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Abstract:  

Coupling an intense electric field of terahertz (THz) pulse to a scanning tunneling microscope (STM) 

has opened new avenues for conducting ultrafast electron manipulation and tracking quantum 

dynamics at the nanometer spatial resolution. Here we combined the THz-field-driven STM with a 

photon detection system and demonstrated nanospectroscopic investigations of STM-induced 

luminescence triggered by THz-field-driven electrons. Owing to the abundant spectral information of 

photons, we were able to separately measure and characterize luminescence from a localized plasmon 

excited by THz-field- and DC-field-driven inelastic electron tunneling.  We revealed that the plasmon 

excitation by THz-field-driven electrons in our experiment occurred at extremely high voltage and 

current region due to the use of intense THz pulses, which would provide a unique experimental 

platform for exploring the light-matter interactions in a plasmonic nano-cavity. Our method also paves 

the way for investigating quantum energy dynamics accompanying quantum conversions with sub-

picosecond time and atomic-scale spatial resolution. 
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Main text:  

Electron manipulation utilizing the electric field of ultrashort laser pulses is an essential technique 

for revealing fundamental electron dynamics in matters and developing future high-speed electronics1–

13. By coupling the laser pulse to an atomically sharp metal structure, the electric field is confined to 

the nanometer scale beyond the diffraction limit, allowing control over the electrons with extremely 

high spatiotemporal resolution1–12. Recently, a single-cycle THz electric field was installed in an STM 

(THz-STM)1–9 and used to track and control carrier dynamics in matter2,3 and molecular motions1,4. 

Although a THz-STM is capable of conducting real-time investigations of these dynamics, 

measurement of energy dissipations accompanying interconversions among various quanta is not yet 

possible because only the THz-field-driven tunneling current is measured in the method.  

Photons emitted during energy dissipations provide essential information for understanding and 

describing energy dynamics. Scanning tunneling luminescence (STL) spectroscopy, which has 

developed rapidly in parallel with THz-STM spectroscopy, can measure photons converted from the 

tunneling electrons of an STM14–30. Owing to its abundant spectroscopic information on photon energy, 

intensity, polarization and emission efficiency, STL spectroscopy has unveiled various energy 

dynamics triggered by electron tunneling, such as electronic excitation and relaxation24–28, energy 

conversion18,29 and energy transfer30, in quantum systems with nanometer spatial resolution. 

Here, we report the development of THz-field-driven STL (THz-STL) spectroscopy by combining 

the THz-STM and STL techniques to capture the energy dynamics triggered by ultrafast electron 

tunneling (Fig. 1a). THz pulses were guided into a low-temperature STM and focused onto the tip by 

using a lens placed on the STM stage. Photons induced by the THz transients were collected using 

another lens and directed to a photon detector (see Methods section). We measured visible photon 

emission from the radiative decay of the collective oscillation of electrons (plasmon)14–22,26,27 as a 

demonstration of nanospectroscopic investigation on energy dynamics by THz-STL spectroscopy.  
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A single-cycle THz pulse with a maximum electric field of 188 V/cm (Fig. 1b) was focused onto a 

Au tip to drive electrons in the STM junction (Fig. S1). Figure 1c shows a current trace recorded on 

Ag(111), where the current induced by THz pulses (ITHz) was measured as 2.65 pA. Since the repetition 

rate of the laser was 100 kHz, a single THz pulse drove ~165 net electrons in the case shown in Fig. 

1c. According to the simulation based on the Simmons model2,5,6,10,31, for the electron tunneling 

probability, the maximum magnitude of the voltage applied by the THz pulse (VTHz) was estimated to 

be ~6.5 V (Fig. S2). 

Figure 1d shows luminescence spectra when the THz pulse was either introduced to the STM (red 

spectrum) or blocked (grey spectrum). Whereas no peak is evident in the grey spectrum, a broad peak 

ranging from 1.3 eV to 2.3 eV appears in the red spectrum, indicating that the peak was due to the THz 

pulses.  

Figures 2a and 2b show a series of THz-STL spectra and current traces at different THz intensities. 

When the THz intensity was the highest (θ = 0°), the magnitudes of the THz-STL and ITHz signals were 

the largest and the intensities decreased with decreasing THz intensities. Figure 2c shows the ITHz 

dependence of luminescence intensity. The luminescence intensity was increased as the ITHz was 

increased, which clearly shows that the observed luminescence was triggered by the THz transients.  

It is well known that a broad peak in a steady-state STL spectrum of a metallic tip-sample junction 

originates from the radiative decay of a plasmon localized in the gap14–22,26,27, which is excited by 

inelastic tunneling (IET). Since the resonance shape of the localized plasmon can be tuned by 

modifying the tip condition18,26,27, we prepared three different tip conditions and measured THz-STL 

and steady-state STL spectra to confirm the origin of the broad peak in the THz-STL spectra (Fig. 2d). 

The shapes of the THz-STL spectra were identical to those of the corresponding steady-state STL 

spectra, indicating that the broad peak originated from a localized plasmon excited by the THz-field-
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driven electrons. Thus, we concluded that THz-field-driven IET accompanying plasmon excitation 

occurred during the THz-STL measurements.  

To elucidate the mechanistic differences of plasmon excitations by the static and pulsed electric 

fields, we compared the plasmon excitations by DC-field-driven and THz-field-driven electrons in 

THz-STL and STL measurements. The grey spectrum in Fig. 3a is an STL spectrum obtained with the 

feedback loop turned off with DC sample voltage (VDC) of 1.9 V and tunnel current (IDC) of 10 pA. A 

broad peak due to luminescence from a localized plasmon was observed with a quantum cut-off at 1.9 

eV determined by VDC = 1.9 V. When the THz pulse was irradiated, the total current increased to 13 

pA (inset, Fig. 3a) and the luminescence intensity in the THz-STL spectrum (shown in blue in Fig. 3a) 

was slightly increased below 1.9 eV and additional luminescence was observed above 1.9 eV.  

Next, we changed VDC from 1.5 to 2.0 V and measured THz-STL and STL spectra (Fig. 3b). The 

cut-off energies of plasmon were shifted depending on VDC in the STL spectra. In all the THz-STL 

spectra, luminescence induced by THz transients was observed above the cut-off energies and the 

luminescence intensities were slightly increased below the cut-off energies. To extract the 

luminescence component due to the THz transients, we subtracted the STL spectra from the THz-STL 

spectra (Fig. 3c) and found that the luminescence components were almost identical for all the THz-

STL spectra with different VDC. These results indicate that the VTHz, which reached 6.5 V at maximum, 

excites a plasmon regardless of VDC. 

These results also show that the luminescence peak originating from the DC electron tunneling was 

not affected by the presence or absence of THz pulses. The independence of plasmon excitation by 

ITHz and IDC can be rationalized by considering how these currents flow. As shown in Fig. 1c, ~165 net 

electrons were driven by a THz pulse with 100 kHz repetition. In contrast, when IDC = 10 pA, the 

average time interval between DC electron tunneling events was 16 ns, corresponding to an average 
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repetition rate of 62 MHz. Owing to this mismatch of repetition rates, the plasmon excitation by THz-

field-driven IET was independent of DC-driven IET. 

To further investigate the THz-field-driven IET, we examined the luminescence efficiency of the 

localized plasmon. As shown by the spectral features below 1.9 eV in the THz-STL and STL spectra 

(Fig. 3a), the luminescence efficiency of the localized plasmon by ITHz was smaller than that of IDC, 

which is precisely confirmed in Fig. S3. This is because the plasmon luminescence efficiency varies 

within the picosecond timescale owing to the time evolution of VTHz (VTHz(t); Fig. 3d). Since the 

magnitude of VTHz(t) reached a maximum of ~6.5 V, elastic tunneling (ET) and IET via a field emission 

resonance (FER) should be taken into account in our THz-STL experiments (Figs. S4 and S5). When 

ET to a FER is the dominant tunneling process (Fig. 3d(ii)), the luminescence efficiency of a localized 

plasmon is small because ET cannot contribute to its excitation (as experimentally confirmed by 

steady-state STL measurements in Fig. S5 and previous reports15,19). In contrast, when a higher voltage 

is applied to the STM junction (Fig. 3d(iii)), IET pathways via the FER are opened and the localized 

plasmon starts to be excited, increasing the luminescence efficiency. The luminescence efficiency 

during THz-STL measurement varies within the picosecond timescale owing to the changes in VTHz(t) 

but is constant during steady-state STL measurement. Note that the peak top of THz pulse (Fig. 3d(iii)) 

mainly contributes to the plasmon excitation, owing to the highly nonlinear I-V curve at high voltage 

regions. According to the simulation in Fig. S2c, the most of tunneling electrons flow at the moment 

when VTHz reaches ~6.5 V (I = ~250 μA), where the luminescence efficiency per tunneling electron 

may be small compared to the lower voltages in tunnel region. Since many electrons are confined in 

time at VTHz = ~6.5 V, there is also a possibility that the correlation between the tunneling electrons 

may affect the efficiency in our experiment22. It should be noted that the THz-STL spectroscopy is 

capable of characterizing the plasmon excited at this extreme voltage and current condition, which is 

not accessible by the steady-state STL spectroscopy. Furthermore, we anticipate that this unique 
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plasmon source would open the door for novel plasmon-induced chemical reactions under high electric 

field32,33. 

Finally, to examine the spatial resolution in THz-STL spectroscopy, we deposited metal atoms onto 

a Ag(111) surface to fabricate a nanostructure with a different work function34 and conducted THz-

STL measurements. Figure 4a shows an STM image of a Au-island grown on Ag(111). The Au-island 

had a herringbone structure, which is a well-known reconstruction structure on a Au(111) surface10. 

The height of the Au-island was smaller than an atomic step of Ag(111), indicating that the Au forms 

one atomic reconstructed layer on Ag(111). Figure 4b shows THz-STL spectra with the tip located 

over a Au-island or Ag(111). The luminescence efficiency was clearly higher in the case of the Au-

island. To demonstrate the nanoscopic capability of the method, we compared the luminescence 

efficiency between the Au-island and Ag(111) surface by acquiring THz-STL spectra along the line 

shown in Fig. 4a. A difference in luminescence intensity was detected at the boundary between the 

Au-island and Ag(111) (Fig. 4c), confirming the nanometer spatial resolution of THz-STL 

spectroscopy. 

In conclusion, we demonstrated the potential of THz-STL spectroscopy for investigating energy 

dynamics triggered by THz transients. Owing to the abundant spectral information, we clarified the 

properties of plasmon excitation triggered by the intense THz single-cycle pulse. The use of intense 

THz-field instead of DC-field offers a novel opportunity to utilize a plasmonic nano-cavity at extreme 

conditions and investigate light-matter interactions in the cavity, such as Raman scattering35–37, field-

induced phase transition38, and chemical reaction32. Furthermore, by monitoring the photon intensity 

as a function of time after THz pulse irradiation, various energy dynamics triggered by electron 

tunneling in matters including semiconductors2,3,24,25 and molecular systems1,4,18,26–30 can be measured 

with the sub-nanometer spatial resolution of an SMT. We anticipate that this real-time and real-space 

spectroscopy offers prospects for sensing and controlling quantum systems, providing novel insights 

and advances in nanoscale science and technology.   
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Methods 

Methods and associated references are available in the Supporting Information.  
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Figure 1. (a) Schematic of THz-STL measurement. The intensity of the THz electric field is adjustable by 

changing the relative angle (θ) of wire grid polarizers (WGPs). The inset shows the basic concept. Luminescence 

from a localized plasmon is induced by THz-field-driven inelastically tunneled electrons. (b) Temporal profile 

of a single-cycle THz electric field measured using electro-optical sampling. (c) Current trace with and without 

THz pulses. The feedback loop was turned off when the DC sample voltage (VDC) was 1.0 V and tunnel current 

(IDC) was 10 pA, then VDC was changed to 0 V, leading IDC = 0 pA. (d) THz-STL spectra of Ag(111) (VDC = 0 

V, exposure time t = 120 s) with (red spectrum) and without (grey spectrum) THz.  
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Figure 2. (a) THz intensity dependence of THz-STL spectra (VDC = 0 V, t = 120 sec). The intensity of the THz 

electric field was changed by using two wire grid polarizers (WGPs) as shown in Fig. 1(a). WGP#2 was fixed 

to introduce parallel-polarized THz pulses to the tip-sample direction, and the angle of WGP#1 with respect to 

WGP#2 (θ) was changed from 0° to 45°. The spectrum at 0° is identical to the one in Fig. 1d. (b) THz intensity 

dependence of current traces. (c) ITHz dependence of luminescence intensity (VDC = 0 V, t = 120 sec). (d) THz-

STL and STL spectra obtained with three different tip conditions. Darker colors denote THz-STL spectra (VDC 

= 0 V) and lighter colors STL spectra (VDC = 2.5 V). The dark red spectrum is identical to the one in Fig. 1d. 
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Figure 3. (a) THz-STL (blue) and STL (grey) spectra at VDC = 1.9 V (t = 120 s). During luminescence 

measurements, the feedback loop was turned off at VDC = 1.9 V and IDC = 10 pA. Inset shows the current trace 

at VDC = 1.9 V with IDC and ITHz components distinguished by grey and blue rectangles, respectively. The cut-

off energy is shown as an arrow. (b) Series of THz-STL (darker color) and STL (lighter color) spectra at different 

VDC (1.5 < VDC < 2.0 V, IDC = 10 pA, t = 120 s): purple 2.0 V, blue 1.9 V (identical to spectra in Fig. 3(a)), pink 

1.8 V, green 1.7 V, orange 1.6 V, red 1.5 V. The shift in cut-off energy in STL spectra is indicated by a dotted 

line. (c) Subtraction of THz-STL from STL spectra in b (blue; 1.9 V, red; 1.5 V).  (d) Schematic of plasmon 

excitation mechanisms. VTHz varied within the picosecond timescale (red line). Depending on the time evolution 

of the voltage, the energy diagram at the STM junction changed according to (i)-(iii): (i) shows the IET process 

(sky-blue arrow) at the tunneling region, (ii) shows energy diagram when the ET process to the FER (green 

arrow) is more dominant than the IET accompanying plasmon excitation, (iii) shows the IET process via the 

FER. 
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Figure 4. (a) STM image of Au-island/Ag(111) (50 × 50 nm2, VDC = 1.0 V, IDC = 10 pA). (b) THz-STL spectra 

of Au-island (red spectrum) and Ag(111) (blue spectrum) obtained at VDC = 0 V and t = 120 s. The THz-STL 

spectra of the Au-island and Ag(111) were measured with the tip located at red and blue points in Fig. 4(a), 

respectively. (c) Height profile and photon efficiency profile along the white line in Fig. 4(a). THz-STL spectra 

were measured at VDC = 0 V and t = 120 s. 
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I. Methods 
THz pulse generation 

Figure S1a shows a schematic of the THz pulse generation. We used a Yb fiber laser with a 
repetition rate of 100 kHz, pulse duration of 200 fs, center wavelength of 1030 nm, and the pulse 
energy of 8 μJ (FCPA μJewel, IMRA America Inc.). The 8 μJ laser pulse with relatively low 
repatriation rate allows us to implement the plasmon excitation with an extremely high transient 
voltage (~6.5 V) at an STM junction, as explained in sections II and III. Single-cycle THz pulses 
were generated using a LiNbO3 prism with tilted pulse-front configuration1–7. The generated THz 
pulses were then collimated by an off-axis parabolic mirror and passed through a pair of wire grid 
polarizers (WGP#1 and #2) to tune the field strength. WGP#2 was fixed to introduce parallel-
polarized THz pulses to the tip-sample direction, and the angle of WGP#1 with respect to WGP#2 
was changed to control the electric field intensity, with the relative angle between the WGPs 
defined as θ. 

The waveform and electric field strength of the generated THz pulses were evaluated by 
electro-optical (EO) sampling. The probe pulses for EO sampling were made collinear to the THz 
pulses by using a THz-near-infrared beam splitter and focusing onto an EO crystal (1 mm thick 
ZnTe(110) crystal). The electric field strength was evaluated by assuming an EO coefficient of r41 
= 4.45 pm/V and refractive indices of n1030nm = 2.76 and nTHz = 3.17. According to the EO sampling, 
the maximum field strength was 188 V/cm (Fig. 1b). 

After the EO sampling, THz and probe pulses were guided into the STM by inserting a 
removable mirror. The probe pulse was used for optical alignment to couple the THz pulses with 
the STM tip. After the alignment, the probe pulse was blocked. During the STM experiments, a 
removable Si wafer was inserted into the path of the THz pulse to block undesired photons 
originating from sum-frequency generation (~515 nm) in LiNbO3. 

 

Coupling THz pulses with an STM 

Figure S1b shows a schematic of the STM (Omicron) setup operating at 5.0 K under ultrahigh 
vacuum (UHV). For introducing the THz pulses into the STM, we used z-cut quartz as a view 
port and Tsurupica (Pax Co.) as optical windows attached to the radiation shields. The THz pulses 
were focused at the STM junction using an aspheric Tsurupica lens (11 mm diameter, 16.8 mm 
focal length). The small diameter of the lens enabled it to be mounted on the vibration-isolated 
stage of the low-temperature STM. 

Figure S1c shows a typical current trace recorded with illuminating THz pulses. The drift in 
the tunnel current was sufficiently low (typically 0.05 pA/min) to ensure highly stable THz-STL 
measurements. Steady-state STL measurements were also conducted with the feedback loop 
turned off. Therefore, it was possible to compare the THz-STL and steady-state STL spectra (Fig. 
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3).  
 

THz-STL and steady-state STL measurement 

The emitted photons were collected using another glass achromatic lens (11 mm diameter, 17.5 
mm focal length) and were directed out of the UHV chamber, where they were refocused onto a 
grating spectrometer (HRS-300, Princeton Instruments) equipped with a charge-coupled-device 
photon detector (PyLoN: 100BR eXcelon, Princeton Instruments) cooled with liquid nitrogen. In 
all the experiments, a grating with 50 grooves mm−1 was used.  

To block undesired photons originating from the fundamental laser pulses and second-
harmonics at the LiNbO3 prism, 550 nm long-pass and 975 nm short-pass filters were placed in 
front of the spectrometer. 

 

Preparation of sample and tip 

A clean Ag(111) surface was prepared by repeated cycles of Ar+ ion sputtering and annealing. 
Deposition of Au onto Ag(111) was performed using a home-made evaporator. The Ag(111) was 
kept at room temperature during the deposition. The STM tip was prepared by electrochemically 
etching a gold wire in KCl electrolyte8. Plasmon resonance of the tip was tuned by controlled-
indentation and a voltage pulse on the Ag(111) surface, as we reported previously9,10. 

 

 

Figure S1 | Experimental details of THz-STL spectroscopy 
(a) Schematic of THz generation. (b) Schematic of the STM setup. (c) Current trace with 
irradiating THz pulses (VDC = 0 V). 
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II. Model calculation based on the Simmons model  

By coupling the THz pulses to an STM tip, the electric field of THz (ETHz) was confined in the 
nanometer scale, and therefore enhanced at the junction2–6,11–15. Here, we evaluate the maximum 
value of VTHz in our setup using the IDC-VDC curve (Fig. S2a) and temporal profile of the THz pulse 
(Fig. 1b). The measured value of ITHz (e.g. ITHz = 2.65 pA in Fig. 1c) is the summation of the 
temporal current variation because the response of the STM electronics is much slower than the 
picosecond THz transients. As shown in Fig. S2a, a positive VTHz gives a positive current (red 
area), whereas a negative VTHz gives a negative current (blue area). Therefore, the measured ITHz 
is given by 

𝐼!"# = #𝐼!"#(𝑡) d𝑡 = # 𝐼$%(𝑉!"#(𝑡)) d𝑡.																													(1) 

This equation can be used to evaluate the maximum value of VTHz as follows11. 
The current generated by a THz pulse can be roughly estimated as tens of μA by considering 

the current trace result of ITHz = 2.65 pA (Fig. 1c) and repetition rate of 100 kHz. Therefore, it is 
not possible to just use the experimentally obtained IDC-VDC curve (Fig. S2a) to evaluate the 
maximum value of VTHz. To extrapolate the IDC-VDC curve over tens of μA, we assumed that the 
IDC-VDC characteristics followed the Simmons model13, which has been utilized in previous THz-
STM studies4,5,11. We used the following equation for the Simmons model in the field emission 
region:  

𝐽 =
2.2𝑒&𝐹'

8𝜋ℎ𝜙
4exp 8−
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2.96ℎ𝑒𝐹
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&
'=

− >1 +
2𝑒𝑉$%
𝜙 @ exp A−

8𝜋
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(2𝑚)
(
'𝜙

&
' >1 +

2𝑒𝑉$%
𝜙 @

(
'
BC			(2) 

where J is the current density, e is the elementally charge, h is the Planck constant, m is the mass 
of an electron, s is the tunnel barrier width and 𝜙 is the effective work function. F indicates the 
strength of the field given by 𝐹 = 𝑉$%/𝑠. Figure S2b shows the extrapolated IDC-VDC curve based 
on the Simmons model. By using this extrapolated IDC-VDC curve and the THz temporal profile 
(Fig. 1b), we calculated ITHz from equation (1) and evaluated the maximum value of VTHz as ~6.5 
V. Figure S2c shows temporal profile of THz-induced tunneling current (ITHz(t)). According to the 
simulation, the most of tunneling electrons flow at around 3.5 ps, where VTHz reaches ~6.5 V (I = 
~250 μA)14. Furthermore, the THz intensity dependence of ITHz (Fig. 2b) was reasonably well 
reproduced (Fig. S2c), supporting our model calculation using the far-field THz wave form5,6. 
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Figure S2 | Estimation of VTHz based on the Simmons model  
(a) Experimentally obtained IDC-VDC spectrum of Ag(111) (red line in upper panel). The feedback 
loop was turned off at VDC = 1.0 V, IDC = 10 pA. The lower panel shows a schematic of the temporal 
tunnel current induced by a THz pulse. The red area indicates a positive current, whereas the blue 
area indicates a negative current. (b) Extrapolated IDC-VDC curve based on the Simmons model. 
Red cross points show the experimental results (identical with Fig. S2a) and the black line shows 
the calculation result. The inset shows a magnification of the curve at around 4 V (field emission 
region). (c) Temporal profile of THz pulse (upper row), simulation of ITHz(t) (middle row), and 
simulation of the number of net transported electron (lower row). The inset figures magnify at 
VTHz < ~4 V region. (d) Dependence of ITHz on the relative angle (θ) between the wire grid 
polarizers. Red cross points show the experimental results, whereas the black line shows the 
simulated results. 
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III. Comparison of plasmon excitation efficiency between field- and DC-driven electrons 
For comparison of the plasmon excitation efficiency of field- and DC-driven electrons, we 

conducted THz-STL and steady-state STL measurements without changing the distance between 
the tip and metal surface (constant height mode). The grey spectrum in Fig. S3a shows the steady-
state STL spectrum with the feedback loop turned off at VDC = 2.5 V and IDC = 10 pA, whereas 
the red spectrum is the THz-STL spectrum. By adjusting VDC = 3.14 V, the tunnel current in the 
steady-state STL measurement became the same value as that in the THz-STL measurement, as 
shown in the inset. The blue spectrum was obtained under this condition. The luminescence 
intensity of the blue spectrum is larger than that of the red spectrum, indicating that the plasmon 
excitation efficiency of ITHz was smaller than that of IDC. The subtracted spectra are shown in Fig. 
S3b and S3c, which show that the plasmon excitation efficiency by the field-driven electrons was 
10 times smaller than by the DC-driven electrons. By correcting the detection efficiency of our 
setup, the electron-photon conversion efficiencies of THz-STL and STL in Fig. 3a were calculated 
as 0.012% and 0.095%, respectively. 

 

 
Figure S3 | Comparison of plasmon excitation efficiencies between ITHz and IDC 

(a) THz-STL spectrum and STL spectra with the feedback loop turned off at VDC = 2.5 V and IDC 
= 10 pA. The grey spectrum was obtained under the aforementioned conditions, whereas the red 
spectrum was obtained with further illuminating THz pulses. The blue spectrum was obtained at 
VDC = 3.14 V while keeping the tip height constant. The inset shows the current trace in this 
measurement. (b) Subtraction of grey spectrum from red spectrum in Fig. S3a. (c) Subtraction of 
grey spectrum from blue spectrum in Fig. S3a.  
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To elucidate the origin of the efficiency difference between field- and DC-driven electrons, we 
considered that VTHz varied within the picosecond timescale and reached a maximum of ~6.5 V 
(Fig. S2), where the experimental conditions included the field emission (FE) region as well as 
the tunneling region. Figure S4a shows a dZ-dVDC spectrum of Ag(111) obtained by measuring 
the distance between the STM tip and metal surface (Z) as a function of VDC. Multiple peaks in 
the dZ-dVDC spectrum corresponded to resonant tunneling through the FE resonances (FERs) of 
the STM junction.  

The luminescence from a localized plasmon at VDC in the FE region was previously studied by 
the steady-state STL at constant current mode16,17. They found that the efficiency changes in 
accordance with VDC, as schematically shown in Fig. S4b-d. When VDC is in the tunneling region, 
inelastically tunneled electrons excite the localized plasmon (Fig. S4b). When VDC is set at the 
voltage of the 1st FER peak (V1st), elastic tunneling to the FER becomes the dominant tunneling 
channel (Fig. S4c). Since the localized plasmon is excited via the inelastic tunneling (IET) process, 
the luminescence efficiency is small at around V1st. When the voltage is increased to V1st + hν/e, 
IET pathways via the 1st FER, which accompanies the plasmon excitation, are opened (Fig. S4d), 
resulting in increased luminescence efficiency. 

In the previous studies16,17, steady-state STL measurements were conducted with the constant 
current mode. Since the tip height was kept constant in our THz-STL measurements, we 
confirmed an efficiency decrease at around V1st with the constant height mode. Figure S5a shows 
three steady-state STL spectra obtained at VDC = 3.0 V (tunneling region), 4.0 V (the 1st FER peak 
position, V1st) and 4.5 V (above the 1st FER peak position). The red spectrum in Fig. S5a is the 
STL spectrum obtained at VDC = 3.0 V and IDC = 10 pA. When VDC was changed to 4.0 V with the 
feedback turned off, the current increased to ~170 pA (blue line in Fig. S5b) and the luminescence 
intensity also increased (blue spectrum in Fig. S5a). Similarly, when VDC was changed to 4.5 V, 
the current increased to ~13 nA (purple line in Fig. S5b) and the intensity also increased (purple 
spectrum in Fig. S5a). Figure S5c shows the efficiencies of the plasmon luminescence at VDC = 
3.0, 4.0 and 4.5 V, clearly indicating that the efficiency was reduced at around V1st (Fig. S4c). 
Because of the limitations of our STM’s current amplifier, we could not confirm whether the 
efficiency recovered at V1st + hν/e in the constant height mode. However, it can be expected that 
the efficiency would substantially recover since there is no tip retraction in the case of constant 
height mode (Fig. S4d). 

The voltage dependence of the efficiency in steady-state STL spectroscopy may also be 
applicable to THz-STL spectroscopy because VTHz(t) can be treated as quasi-static for the plasmon 
owing to its femtosecond lifetime14. On the basis of all the results and discussions, we concluded 
that the luminescence efficiency during THz-STL measurement varied within the picosecond 
timescale owing to the time evolution of VTHz(t) (Fig. 4), which was responsible for the efficiency 
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difference observed in Figs. 3 and S3.  
 
 

 
Figure S4 | Energy diagrams in the tunnel and field emission regions 
(a) dZ/dVDC spectrum of Ag(111) (IDC = 10 pA). Multiple peaks in the spectrum (labelled as 1st, 
2nd …) originate from the FERs. (b-d) Schematic energy diagrams. Blue rectangles indicate the 
density of states of the tip and Ag(111). (b) VDC is at the tunnelling region, (c) VDC is around V1st, 
(d) VDC is around V1st + hν/e. Elastic tunnelling to the 1st FER is dominant in (c), which causes a 
decrease in luminescence efficiency, as observed in Fig. S5. 
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Figure S5 | Efficiency of plasmon luminescence in the field emission region 
(a) Three STL spectra at VDC = 3.0 (red), 4.0 (blue) and 4.5 V (purple). The feedback loop was 
turned off at VDC = 3.0 V and IDC = 10 pA in all measurements. (b) Three current traces at VDC = 
3.0 (red), 4.0 (blue) and 4.5 V (purple). The inset magnifies the grey rectangular region of the 
main panel. (c) Three STL (efficiency) spectra at VDC = 3.0 (red, left panel), 4.0 (blue, centre 
panel) and 4.5 V (purple, right panel). The spectra in Fig. S5(a) were divided by the IDC in Fig. 
S5(b).  
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