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ABSTRACT: We study the plasmon modes of gold nanorods (as — > 5 Simulation 3

short as ~100 nm) on a nonmetallic conductive substrate using STM Z c| 2

scanning tunneling microscope-induced light emission (STM-LE) é 2 m=3 é 2

with a nonplasmonic tungsten tip at room temperature in high e m=2 ol € L

vacuum (1077 mbar). The far-field light is identified as the radiative ( o] S =2 S 1

decay of plasmon modes on the nanorods excited by inelastic K m=4 a3 4. ;
electron tunneling. The spatial intensity distributions of the first @0(\«\ b, 0% 70
three longitudinal multipolar modes on nanorods are spatially Energy (eV) Energy (eV)

resolved on the order of 10—20 nm. These intensity distributions

are related to the radiative electromagnetic local density of states and agree very well with numerical simulations. We discover that
the presence of the tungsten tip with a high-dielectric constant influences the line shapes of the plasmon spectra and enhances the
strength of the plasmon peaks.
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Bl INTRODUCTION while CL spectra show the projected radiative EM-LDOS."”
The scanning tunneling microscope-induced light emission

Plasmonic nanoantennas are key nano-optics components, (STM-LE) is also known to probe the radiative EM-LDOS by

thanks to their tunable electromagnetic local density of states

(EM-LDOS)." As an analogy to the electronic density of states Trleasu-ring the far-field e@ission liggt_fzr;)m pllasmons excited by
in semiconductors, the EM-LDOS is defined as the density of inelastic electron tunneling (IET). Similar to electrons in
electromagnetic (EM) modes per energy unit in real space. EELS and CL, IET electrons can also be represg.snted as a point
The EM-LDOS also describes the plasmon modes’ density that dipole oscillating along the tunneling direction.” Both electron
can be supported by a plasmonic nanoantenna.”’ By tuning microscopy and STM-LE can spatia(lly probe plasmons on a
the EM-LDOS to the corresponding spectral range, one can scale of 1 nm or slightly above.”»*** Compared with CL and
enhance the efficiency of photovoltaic devices”” and photo- EELS, STM-LE provides a low-voltage technique with higher
detectors,”” as well as increase the spontaneous emission rate excitation energy resolution and shorter interaction range to
of quantum emitters.® Furthermore, in optical spectroscopy, study the radiative EM-LDOS of plasmonic nanostructures,
plasmonic nanoantennas enhance the light—matter coupling while at the same time image their surface topography. STM-
through strongly localized EM fields.”"” LE setups operating in ultra-high vacuum (UHV) at cryogenic
The characterization of the EM-LDOS (i.e,, of the plasmon temperatures may achieve the highest resolution spatially and
modes) is essential in nanoantenna design and different in energy (for a recent overview, see ref 30), albeit at the cost
techniques have been developed to probe the EM-LDOS, such of much more cumbersome specimen exchange and position-
as optical microscopy''~'* and electron microscopy.'>~>* For ing compared with electron microscopy.
optical methods, the excitati(l)illg)f plasmon modes is restricted In this work, we perform experimental measurements and

by the polarization of light, and the spatial resolution is
limited by the diffraction of light or the sizes of near-field
probes. For electron microscopy, for instance, electron energy
loss spectroscopy (EELS)'™"? and cathodoluminescence
(CL),"""~%’ the electron beam works as a broad-band point
dipolar source oscillating above the sample surface.'””* The
electron beam excites the plasmons on metallic nanostructures
locally and provides enhanced spatial resolution. EELS spectra
present the full (including both radiative and nonradiative)
EM-LDOS projected along the orientation of the point dipole,

numerical calculations on the far-field radiation of short Au
nanorods by STM-LE. In previous publications, multipolar
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Figure 1. (a) SEM images of Au nanorods on a Si substrate. (b) STM topography image of a single Au nanorod on an ITO substrate. The STM
parameters are —1.5 V and 100 pA. (¢, d) Simulation results for an Au nanorod with a length L = 100 nm and diameter D = 10 nm. (c) Surface
charge distribution of the dipolar mode (m = 1) and multipolar modes (m =2, 3, 4). The charges are normalized to the maximum and minimum of
each mode. (d) Normalized emission spectra obtained at different excitation locations (marked in panel (c) with colored dots). (e¢) STM-LE
spectra acquired at the same locations on a nanorod of apparent length 123 + 2 nm and width 32 + 2 nm (not corrected for tip convolution). Gray
lines are normalized experimental data and red traces are fitting results. The STM-LE parameters are —3.5 V, 50 nA, and 60 s. The spectra in panels

(d) and (e) are vertically shifted for legibility.

plasmon modes on metallic nanorods have been resolved
spatially using EELS'®" or CL.'"*° Here, in our work, we use
STM-LE to probe the radiative EM-LDOS of Au nanorods
with a length as short as ~100 nm. Up to three longitudinal
multipolar plasmon modes on Au nanorods are excited by
STM electrons. The spatial intensity distributions of different
plasmon modes agree well with the radiative EM-LDOS in
numerical simulations. Furthermore, these plasmon modes
exhibit tip bias-dependent intensities, caused by the IET
excitation mechanism.

Additionally, asymmetric line shapes due to Fano
resonances’' are observed in both simulated and experimental
STM-LE spectra. This asymmetry is induced by the
surrounding dielectric environment, including the substrate
and the STM tip. Moving the position of the STM tip changes
the overall dielectric environment, resulting in small wave-
length shifts for the plasmon modes. Furthermore, the plasmon
wavelengths depend linearly on the aspect ratio of the
nanorods for each multipolar mode. This agrees with
theoretical calculations® and experimental observations in
optical spectroscopy.'*

B RESULTS AND DISCUSSION

We conduct both numerical calculations and STM-LE
experiments to study the radiative plasmon modes of Au
nanorods on an indium tin oxide (ITO) substrate. A tungsten
tip is used to avoid exciting the tip—sample gap plasmons,
thanks to the nonplasmonic optical behavior of tungsten in the
measured spectral range.””’’ Figure la shows scanning
electron microscopy (SEM) images of Au nanorods on a
silicon substrate. The nanorods have identical diameters (D) of
11 = 1 nm and lengths (L) that range from S5 to 155 nm, as
determined by SEM. Figure 1b displays the STM topography
of an Au nanorod on the rough ITO substrate. Figure Ilc
presents the simulation results for the surface charge
distribution of different longitudinal plasmon modes on an
Au nanorod with L = 100 nm and D = 10 nm. The surface
charge distributions are characteristic of a dipolar mode (m =
1) and multipolar modes (m = 2, 3, and 4), which can also be
understood in terms of standing wave-like Fabry—Pérot
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resonances.'”*>** The modes with m = 2 and 4 show
symmetric charge distributions, and the modes with m = 1 and
3 show asymmetric charge distributions. For Fabry—Pérot
cavity resonances, the two nanorod extremities work as
reflecting mirrors and surface plasmons propagate back and
forth along the nanorod.””** According to ref 32 two counter-
propagating plasmon waves are excited in the nanorod, which
can interfere and generate Fabry—Pérot resonances. Therefore,
for each plasmon mode, the surface charge density shows
standing wave-like features.

Figure 1d,e compares the simulated and experimental STM-
LE spectra when the nanorod is excited at three different
locations indicated as color dots in Figure 1c. When a voltage
is applied to the STM tip, electrons can tunnel inelastically
through the tip—sample junction and excite the plasmon
modes on the Au nanorods. The excited plasmons decay
radiatively and generate photons.”” The probability of this IET
process scales with the difference of tip bias voltage (Vy;,,) and
plasmonic photon energy.***® Hence, the simulated spectra are
corrected for the tip bias voltage used in experiments
(additional details are provided in Methods). Different
longitudinal plasmon modes are selectively excited depending
on the location of the STM tip.”**” The plasmon modes show
spatial intensity variations, and further investigation will be
presented later. We find that spectra obtained from simulations
and experiments show asymmetric line shapes typical of Fano
interference.'”*"*® The experimental STM-LE spectra can be
very well fitted by the following Fano profiles'*

qmrm/z + (E - Em))z
(I,/2)* + (E - E,)

I=C+ ZAm(
m (1)

Here, I is the spectral intensity and E is the photon energy. For
mode m, E,, and I',, correspond to the resonance energy and
the full width of the plasmon peak, g, is the Fano parameter,
and A,, and C are constant coefficients. Each plasmon mode is
fitted with one Fano-line peak. The whole spectrum is a sum of
all plasmon modes. In our experiments, only multipolar
plasmon modes (m > 1) are detectable, since the longer
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Figure 2. Simulated light emission intensity of an Au nanorod excited at the middle (a) and an off-center location (b) in three different dielectric
environments: ITO substrate with a tungsten tip included, ITO substrate without the tip, and vacuum. Red and black curves are multiplied by a

factor of 300.
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Figure 3. (a)—(c) STM-LE spectra measured at different locations on three different nanorods. Gray lines are normalized experimental data and
red curves are fitting results using eq 1. The different plasmon modes are labeled with their mode numbers. The excitation positions of each
spectrum are marked in the insets, which show the STM topography images of the nanorods (scale bar: 50 nm). The nanorods in panels (a)—(c)
are measured to be 96 & 2 nm, 115 & 2 nm, and 125 + 2 nm long, respectively. Their apparent widths are 32 + 2 nm. The STM-LE parameters are
—3.5V, 40 nA, and 60 s. (d) and (e) Mode wavelength 4,, as a function of the aspect ratio of nanorods acquired from STM-LE and simulation,

respectively. The data are fitted to linear curves.

wavelength dipolar mode (m = 1) is outside the sensitivity
range of our spectrometer.

It has been reported that both the dielectric environ-
ment*”*" and the overlap of the interfering modes'”*® can give
rise to Fano-like resonances. In the situation of mode
interference, the spectral overlap of two different plasmon
modes will have a constructive interference if they are in phase
with each other. Conversely, two modes out of phase will have
a destructive interference. These two interferences will lead to
asymmetric line shapes. In the situation of a nonuniform
dielectric environment, image charges generated in the
dielectric environment interact with the charges in the

nanorods, which also leads to a Fano resonance.

745

To elucidate the origin of the asymmetric line shapes and
clarify the role of the substrate in our study, we explore
different local dielectric environments as shown in Figure 2,
where we consider both excitations at the middle and an off-
center location. When the nanorod is in vacuum, the spectra
exhibit the emission peaks of multipolar modes (m = 2, 3) with
symmetric Lorentzian line shapes. When the Au nanorods are
on an ITO surface, both modes are red-shifted due to the
increased dielectric constant of the environment.”"** Weak
Fano asymmetries are also observable in this case.
Furthermore, when the STM tip is applied, mode 2 gets
further red-shifted and becomes more asymmetric with a steep
slope appearing at the short wavelength side. Additionally, the
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Figure 4. (a, b) STM-LE light intensity as a function of photon energy and bias voltage (Vi) at two different locations (indicated in the insets) on
the same nanorod with length 104 nm. The black dashed lines mark the quantum cutoff (¢V};,, equals the photon energy). The red dashed lines
indicate the peak position of mode 2. Normalized spectra from STM-LE (c) and simulation (d) as a function of tip bias. The quantum cutoff is

marked by black triangles. The STM-LE parameters are 50 nA and 100 s.

Normalized spectra from STM-LE (e) and simulation (f) at different

offsets from the middle on the same nanorod. The bottom curves are acquired from the middle of the nanorod. The other spectra are acquired at

locations with a distance increment of zl_oL for panels (e) and (f). Dashed lines mark the position of modes m = 2, 3, and 4. Triangles mark the peak
maxima. STM-LE spectra are fitted with Fano profiles. The STM-LE parameters are —3.5 V, 40 nA, and 60 s.

presence of the tip enhances the local EM field and increases
the strength of the plasmon modes (for more information refer
to Figures S1 and S2). Thus, we conclude that the plasmon
modes with Fano line shapes are caused by the high-dielectric
environment, similar to the behavior of silver cubes on glass
substrates®” and Au nanorods on silicon substrates.*’

Next, we study the influence of nanorod length on STM-LE
spectra. Figure 3a—c shows STM-LE spectra of three Au
nanorods with different lengths acquired at different locations
but with the same tip. We measure the following apparent
lengths in Figure 3: 96 #+ 2 nm in panel (a), 115 + 2 nm in
panel (b), and 125 + 2 nm in panel (c), and we note that the
STM images show an identical width (32 + 2 nm) for all of the
nanorods, indicating that the tip shape does not change during
the measurements. Assuming isotropic tip shape and tip—
sample convolution, the lengths can be estimated for the
nanorods in Figure 3 as 75 & 2 nm in panel (a), 94 & 2 nm in
panel (b), and 104 + 2 nm in panel (c). The nanorod in Figure
3c exhibits red shifts of all of the modes compared with the
short nanorod in Figure 3a. This agrees well with the model
introduced by Douillard et al.,* for the resonance wavelength
A, of nanorods as a function of the mode order m and the
nanorod dimensions (L, D)

@)

where A, is the plasma wavelength of gold and 4, and a, are
two coeflicients, which depend on the dielectric constants of
the nanorod and the environment.* Figure 3d,e summarizes
the measurement and simulation results for the mode
wavelengths 4,, for nanorods with different aspect ratios. We
observe a linear dependence of the mode wavelengths on the
aspect ratio, which agrees well with eq 2. Furthermore, a
plasmon mode with higher order has a smaller slope in this
linear fit, which is also in good agreement with eq 2. Compared
with the simulations, the experimental STM-LE exhibits
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slightly larger slopes and a red shift (65—80 nm) of each
mode, which may be assigned to minor deviations in the
geometry, e.g,, tip dimension, substrate thickness, and nanorod
diameter. Other possible explanations for the observed
discrepancy include the underestimation of the dielectric
constant of the environment,*""** and a deviation in dielectric
constant between Au nanorods and bulk Au®™ used in
simulations. In any case, the agreement in Figure 3 between
experimental and numerical data is very good.

In the following, we study the excitation mechanisms of the
plasmon modes. In CL and STM-LE, the measured far-field
light is generated from the radiative decay of the near-field
plasmon modes excited by a broad-band electron source.””*°
Different from CL electrons, which are in an energy range of
several kiloelectron volts, the energy of STM electrons can be
finely tuned by the bias voltage to gain further insight into the
excitation mechanisms of the plasmon modes. STM-LE spectra
with different tip biases and a constant tunneling current are
measured when placing the tip at the middle of the nanorod or
24 nm from the middle. Figure 4ab shows the STM-LE
intensity in the photon energy range of 1.3—2.6 eV with the tip
voltages Vi, between —1.3 V and —2.5 V for a nanorod with
length 104 nm. When Vi, > —1.4 V, no light is detected.
When Vi, decreases, the first peak corresponding to the mode
m = 2 is detected. When further decreasing Vj,,, the second
peak (m = 4 in Figure 4a and m = 3 in Figure 4b) emerges. As
shown in Figure 4a,b, no light is detected with photon energy
higher than ~2.3 eV. This agrees with eq 2, where 4,,, is limited
by the plasma frequency of gold when m — oo. For a tip bias
from —1.8 to —2.1 V, overbias light emission is observed,
where the energy of the emitted photon (hv) exceeds the
quantum cutoff corresponding to the maximum electron
energy (eVi;,). This overbias emission is frequently observed
in STM-LE through multielectron® or nonlinear processes.*’
The origin of this phenomenon still needs further research.

Figure 4c plots normalized spectra with different Vi, from
Figure 4b. When Vi, = —1.4 V, no light is detected in
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Figure 5. (a) Experimental STM-LE intensity maps for modes m = 2, 3, and 4. The pixel size is 10 X 5 nm? The black dashed lines denote the
nanorod edge. (b)—(d) Experimental results for the light intensity of different plasmon modes versus distance along the nanorod long axes. The
dashed lines mark the nanorod outline. The STM parameters are —3.5 V, 40 nA, and 60 s. The wavelengths of modes m = 2, 3, and 4 are 915.8,
766.0, and 687.9 nm, respectively. (e)—(g) Same as panels (b)—(d) but obtained from simulations and shown with respect to the nanorod center
to emphasize the symmetry of the intensity distribution. The nanorod has a length of 100 nm. The simulated intensity of mode 2 is normalized to
its maximum, and the intensities of the higher modes are divided by the maximal intensity of mode 2.

experiments due to the limited sensitivity of our detector.
When —1.7 V > Vi, > =2.1 V, mode 2 displays a higher
intensity than mode 3. When Vy;,, < —2.1 V, the intensity of
mode 3 surpasses mode 2. This intensity variation can be
explained by the IET process. The emission intensity of
plasmons generated by IET is determined by the probability of
IET electrons and the radiation efficiency. Because the
probability of the IET process is proportional to the difference
between eV}, and the emitted photon energy, we multiplied
the simulated spectra by a factor (eV;,, — hv) for each trace.”
In Figure 4d, the simulated intensity ratio between modes 2
and 3 shows an identical dependence on Vi, whereas the
intensity of mode 3 surpasses that of mode 2 when Vi is
between —2.1 and —2.2 V. In this simulation, the tip position is
fixed for all tip bias voltages. This is because the tip—sample
distance change is small in the measured tip bias range.

We now measure the dependence of the mode energy on the
excitation location on the same nanorod. In Figure 4a,b, mode
2 shows a slight blue shift when moving the STM tip from the
middle of the nanorod toward an end. To understand the
change of the mode energy, STM-LE measurements and
simulated spectra are acquired at different locations on the
nanorod, as shown in Figure 4ef. In both STM-LE
measurements and simulations, mode 2 experiences a
continuous blue shift, while modes 3 and 4 show no significant
shift. To further study this phenomenon, we perform
simulations on Au nanorods in two different situations: with
an STM tip fixed at the middle of the nanorod and without an
STM tip. As shown in Figure S3, no shift is observed for a fixed
tip and without a tip. Thus, the shifting of mode 2 in Figure 4
can be attributed to the change in the dielectric environment
surrounding the nanorod when moving the tip from one place
to another.

Additionally, we investigate the spatial intensity distribution
of plasmons. Figure Sa presents the STM-LE intensity for
modes m = 2, 3, and 4 of the nanorod in Figure 1b. STM-LE
spectra are acquired on a grid of 10 nm X S nm. To obtain the
wavelengths of each plasmon mode, we first determine the
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location with the highest plasmon peak. Then, the intensity at
the corresponding wavelength is mapped along the entire
nanorod. For each excited mode, the intensity spatial
distribution shows a specific pattern.

For a higher accuracy, we perform line scans at the peak
wavelength along the long axis of the nanorod. The results are
shown in Figure Sb—d. For modes m = 2, 3, and 4, the STM-
LE shows 1, 2, and 3 intensity peaks along the nanorod axis,
respectively. Similar results are obtained in the simulations as
shown in Figure Se—g. Furthermore, the intensity decreases
with a higher mode number. This is due to the reduction of the
radiative damping for higher-order modes and the increase of
absorption losses in higher energy regimes.'”*’ Additionally,
the STM-LE intensity distributions along the long axis of the
nanorod closely follow the radiative EM-LDOS profiles (see
Figure S4), except for a small discrepancy at the two
extremities. This discrepancy is due to the presence of the
STM tip and the dielectric substrate.

B CONCLUSIONS

Using STM-LE and nonplasmonic tips, we studied the optical
properties of short Au nanorods deposited on nonmetallic ITO
substrates and compared the measurements with numerical
simulations. Due to the nonplasmonic properties of the tip and
substrate, no tip—sample cavity plasmons are excited. The light
emission collected in the far-field originates from the radiative
decay of different longitudinal plasmon modes excited by IET
electrons. In particular, the spatial intensity distribution of the
first three multipolar modes for Au nanorods is measured on a
lateral scale of 10—20 nm. The plasmonic peak intensity
depends on the applied tip bias voltage and the photon energy,
as expected for excitation by the IET process. The good match
between measured and simulated spectra enables us to
establish a link between STM-LE and the radiative EM-
LDOS of Au nanorods. Thus, our approach provides the ability
to probe the optical properties of the plasmonic nanostructures
and characterize the spatial distribution of optical modes at the
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nanometer scale. STM-LE appears promising for the develop-
ment of optoelectronic devices that rely on plasmonic
nanoantennas."”*’ Understanding IET-driven devices provides
strategies to control the emission spectrum and efficiency.

B METHODS

Sample Preparation. The samples are prepared with the
drop-casting method.”® Au nanorod colloid solution is
purchased from Nanopartz (product number: Al12—10—
1400-CTABDIH-1-5). The substrates are glass slides with a
120—-160 nm thick indium tin oxide (ITO) layer (Sigma-
Aldrich, CAS: 50926-11-9). The nanorod concentration is first
increased by a factor of 10 by centrifugation to obtain a good
distribution on the ITO surface. Then, a drop of the nanorod
solution is deposited on the ITO surface. After drying, the
sample is rinsed with de-ionized water. The residual capping
molecules around nanorods are removed by oxygen plasma
(PVA TePla, GIGAbatch) with a power of 200 W for 1 min.

Simulations. The calculations are performed with the finite
element method in the frequency domain by the commercial
COMSOL Multiphysics software. Au nanorods are placed on
the surface of ITO. The STM electrons are presented by a
unitary harmonic point dipole source which is placed 1 nm
above the sample surface. The tungsten tip is perpendicularly
positioned 2 nm above the sample surface. The orientation of
the point source is aligned along the axis of the tip. Unless
stated otherwise, the STM tip is always included in the
simulation. The STM-LE spectra are calculated by integrating
the Poynting vector in the far field over a half sphere above the
substrate. The probability of the IET process is proportional to
the difference between the energy of the electron on the tip
and the emitted photon.*”** All simulated spectra are
multiplied with a factor (eVy,, — hv).”>*® The radiative EM-
LDOS (see Figure S4) is calculated by integrating the far-field
Poynting vector over a full sphere covering the nanorods in
vacuum.

The Au nanorods placed on ITO have lengths in the range
of 55—155 nm, with a fixed diameter of ~11 nm. The refractive
index of Au is adopted from Johnson et al.** The refractive
index of ITO (thickness 150 nm) follows Moerland et al.”'
The glass substrate is represented as a half-spherical space
underneath the ITO, with a constant refractive index of 2.%°
Above the ITO is a vacuum space. A tungsten tip is modeled as
a tip with an apex radius of 20 nm, a length of 400 nm, an
opening an%le of 12° and a refractive index as adopted from
Rakic et al.”’ Tungsten tips with different radii and opening
angles are compared (see Figure S2). In the case of Figures 3
and 5, the tip apex radius is 100 nm to obtain an environment
closer to the experiments. The whole system (nanorods and
environments) is modeled in a sphere (thickness: 750 nm)
surrounded by a perfectly matched layer (thickness: 150 nm).
The discretization meshes range from 4 to 80 nm. Finer
element size is used in meshing the nanorods to permit the
study of the longitudinal plasmon modes.

STM-LE Setup. A custom-built STM instrument is
operated in high vacuum (1077 mbar) at room temperature.
All measurements are performed with tungsten tips made by
electrochemical etching in NaOH solution, giving tip radii of
30—100 nm. First, the emitted light is collected by a lens
(Thorlabs, A110-B) with a numerical aperture of 0.4, placed at
an incident angle of 60° from the sample normal. Then, the
collected light is coupled to an optical fiber
(Schaefter + Kirchhoff, V-KF40-2x-MMC VIS/NIR-105-
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NA022), which guides light through the vacuum chamber to
the detector. The spectral information is acquired by a
spectrograph (Princeton Instrument, SP2156i, 150 lines/mm
grating) with a TE-cooled EMCCD (Andor, Newton 970P).
STM-LE spectra are acquired at constant tunneling currents
with feedback controls. All spectra are corrected by the relative
detection efficiency in the wavelength range of 200—1000 nm,
where the maximal detection efficiency is set to 1. The used
STM-LE parameters are tip bias voltage, tunneling current, and
integration time of the spectra.
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