and the THz spectra. In particular, accurately measuring 
the I–V characteristic over a wide dynamic range is not straightfor-
ward, as further illustrated in Sec. III B.

In summary, determining small transient voltage amplitudes 
from the nonlinearity of I(V) at large VDC is inherently challeng-
ing, especially when the transition to the nonlinear regime is not 
well defined.

B. Constant-current THz spectra
For constant-current spectroscopic measurements, the feed-

back loop retracts the tip as the sample voltage is increased in 
order to maintain a constant current IDC. The electronic informa-
tion of the junction is, therefore, encoded in Δz(V) curves. The 
interpretation is less direct than in constant-height measurements. 
However, this approach avoids excessively large currents at high 
voltages (and very small currents at low voltages), thereby provid-
ing a wide dynamic range for spectroscopy. This advantage has 
been widely exploited to record dI/dV(V)|I=const spectra. Under 
suitable assumptions on the tunneling process, and using the mea-
sured Δz(V), such spectra can be converted into conventional 
dI/dV(V)|z=const spectra.31,32 Our approach follows a similar strat-
egy: based on experimentally constrained assumptions, we recon-
struct THz spectra.

As an illustrative example, we use the Δz(V) curve shown in 
Fig. 2(a) (see Appendix B for details). For VDC * 3 V, the differen-
tial conductance increases strongly due to tunneling into the con-
duction band (e.g., of a NaCl bilayer), which forces a rapid tip 
retraction to maintain a constant current.

An important aspect of these measurements is the finite 
response time of the feedback loop. While the feedback is suffi-
ciently fast to follow changes in VDC, it is too slow to respond to 
the THz-induced voltage transient. As a result, IDC remains effec-
tively constant during the transient, while a rectification process 
similar to that described in Sec. II A takes place. In practice, the 
rectification occurs with an effective I(V)|z=const characteristic, but 
the tip height z depends on VDC and, therefore, modifies this 
characteristic.

Rather than measuring I(V)|z=const explicitly at each tip– 
sample distance, we reconstruct it from the measured Δz(V), 
assuming small transient amplitudes VTHz. For illustration, con-
sider an I(V)|z=const curve with a sharp increase near a voltage V1 
and a much weaker variation near V2. In constant-current opera-
tion, a small increase of V above V1 leads to a strong tip retraction, 
whereas Δz remains nearly constant near V2. In the following, we 
derive a relation linking these quantities.

The tunneling current depends on both voltage V and tip– 
sample distance z and is written as33

I(V, z) ! f (V) exp "2κz$ %, (4) 

where κ is the decay constant and f(V) is an unknown function. 
Under constant-current conditions, I(V, z) = I0 and z → Δz(V), 

yielding

I0 ! f (V) exp "2κΔz(V)& ’, (5) 

and thus f (V) ! I0exp[2κΔz(V)].

FIG. 2. Simulated rectification of THz voltage pulses in constant-current 
mode. (a) Assumed vertical tip excursion as a function of the DC sample 
voltage for a fixed DC of 70 pA, inspired from measurements on bilayer NaCl 
on Ag(111). The inset shows the corresponding simulated dI/dV(V) assuming a 
modulation voltage of 0.5 V. (b) Simulated THz current as a function of DC 
sample voltage for different amplitudes of the transient voltage VTHz (see the 
legend). (c) Maximum THz current obtained for different THz amplitudes VTHz. 
The inset shows the DC voltage at which the maximum THz current is 
reached for each VTHz. The horizontal dashed line indicates a THz current of 
1 fA, providing an estimate of the experimental detection limit.
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This allows us to reconstruct an effective constant-height 
current–voltage characteristic at a reference height Δz0 = Δz(V0),

~I(V, Δz0) ! f (V) exp "2κΔz0$ % (6) 

! I0 exp 2κ Δz(V)" Δz(V0)$ %& ’: (7) 

For V = V0, one recovers ~I ! I0, as required. For clarity, we rewrite 
Eq. (7) as

~I V(t), Δz(VDC)$ % ! I0 exp 2κ Δz(V(t))" Δz(VDC)$ %& ’, (8) 

where VDC sets the tip–sample distance via the feedback loop and 
V(t) denotes the total voltage including the transient. In the limit 
V(t) → VDC, one obtains ~I ! I0, as expected. The transient current 
is then given by

iTHz(t) ! ~I V(t), Δz(VDC)$ % " I0, (9) 

and the corresponding THz current is obtained from Eq. (3).
Figure 2(b) shows THz spectra computed for different tran-

sient amplitudes VTHz. A relatively low setpoint current of 70 pA 
is used and we used κ = 0.37 Å−1, which is motivated by experi-
mental measurements, discussed in Sec. III A. The spectra exhibit 
a broad peak between ≈3 and 4 V, corresponding to the voltage 
range where Δz(VDC) varies most strongly. For VTHz = 0.02 V, the 
peak reaches ≈10 fA, while it exceeds 1 pA for VTHz = 0.5 V. With 
increasing VTHz, both the peak position shifts to higher VDC and 
the peak width increases.

To quantify these trends, Fig. 2(c) shows the maximum THz 
current as a function of VTHz, with the corresponding VDC values 
indicated in the inset. The maximum current is highly sensitive to 
VTHz. For instance, it increases by one order of magnitude, from 
10 to 100 fA, when VTHz is increased from 0.02 to 0.12 V. A 
further increase to VTHz = 0.37 V raises the maximum THz current 
to ∼1 pA. These values remain relatively small due to the low set-
point current I0 = 70 pA, but the relative signal is significant (e.g., 
∼10−3 for VTHz = 0.1 V and → 3% for VTHz = 0.5 V). Therefore, 
although the tip retracts during constant-current measurements, 
the ratio between the THz current and the setpoint current is 
enhanced (within a certain voltage range and for small THz ampli-
tudes), thereby facilitating lock-in detection of the THz current.34

A key advantage of this approach is that several observables— 
the peak amplitude of ITHz(VDC), its position, width, and onset— 
all depend on VTHz. This redundancy improves the robustness of 
the experimental determination of VTHz.

The behavior of ITHz(VDC) can be understood qualitatively as 
follows. At low voltages, the nearly linear I(VDC) characteristic 
does not rectify the transient voltage much, resulting in a very 
small THz current. Around VDC ≈ 2.5–2.7 V, the nonlinearity 
becomes accessible within the range VDC to VDC + VTHz, leading 
to an increasing THz current. At higher voltages (VDC * 3:2 V), 
the THz current decreases despite the persistence of nonlinearity. 
This results from the combined effects that (i) both IDC and ITHz 
decay exponentially with increasing tip–sample distance, (ii) the 
variation of IDC reflects the local electronic structure at VDC, and 

(iii) ITHz depends on the nonlinearity of I(V) over the interval 
[VDC, VDC + VTHz]. In this regime, the nonlinearity does not 
increase further (and may even decrease), while the tip retracts sig-
nificantly, leading to an overall suppression of ITHz.

III. EXPERIMENTS
A. Characterization of the NaCl bilayer

NaCl deposited on Ag(111) grows in the form of bilayer 
islands.35,36 NaCl is essentially insulating, with an electronic 
bandgap extending from ≈−5 to ≈3 V (Ref. 35). At intermediate 
voltages, however, the finite thickness of the NaCl bilayer still 
allows tunneling into the underlying Ag(111) substrate.

Figure 3(a) shows a representative STM image of the Ag(111) 
surface after NaCl deposition. Three roughly square bilayer islands 
with lateral dimensions of ≈50 nm are observed, with the upper- 
right island spanning a step edge of the Ag(111) surface. The cor-
responding height profile across the lower-right island is shown in 
Fig. 3(b), yielding an apparent height of 3.5 Å at 2 V.

Constant-height current–voltage characteristics measured on 
such islands exhibit an almost vanishing current up to sample 
voltages of ≈3.2 V, followed by a sharp increase in tunneling 

FIG. 3. Experimental characterization of the NaCl/Ag(111) sample. (a) 
Representative topograph of Ag(111) decorated with 2-ML-high NaCl bilayer 
islands, one of which spans a step edge. The image was acquired at 2 V and 
a constant current of 60 pA. (b) Height profile along the arrow indicated in (a). 
The NaCl island exhibits an apparent height of 3.5 Å. (c) Current–voltage char-
acteristic measured on top of one island (constant-height measurement, feed-
back loop opened at 3.5 V and 0.2 nA). The inset shows the simultaneously 
acquired dI/dV, obtained using a root-mean-square modulation voltage of 0.5 V. 
(d) Current as a function of tip retraction Δz measured at 3 V. The feedback 
loop was opened at 3 V and 0.07 nA, defining the reference position for the 
tip–sample distance (Δz = 0).
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current [Fig. 3(c)]. This transition to a nonlinear regime is 
exploited here to calibrate the amplitude VTHz. The simultaneously 
acquired dI/dV spectrum shows a corresponding onset, as 
expected. We note that the onset voltage varies slightly between 
islands, likely due to differences in lateral size and associated elec-
tronic properties.

The effective decay constant κ of the tunneling current is a 
key parameter for the proposed VTHz calibration. We, therefore, 
measured the current as a function of tip displacement Δz, as 
shown in Fig. 3(d) (black curve). The data are well described by 
I0exp("2κΔz)# c (red curve), confirming the exponential depen-
dence of the tunneling current on the tip–sample distance 
assumed in the model above. The fit yields κ = 0.37 Å−1, which is 
used in the following analysis. The measurement was performed at 
VDC = 3 V, i.e., in the relevant voltage range. This ensures that any 
reduction of the effective barrier height at high voltage is effec-
tively incorporated into the extracted value of κ, without requiring 
additional corrections.

Indeed, a value of κ close to 1 Å−1 is typically expected for 
a clean metal surface at low voltage.33 Using κ !

!!!!!!!!!!!!
2mfa

p
=ℏ, this 

corresponds to an apparent barrier height of ϕa ≈ 3.85 eV, which 
at low voltage is commonly interpreted as the average of the tip 
and sample work functions. At higher sample voltages, however, 
the apparent barrier height on coinage metal surfaces decreases 
significantly, reaching values of ≈1 eV near 4 V.37 Furthermore, 
measurements on bilayer NaCl islands on Cu(311) report a reduc-
tion of the apparent barrier height by →30%, down to ≈2.8 eV 
compared to the bare metal surface. In the present case, the appar-
ent barrier height is estimated to be on the order of 0.45 eV, 
reflecting the combined effect of the large sample voltage (≈3 V) 
and the presence of the NaCl layer. It is worth noting that such a 
low apparent barrier height indicates that the junction operates 
close to the field-emission regime.

B. Constant-height spectra
We first employ the standard I(V) rectification approach to 

determine VTHz. At large sample voltages (VDC ≈ 3.5 V), the 
current typically has to remain below &0:2 nA to avoid damaging 
the NaCl islands. Under these conditions, the dynamic range of 
the transimpedance amplifiers typically used in STM experiments 
is insufficient to capture the full variation of the current–voltage 
characteristic, particularly near and below the onset of the nonlin-
earity. For example, in Fig. 3(c), the current for VDC & 3:2 V is at 
the noise level of the amplifier, preventing a reliable measurement 
of its variation.

To overcome this limitation, we acquired the I(V) characteris-
tic in segments. Before each segment, the tip height was adjusted 
to keep the current within the measurable dynamic range. The full 
characteristic was then reconstructed by scaling the individual seg-
ments such that the overlapping voltage regions match. The result 
is shown in Fig. 4(a), where different colors indicate different seg-
ments. Between 2.8 and 3.5 V, the current spans approximately 
five orders of magnitude. A similar procedure has been employed 
previously.28

The reconstruction is not perfect. For instance, the red and 
green segments should overlap, but exhibit noticeable deviations, 

particularly in regions of strong nonlinearity. A single I(V) charac-
teristic is constructed by combining the individual segments and 
averaging them in the overlapping regions. The resulting charac-
teristic is then slightly smoothed and, for practical reasons, extrap-
olated toward lower and higher voltages by extending the 
exponential behavior, which appears as a linear trend in the semi- 
logarithmic representation. The resulting I(V) characteristic used 
for the simulations is shown in Fig. 7.

Figure 4(b) shows a representative constant-height THz spec-
trum. The signal is close to zero at low sample voltages and 
increases approximately exponentially, reaching 6 pA near 3.3 V. 
This behavior is consistent with expectations: a finite THz current 
appears once VDC + VTHz reaches the nonlinear regime of I(V).

Constant-height THz spectra were simulated using Eqs. (2)
and (3) for VTHz = 0.26, 0.28, and 0.30 V [dashed curves in 
Fig. 4(b)]. The best agreement with the experimental data is 
obtained for VTHz = 0.28 V (red curve), while VTHz = 0.26 and 
0.30 V provide lower and upper bounds. Considering only the 
agreement between the simulations and the experimental data, the 
uncertainty appears relatively small, on the order of ±0.02 V. 
However, additional sources of uncertainty must be considered, 
such as the accuracy of the reconstructed high-dynamic-range I(V) 
characteristic [Fig. 4(a)], or whether the tip–sample distance used 

FIG. 4. Experimental DC and THz currents in constant-height measurements. 
(a) Reconstructed current–voltage characteristic measured on a NaCl island 
over an extended dynamic current range. The data combine several voltage 
sweeps (shown in different colors), each acquired over a limited voltage range 
at a fixed tip–sample distance. All sweeps are scaled relative to the first one, 
yielding the I(V) characteristic corresponding to opening the feedback loop at 
V = 2.8 V and I = 0.2 nA. (b) Measured constant-height THz spectrum (black), 
compared with three simulations (VTHz = 0.26, 0.28, and 0.30 V).
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for the reconstructed I(V) precisely matches that of the measured 
THz spectrum.

Quantifying these uncertainties is challenging because, in the 
present case, the analysis relies solely on the shape of ITHz(VDC). 
For larger transient amplitudes VTHz and sharper nonlinearities, 
the onset of the THz spectrum would provide an additional inde-
pendent observable. This is not the case here for smaller ampli-
tudes. We, therefore, only provide an estimate of the transient 
voltage amplitude, on the order of 0.25 V, rather than a precise 
value.

C. Constant-current spectra
As described in Sec. II B, the electronic information in 

constant-current spectroscopy is encoded in the Δz(V) depen-
dence. Figure 5(a) shows a representative spectrum acquired on a 
bilayer NaCl/Ag(111) at a constant current I0 = 70 pA. From 
VDC = 2.6 to ≈3.1 V, the tip retracts approximately linearly with 
increasing VDC. Above this range, the retraction becomes more 
pronounced as tunneling into the conduction band of NaCl sets 
in, followed by a more gradual variation for VDC > 3.2 V.

The simultaneously measured THz current is shown in 
Fig. 5(b). ITHz is essentially zero at low voltages, starts to increase 

at VDC ≈ 2.9 V, reaches a maximum slightly below 3.1 V, and 
decreases again to nearly zero for VDC > 3.2 V.

Using Eqs. (3) and (9), we simulate the THz spectra for 
VTHz = 0.20, 0.25, and 0.30 V (red tones in Fig. 5). The simulation 
for VTHz = 0.25 V (red curve) reproduces the experimental spec-
trum well, capturing both the peak amplitude and width, as well 
as the onset of the signal. In contrast, VTHz = 0.20 V yields a peak 
that is too small and too narrow, with an onset at higher voltage. 
For VTHz = 0.30 V, the simulated peak is too large and too broad, 
and the onset occurs at lower voltage. Based solely on the agree-
ment between the simulations and the experimental data, the 
uncertainty in the THz amplitude is estimated to be on the order 
of 0.01 V.

These three simulations highlight that, in this measurement 
mode, VTHz is encoded not only in the amplitude of the THz spec-
trum, but also in the peak width and onset. In the following, we 
analyze how these observables, as well as the voltage at which the 
THz spectrum reaches its maximum, depend on the transient 
amplitude VTHz. Although the tunneling decay constant κ was 
inferred experimentally, we also consider its variability and show 
that an accurate calibration of VTHz does not require precise 
knowledge of κ.

Figures 6(a)–6(d) show the peak amplitude, peak width, peak 
position, and peak onset of the THz spectrum as functions of both 
VTHz and κ, displayed as two-dimensional maps where the color 
encodes the corresponding values. All maps are obtained from 
simulations based on the experimental constant-current Δz(V) 
curve shown in Fig. 5(a). The peak onset provides the most intui-
tive observable, as it depends only weakly on κ. With increasing 
VTHz, the onset shifts to lower voltages, since the nonlinear regime 
is reached when VDC + VTHz exceeds the threshold. A similar 
trend is observed for the peak position, but with a significantly 
smaller variation. Over a VTHz range of 0.6 V, the peak position 
shifts by only ≈0.04 V, whereas the onset varies by ≈0.3 V. We, 
therefore, conclude that the peak position is of limited practical 
use for calibrating VTHz.

We next consider the experimentally determined values 
from the spectrum shown in Fig. 5(b): a THz current amplitude 
of 3.33 ± 0.5 pA, a full width at half maximum of 0.13 ± 0.1 V, 
and an onset voltage of 2.94 ± 0.1 V. We then identify the 
combinations of VTHz and κ that reproduce these observables. In 
Fig. 6(e), the green, red, and blue curves correspond to the 
parameter sets yielding the correct amplitude, peak width, and 
onset, respectively. The curves intersect at κ ≈ 0.38 Å−1, in excel-
lent agreement with the independently measured value of 
0.37 Å−1, and at VTHz ≈ 0.25 V.

This value is slightly lower than the VTHz = 0.28 V 
obtained from the constant-height method [Fig. 4(b)]. Since 
the THz excitation conditions were not intentionally modi-
fied, both measurements are expected to yield comparable 
amplitudes. The discrepancy may arise from differences in tip 
termination, which can affect the coupling of the THz field 
and thus the effective transient voltage. Alternatively, it may 
reflect limitations of the constant-height approach, where 
reconstructing I(V) over a large dynamic range—particularly 
across sharp changes in conduction—introduces additional 
uncertainty.

FIG. 5. Experimental constant-current THz spectrum. (a) Tip retraction as a 
function of sample voltage with the feedback loop active, regulating to a DC of 
70 pA. (b) Simultaneously measured THz spectrum (black). The colored 
curves show simulations of THz spectra using the tip retraction shown in (a) 
and assuming three THz voltage amplitudes (VTHz = 0.20, 0.25, and 0.30 V).
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We can nonetheless conclude that the THz setup used here 
provides a transient voltage amplitude on the order of 
VTHz ≈ 0.25 V.

The methodology for calibrating the THz amplitude may be 
summarized as follows. Δz(VDC) and THz spectra are acquired 
under a constant current I0 in the voltage range of the nonlinear-
ity. The decay constant κ can be independently determined from 
an I(z) measurement performed at, or close to, the nonlinear 
region. If the near-field THz waveform is not known from auxil-
iary measurements, it may be approximated using Eq. (1). In the 
present case, the detailed shape of the waveform was found not to 
play a significant role in the determination of the THz amplitude 
(see Appendix D).

The THz spectra are then simulated using Eqs. (3), (7), 
and (9), and VTHz is adjusted until satisfactory agreement with the 
experimental spectra is obtained. Among the different observables, 
the onset, peak width, and peak amplitude are particularly rele-
vant. The onset is likely the least sensitive to uncertainties in the 
exact THz waveform.

IV. CONCLUSION
Using a combination of simulations and experimental data, 

we have analyzed different methods to calibrate the amplitude of 
THz-induced voltage transients, with particular emphasis on small 
amplitudes. These approaches rely on the nonlinearity of the 
current–voltage characteristic, which is required for rectification 
and, thus, for the detection of a THz current. In the standard 
approach, ITHz is measured as a function of VDC at constant 

tip–sample distance. In this configuration, the onset of the I(V) 
characteristic is shifted by VTHz, or the THz spectra are recon-
structed from I(V) assuming a given transient waveform. However, 
both strategies exhibit significant limitations for small VTHz. The 
onset is often poorly defined due to the intrinsic broadening of 
spectroscopic features, and reconstruction methods require accu-
rate knowledge of I(V) over a wide dynamic range, where small 
inaccuracies can lead to large uncertainties in VTHz.

We instead propose a method based on constant-current 
measurements, together with a corresponding reconstruction 
scheme. As demonstrated experimentally for a NaCl bilayer on 
Ag(111) at the onset of the conduction band, the resulting 
THz spectra exhibit a broad peak. The peak amplitude, width, and 
onset are all directly related to VTHz, providing multiple observ-
ables for its determination and thereby improving robustness, par-
ticularly at small amplitudes. In addition, this approach enables 
the use of nonlinearities in I(V) occurring at large DC voltages. 
Constant-current operation allows measurements over a wide 
dynamic range while maintaining low DCs, thereby avoiding insta-
bility or damage of the STM junction that would otherwise occur 
in constant-height measurements at high voltages. Overall, this 
method provides a reliable framework for calibrating THz-induced 
voltage transients, especially in the regime of small amplitudes.

V. METHODS
The THz-STM setup employed in this work is described in 

Ref. 10. THz radiation is generated using a femtosecond fiber 
laser (T-Light, Menlo Systems) combined with photoconductive 

FIG. 6. Influence of the parameters in reproducing the THz current profile. Simulations such as those shown in Fig. 5(b) were performed for a wide range of tunneling 
decay constants κ and THz voltage amplitudes VTHz. From the simulated THz current profiles as a function of the DC sample voltage, the maps in (a)–(d) show, in a 
color-coded representation, the peak amplitude (pA), the full width at half maximum (V), the sample voltage at which the current reaches its maximum (V), and the 
onset voltage at which the peak reaches 10% of its maximum value. (e) Combinations of decay constant κ and THz amplitude VTHz reproducing the experimental peak 
amplitude of 3.33 ± 0.5 pA (green curve), the experimental full width at half maximum of 0.13 ± 0.1 V (red curve), and the onset voltage of 2.94 ± 0.1 V (blue curve). 
The colored regions indicate the uncertainty of the parameters obtained when propagating the experimental uncertainties of these quantities. The combined constraints 
significantly reduce the accessible parameter space and indicate that the value κ = 0.37 Å−1 used above is reasonable, while the corresponding THz voltage amplitude 
VTHz is on the order of 0.25 V.
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antennas based on InGaAs/InAlAs heterostructures. The system 
employs a pair of photoconductive antennas, typically used for 
pump–probe operation, whose outputs are focused onto the STM 
junction. In the present experiments, the relative delay between 
the pulses was adjusted to maximize the transient field amplitude. 
The repetition rate of the system is fRep = 100 MHz. For a THz 
current of ≈3 pA, this corresponds to a net transfer of only ≈0.2 
electrons per pulse. The lifetime of electrons in the NaCl conduc-
tion band is expected to be ultrashort, and in any case much 
shorter than both the interval between successive THz pulses 
(10 ns) and the average time between tunneling electrons associ-
ated with the DC (≈3 ns for 70 pA). We, therefore, assume that 
the system relaxes back to equilibrium between successive THz 
excitations.

The home-built STM was operated in ultrahigh vacuum 
at a temperature of ≈8 K. The STM tips were fabricated from 
W wire and conditioned by indentation into the Ag(111) 
surface.

The Ag(111) substrate was cleaned in situ by repeated cycles 
of Ne+ sputtering and annealing to 530 °C. NaCl was subsequently 
deposited from a Knudsen cell held at 565 °C, while the sample 
was maintained at room temperature.
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APPENDIX A: CONSTANT-HEIGHT I–V CURVES
We consider two phenomenological models I(V) describing a 

transition from a linear low-voltage regime to an exponential 
increase above a threshold voltage Vt. This mimics, to some 
extent, experimental spectra on NaCl/Ag(111), where the expo-
nential onset corresponds to tunneling into the conduction band 

of NaCl, while the linear behavior below Vt accounts for finite 
tunneling within the bandgap.

The linear regime does not rectify THz-induced transient 
voltages and, therefore, does not generate a THz current. A THz 
current is only observed when the transient voltage reaches the 
nonlinear regime. This property has been used to calibrate large 
transient voltages. Its applicability at low amplitudes depends on 
the sharpness of the transition between the linear and exponential 
regimes. The two models introduced below describe different tran-
sition smoothness.

The simplest model is a piecewise linear–exponential func-
tion,

I1(V) ! A m V, V ( Vt ,
A m Vt exp(k(V " Vt)), V . Vt ,

#
(A1) 

which is continuous at Vt but exhibits a discontinuity in its first 
derivative.

To obtain a smooth transition, we introduce a regularized 
positive-part function

gσ(V) ! 1
2 (V " Vt)#

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
(V " Vt)2 # σ2

q$ %
, (A2) 

which interpolates smoothly between 0 for V ≪ Vt and V − Vt for 
V ≫ Vt. The corresponding smooth current is defined as

I2(V) ! A m V
# A m Vt exp(k gσ(V))" exp(k gσ(0))

& ’
: (A3) 

This construction ensures I2(0) = 0, reproduces the linear behavior 
I2(V) ≈ A m V for V ≪ Vt, and recovers the same asymptotic expo-
nential behavior as I1 for V ≫ Vt. A third model, I3, is obtained by 
increasing the smoothing parameter from σ = 0.1 V to σ = 0.3 V, 
leading to a broader and more gradual transition region while pre-
serving the same low- and high-voltage asymptotics. For the 
curves shown in Fig. 1(a), we use Vt = 3.0 V, m = 0.0004, k = 6 V−1, 
and A = 1250 nA/V.

APPENDIX B: CONSTANT-CURRENT Z–V CURVES
We assume an exponential dependence of the tunneling 

current on the tip–sample distance,

I ! I0 exp "2κΔz$ %, (B1) 

which can be inverted as

Δz ! " 1
2κ

ln I
I0

( )
: (B2) 

We model the density of states by a Gaussian centered at 
V0 = 3.67 V with a standard deviation σ0 = 0.26 V and consider

Δz(V) ! " 1
2κ

ln
"VDC

0
dV exp " V " V0!!!

2
p

σ0

( )2
" #

#m
 !

# z0:
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This expression mimics the experimentally observed Δz(V) for a 
NaCl bilayer on Ag(111). The parameter m = 0.0004 introduces a 
finite tunneling contribution within the NaCl bandgap. The offset 
z0 is chosen such that Δz = 0 at V = 1 V. We use κ = 0.37 Å−1, as 
inferred experimentally [see Fig. 3(d)]. The resulting Δz(V) curve 
is shown in Fig. 2(a).

APPENDIX C: EXTENDED RANGE FOR I–V
Figure 7 shows the extended I–V characteristic used to 

compute the constant-height spectra in Fig. 4(b). The characteris-
tic is extrapolated toward lower and higher sample voltages, which 
is required to evaluate the THz signal over the full voltage range of 
interest. For example, determining ITHz at VDC = 3.5 V requires 
knowledge of I(V) up to VDC + VTHz.

APPENDIX D: DEPENDENCE OF VTHz DETERMINATION 
ON THE TRANSIENT WAVEFORM

The simulations of the THz spectra presented in the paper 
were performed using a specific transient-voltage waveform 
[shown in Fig. 1 and reproduced in Fig. 8(a) as the black curve], 
computed using Eq. (1) with A2 = 1/1.4. This waveform corre-
sponds to a predominantly unipolar pulse and mimics the THz 
waveform measured experimentally in the far field.10

In this section, we additionally consider a more bipolar-like 
pulse [red curve in Fig. 8(a)], generated with the same positive 
peak amplitude as the previous waveform (0.25 V in the present 
case). The corresponding THz spectrum, shown in Fig. 8(b), 
differs only weakly from the unipolar case. The amplitude 
increases by approximately 7%, while the overall spectral shape 
remains very similar. In particular, no significant shift of the onset 
or peak position is observed.

This weak dependence of the THz spectrum on the waveform 
can be understood as follows. The shape and amplitude of the 
THz spectrum are primarily governed by the largest positive 

excursions of the transient voltage. When the negative part of the 
waveform would contribute significantly to the rectification 
process, the tip has already retracted to maintain the DC constant.

The moderate increase in THz-current amplitude obtained 
with the bipolar waveform originates from the effectively broader 
positive portion of the pulse, which generates additional rectified 
current. The amplitude of the THz spectrum could, therefore, 
potentially provide information about the temporal width of the 
relevant positive part of the transient voltage.
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