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Abstract

Field emission resonance (FER) arises from the coupling of field-emitted electrons from the tip

of scanning tunneling microscope (STM) with quantized states formed in the STM junction. The
average lifetime of FER electrons, reflected in the linewidth according to the uncertainty principle,
has been rarely explored. Here, we review our recent findings on using FER linewidth to probe
field-induced effects within STM junction, including quantum trapping occurring on MoS, and
Ag(100) surfaces, as well as the attractive deformation on graphite surfaces. We demonstrate that
the FER linewidth on Mo$, and Ag(100) surfaces can vary by up to tenfold, which is an outcome
of the quantum trapping coupled with mechanisms such as correlated two-electron tunneling
through exchange interaction, energy gap above the vacuum level, spin flip, light emission, and the
Pauli exclusion principle. This substantial FER linewidth variation is absent on the Ag(111) sur-
face due to the lack of an energy gap above the vacuum level. The finite lifetimes of resonant elec-
trons signify that the FER wave function decays at a rate proportional to the FER linewidth. We
find that this decay rate remains nearly unchanged with increasing FER electric field on Ag(111)
surface, while it rises with field strength on graphite. This marked difference arises from the more
pronounced attractive deformation of graphite, with the deformed top layer resembling monolayer
graphene.

1. Introduction

As a strong electric field is applied to a material, electrons are emitted to form a current in the vacuum.
This phenomenon is known as field emission [1]. In a typical field emission apparatus, the distance
from the material to the ground ranges from millimeter to micrometer, and the emission current mono-
tonically increases with the electric field. Nevertheless, as this distance becomes comparable to that in a
junction of scanning tunneling microscope (STM), electron energies in the vacuum gap are quantized.
Consequently, the differential emission current oscillates with the bias voltage, a phenomenon known as
field emission resonance (FER), first theorized by Gundlach in 1966 [2]. FER was first verified experi-
mentally in metal-oxide-semiconductor tunneling junction [3]. In these early setups, FER could only be
observed under varying electric fields due to the fixed oxide layer thickness. This limitation was over-
come with the advent of STM [4], where the vacuum gap could be precisely controlled via the feedback
mechanism. The first demonstration of FER using STM was achieved by Binnig et al and Becker et al on
Ni(100) and Au(110), respectively [5, 6], through distance—voltage (Z—V') spectroscopy.

Although FER results from the coupling of field emission with quantized states in the STM vacuum
junction, it also provides insights into the characteristics of both the tip and surface. As a result, FER has
been widely employed as a powerful tool for exploring diverse physical phenomena since FER became
observable with STM. For instance, diamond is an insulator that cannot be probed by STM under con-
ventional tunneling conditions. Nevertheless, Bobrov et al demonstrated that FER enables imaging of

© 2026 The Author(s). Published by IOP Publishing Ltd
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the diamond surface and even achieves atomic resolution [7]. Liu et al demonstrated that FER energies,
which usually depend on the set current and tip sharpness, can also be substantially shifted downward
by illuminating Ag tips with visible light [8]. Barimar et al showed that FER can be applied to invest-
igate silicon-on-insulator devices with varying doping levels, where the nano-scale spreading resistance

is estimated from the energy shifts of FER peaks [9]. Wahl ef al and Pascual et al presented that reson-
ant electrons in the lowest-order FER can interact with surface step to form the interference pattern,
from which the dispersion relation of resonant electrons is derived [10, 11]. Likewise, Stepanow et al and
Craes et al exhibited that FER electrons can couple with quantum dots, revealing lateral quantization
[12, 13]. Furthermore, the energies of FER peaks can serve as an indicators of local work function vari-
ations across surfaces, as demonstrated in studies of heteroepitaxial growth [14—16], graphene quantum
dots [17], heterostructures with moiré patterns [18], nitrogen-doped graphene [19], and monolayer 2D
materials [20-28]. Additionally, the intensities of FER peaks can provide information on the local elec-
tron transmissivity of surface with reconstruction, such as Si(111)7 x 7 [29], Au(111)22 X V3 [30], and
FeO/Pt(111) [31]. The appearance of zero intensities at the valleys of an FER peak indicates that a sub-
stance possesses a band gap above the vacuum level, as observed for Ag(100) [31]. Moreover, FER peak
count can serve as an indicator of the sharpness level of the STM tip [32, 33] and of its field enhance-
ment factor [34]. Besides energy, intensity, and peak number, the FER linewidth represents a physical
quantity whose reciprocal gives the average lifetime of FER electrons, as dictated by the uncertainty prin-
ciple. However, FER linewidth has seldom been used to explore surface phenomena, likely because sur-
face phenomena that lead to substantial linewidth variation have not been discovered yet.

In this topical review, we begin by introducing quantum trapping, a field-induced phenomenon in
the STM junction that can cause up to a tenfold change in FER linewidth [35, 36]. Quantum trapping
can be described using the square-well model in quantum mechanics, which typically presents two scen-
arios. In the first, quantum confinement occurs when the particle energy is smaller compared to the well
depth, giving rise to discrete energy levels known as quantum-well states. In the second, quantum scat-
tering arises when a particle approaches the square well from outside, having an energy exceeding the
well depth. Because particles exhibit wave-like behavior, only those with specific energies can transmit
completely through the square well, which is known as resonance transmission. Previous studies have
shown the presence of quantum-well states and resonance transmission on Pb [37, 38] and Ag films [39,
40], respectively, due to their free-electron-like electronic structures.

Quantum trapping is entirely different from quantum confinement and scattering, in that the particle
already resides within the well while possessing energy exceeding the square-well depth. Due to its wave
nature, the particle can be transiently captured within the well but ultimately escapes since its energy
is greater than the well depth. The mean duration the particle remains trapped oscillates with the well
size. It is found that the FER linewidth observed on bulk MoS, and Ag(100) surfaces exhibits substan-
tial variation [35, 36], which is a reflection of the quantum trapping. We suggest that mechanisms and
processes through which quantum trapping information influences the linewidth include the presence of
an energy gap above the vacuum level, correlated two-electron tunneling via exchange interaction, spin
flip, light emission, and Pauli exclusion principle. Significant linewidth variation indicates fluctuations
in the dissipation rate of the quantized state’s wave function in FER [36]. Interestingly, this pronounced
linewidth variation is absent on the Ag(111) surface, resulting from a nearly constant dissipation rate of
wave function.

Secondly, we present the use of FER linewidth to detect field-induced attractive deformation on the
graphite surface. Under typical conditions, the electric field between the tip and surface ranges from 0.1
to 0.3 V A~!, which is strong enough to modify the structural and electronic properties of the surface.
For instance, the quantum well state, surface state, and resonance transmission can be perturbed by the
electric field, inducing displacements in their energy levels [41-43]. Additionally, this field can locally
induce expansion in Pb films due to electrostatic forces, an effect known as attractive deformation [44].
This deformation is even more pronounced for the suspended graphene [45, 46]. Therefore, an attract-
ive deformation is expected on the graphite surface and is likely more significant than on the metallic
Ag(111) surface, owing to the considerably weaker interlayer van der Waals force compared to metallic
bonding. We find that this difference in attractive deformation can be detected through measuring the
electric field and FER linewidth to determine the dissipation rate of wave function [47].

The electric potential within the STM junction is commonly considered to be linear, suggesting that
the tip resembles a flat plate. However, in practice, the tip apex is generally regarded as composing a
base having a characteristic radius of several hundreds of angstroms, surmounted by a small protrusion.
Whenever this protrusion is terminated by a single atom, STM is capable of achieving atomic resolution.
Under such a tip structure, the electric field within STM junction is non-uniform and cannot simply be
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approximated as the applied voltage divided by the distance from the surface to the tip. However, accur-
ately measuring the FER electric field, which is affected by tip sharpness, is essential to reliably determ-
ine the dissipation rate of wave function. Furthermore, apart from the electric field, quantum trapping
is also sensitive to the base radius of the tip. Thus, characterizing both the sharpness and the base radius
of an STM tip is crucial for fully understanding field-induced quantum trapping and attractive deforma-
tion, which can be addressed using FER energies [48]. Next, let us introduce this method.

2. Characterizing STM tip apex structures based on FER energies

The schematic in figure 1(a) depicts the STM tip apex as a cone (indicated by an arrow) mounted on
a base having a curvature radius R. The opening angle 6 of the cone determines the tip sharpness, with
smaller angles corresponding to sharper tips. In principle, a shaper tip enhances field inhomogeneity;
specifically, while the electric field for field emission near the tip apex is strengthened, the field near
the surface for FER is reduced due to the conservation of electric potential. Moreover, a sharper tip can
emit a higher field emission current because the width of the tunneling energy barrier is reduced [33].
Thus, in the Z-V spectroscopy, maintaining a constant current requires a greater tip-surface distance for
a sharper tip. A longer distance allows for the accommodation of more quantized states for FER. As a
result, more FER peaks can be observed when a tip with higher sharpness is used.

Four FER spectra shown in figure 1(b) were recorded at the same current on Ag(111). The number
N, indicated on the right, represents FER peak count, which ranges from 7 to 22 depending on the tip
sharpness. The zeroth-order peak in figure 1(b), labeled 0, reflects the formation of a quantized state
in the electric potential produced by the overlap of the applied and image potentials. For FER peaks of
order greater than zero, the relevant potential is solely the applied potential. If the applied potential is
linear, the peak energy E, of order n greater than 0 can be described by the triangular potential model:

2 1\°?
En:EvaC+aFEER<n_4> Pl (1)

where E,, is the vacuum level, Fgpr is the field for forming FER, and

2\ (3me\’
() (5) @
2m 2

In other words, equation (1) can be used to assess whether the applied potential in STM junction is
non-linear. The graph in figure 1(c) presents E, as a function of (n — 1/4)*> for FER spectra displayed
in figure 1(b). This graph shows that the markers for n = 1-3 align along a straight line, while those for
n greater than 3 exhibit a clear deviation from the linearity, with the discrepancy becoming more pro-
nounced as n increases. This result indicates that Fppr remains consistent for n = 1, 2, 3, but weakens
with n for n > 3. To explain this weakening of Frpr, we consider the case where the base is perfectly
flat (R = 00). Based on electrostatics principle, the electric field along the surface normal remains uni-
form, with field enhancement occurring only in the vicinity of the protrusion [49]. Therefore, the peak
energies at every order conform to equation (1) for a planar base. In practice, however, the base is not
perfectly planar, the field responsible for FER formation is no longer uniform and is weaker than in
the planar scenario. Consequently, equation (1) fails to account for the FER energies across all orders
when the base is curved. Therefore, the deviation from the linear fit arises due to the base curvature.
The reduction in the electric field strength caused by the curved base becomes more pronounced with
increasing the tip-surface distance. As a result, with increasing n, which reflects a greater tip—surface sep-
aration, the FER energy departs more strongly from equation (1), leading to the downward-curved pro-
files evident in figure 1(c).

For the values corresponding to n = 1-3 at smaller tip-surface separations, the planar base serves as
a reasonable approximation, allowing these values to be fitted with a line of slope S;, given by aFrer?”.
Thus, Frgr of these three orders can be determined from the graph of E, as a function of (n — 1/4)%>.
As shown in figure 1(c), S; rises with decreasing N, enabling sharpness representable by 1/S;. Moreover,
since Fppr diminishes with increasing sharpness, as demonstrated by the FER peak of the first order
labeled 1 in figure 1(b), higher-order FER peaks shifts to a lower energy with increasing N.

Figure 1(d) shows that FER energies of n = 4-6 at N = 7 fit a line with slope S;, a trend that is also
observed for other N. Because of the curvature of the base, the slope S, is lower than S;. Therefore, the
ratio S,/S; serve as an indicator of the base radius, with S,/S; = 1 in the planar case. For acquiring FER

3
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Figure 1. (a) Schematic of the STM tip apex, featuring a base characterized by a radius R and a cone-shaped protrusion. The
opening angle 6 quantifies the sharpness. (b) Four differential dZ/dV-V spectra measured on the Ag(111), displaying varying
FER peak numbers. The numerals indicate the first as well as zeroth order peaks, while N specifies the total peak count. (¢) Graph
of E, as a function of (n — 1/4)* for peaks of orders n > 1 from (b), showing for all N, downward-curved trends beginning

at n = 4. (d) Linear fit of fourth-, fifth, and sixth-order values at N = 7. Reproduced from [48].© 2022 The Japan Society of
Applied Physics. All rights reserved.

spectra, the bias is typically ramped up to 10 V, which can alter the tip sharpness. Furthermore, continu-
ous Z—V spectroscopy may gradually degrade the protrusion, leading to the loss of FER. Whenever this
occurs, tip sharpness is restored using voltage pulses, or we replace the tip. Consequently, FER spectra
containing various numbers of peaks are collected.

Figure 2(a) plots S,/S; versus 1/S; for spectra acquired on Ag(111), showing distinct flat regions
highlighted with dashed horizontal lines. These plateaus indicate that the sharpness varies while the
base remains constant, probably resulting from the repetitive measurement of FER spectra. Moreover,
the separate plateaus suggest that the base size may be significantly different, ascribed to applying voltage
pulses or substituting tips. The graph also shows that the base radii can be different while the sharp-
ness is identical, as evidenced by the measurements positioned on a dashed vertical line in figure 2(a).
Two spectra associated with S,/S; values of 0.85 and 0.8 on this dashed line are shown in figure 2(b).
The energies are nearly identical for the peaks of n = 1-4, indicating consistent sharpness. However,
the energies differ for the peaks of n = 5-7, reflecting variations in base radii, with the energy differ-
ence increasing as n increases [see figure 2(c)]. This finding suggests that a greater base enhances field
strength.

Figure 1(b) illustrates that, for peaks of the same order, the FER linewidth decreases with increasing
FER number. However, this trend does not hold for the MoS, and Ag(100) surfaces.

3. Quantum trapping observed on MoS, and Ag(100) surfaces
Figure 3(a) presents a differential Z-V spectrum obtained from a bulk MoS, surface (inset), revealing

five FER peaks. A dashed line in figure 3(a) represents zero intensity. Valleys surrounding the second-
order FER (FER2) peak, as indicated by arrows, drop to zero, suggesting that a bulk MoS, exhibits

4
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Figure 2. (a) Graph of S»/S; versus 1/S; from collected spectra, highlighting flat regions (dashed horizontal lines). A dashed ver-
tical line indicates values obtained from tips having different radii of the base but the same sharpness. (b) Two dZ/dV-V spectra
associated with two values on the dashed vertical line in (a). (c) Peaks of n = 5-7 from (b), presenting an energy shift for the
same n, which becomes pronounced as n increases. Reproduced from [48]. © 2022 The Japan Society of Applied Physics. All
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Figure 3. (a) dZ/dV-V spectrum showing five peaks. The dashed line represents that the spectral intensity is zero, highlight-

ing that the valley intensities (indicated by arrows) surrounding the FER2 peak reach 0. Inset: the representative topography
image on the surface of bulk MoS,, measuring 100 X 100 nm?. (b) FER spectra displaying three, four, five, and six peaks. (c)—(f)
Lorentzian fit of the FER2 peaks from (b), showing that the extracted linewidths vary depending on the number of FER peaks.
Reproduced with permission from [35]. CC BY 3.0.

an energy gap above the vacuum level and that the FER2 peak falls within this gap [31]. Figure 3(b)
presents FER spectra containing three, four, five, and six peaks. FER peaks of orders higher than zero in
the three- and five-peak spectra are considerably narrower than those in the four- and six-peak spectra.
This behavior contrasts sharply with that seen on Ag(111) surface (figure 1(b)). Given the zero intens-
ity in the valleys, the FER2 peak provides an ideal feature for linewidth analysis. Figures 3(c)—(f) depict
Lorentzian fit for FER2 peaks in figure 3(b). The extracted linewidths oscillate with the number of FER
peaks, differing by up to a factor of ten. Notably, the linewidth can be down to 12 meV in the five-peak
spectrum, a result not previously observed.

Ag(111) is a metal with no energy gap above the vacuum level, whereas dielectric bulk MoS: has
such a gap. Therefore, the variation in linewidth with the number of FER peaks, as shown in figure 3,
may result from either the dielectric property or the presence of an energy gap. Since Ag(100) exhibits
a band gap above the vacuum level, as shown in figure 4, it serves as an ideal system to verify whether
the energy gap plays a role in the substantial linewidth variation. Accordingly, we compare the FER
linewidths on Ag(100) and Ag(111).
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Ag(100) Ag(111)

Figure 4. Projected band structures for the Ag(111) (right) and Ag(100) (left). The dashed lines represent the vacuum levels of
both surfaces. The Ag(100) surface exhibits an band gap above the vacuum level, while the Ag(111) surface shows no such gap.
Reprinted (figure) with permission from [36], Copyright (2022) by the American Physical Society.

Figures 5(a) and (b) show representative FER spectra obtain from Ag(111) and Ag(100), respectively.
Figure 5(c) plots the FER energies of higher-order peaks from figures 5(a) and (b) against (n — 1/4)%°.
The values for both spectra align closely with linear fits for orders 1 — 3 but deviate noticeably bey-
ond order 3, similar to the case in figure 1(c). Figure 5(c) shows parallel lines, signifying that the Fpgr
required to form first- through third-order peaks is identical in these two spectra. In figure 5(b), the
horizontal dashed line marks that the zero intensity, with the valleys around the first-order FER (FER1)
peak (indicated by upward arrows) reaching zero intensity. This result reflects the presence of a band
gap in Ag(100) and suggests that the FER1 peak energy lies within this gap. In contrast, the zero valley
intensity is absent in figure 5(a) because Ag(111) lacks an energy gap. Thus, FER1 can be used to exam-
ine whether the energy gap influences the FER linewidth. Figures 5(d) and (e) show the FER1 peaks
from figures 5(a) and (b), in that order. Despite being measured at the identical Fggg, the FER1 was
prominently narrower on Ag(100) compared to that on Ag(111), evidenced by respective linewidth AE
values. This difference indicates that the lifetimes of FER electrons on Ag(100) and Ag(111) may vary
significantly.

We collected FER spectra with varying tip sharpness levels on Ag(100) as well as Ag(111) surfaces to
observe AE under different Frpr conditions for each surface. Figure 6(a) shows a plot of 1/AE against
Frer, indicating that the measurements for Ag(100) are notably higher than those for Ag(111) over a
specific Frgg interval. This finding reveals that the lifetimes of FER1 electrons on Ag(100) is longer than
on Ag(111). Additionally, the fluctuation in 1/AE is considerably larger for Ag(100) than for Ag(111).
Therefore, substantial variation in FER linewidth can also occur on the Ag(100) surface, suggesting that
the linewidth is influenced by the presence of an energy gap rather than by dielectric properties. We pro-
pose that the pronounced linewidth fluctuations on MoS, and Ag(100) surface are attributable to FER
detecting quantum trapping.

3.1. Quantum trapping

The square-well model in quantum mechanics provides a basis for understanding quantum trapping,
where a particle resides in the square well despite having energy exceeding its depth (figure 7(a)). Within
the well, the particle undergoes oscillatory motion because standing waves form. Nevertheless, these
standing waves gradually diminish over time, as outside the well, the wave function consists of trav-
eling waves rather than evanescent waves. Consequently, the particle ultimately escapes from the well.
Calculations indicate that the average duration the particle remains trapped varies periodically with the
well size (figure 7(b)). The maxima of duration are referred to as resonance trapping [35]. Quantum
trapping can occur because there exists a surface potential well beneath the STM tip.
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Figure 5. Representative spectra recorded on (a) Ag(111) and (b) Ag(100) surfaces. In (b), the dashed horizontal line denotes that
the spectral intensity is zero. The intensities at valleys (indicated by two arrows) surrounding the FER1 peak are precisely zero,
confirming the presence of an energy gap in Ag(100), with the FER1 energy lying within this gap. The gap range, determined
from the Ag(100) band structure displayed in figure 4, is indicated by vertical dashed lines. (c) Higher-order peak energies in (a)
and (b) plotted against (n — 1/4)¥. (d) AE of FERI peak in (a), determined through Lorentzian fit and separation of intensity
contributions from overlapping FERO and FER2 peaks. (e) AE of the FER1 peak in (b), directly determined via Lorentzian fitting
because the valley intensity is zero. Reprinted (figure) with permission from [36], Copyright (2022) by the American Physical
Society.

3.2. Field-induced surface potential well formed under the STM tip

3.2.1. Local potential well arising from the surface dipole layer (SDL) on Ag(100)

Figure 8(a) illustrates that despite a tip geometry comprising a nanometer-scale base and an atomically
sharp protrusion, the potential remains uniform on the Ag surface, according to the electrostatics prin-
ciple. Thus, a potential well is unlikely to form directly beneath the tip. However, involving the surface
dipole layer (SDL) permits the emergence of a potential well. The SDL arises from electrons spilling
into the vacuum, producing a negatively charged layer above and a positively charged layer below the
surface [50], as depicted in figure 8(b). Based on electrostatics principles, a flat base sustains a spatially
uniform surface electric field [48]. We posit that this uniform field is intense enough to inhibit electron
spillover (figure 8(c)). In the case of a curved base, a localized domain of a constant field persists under
the protrusion. Beyond this domain, the field strength diminishes progressively away from the center.
As a result, the local electron density (as indicated by the scale bar) and its spatial extent beyond the
uniform-field domain steadily rise from zero toward their asymptotic field-free values. This redistribu-
tion of charge gives rise to a confining potential well for surface electrons, as illustrated in figure 8(d).
Figure 8(e) further exhibits that the potential well size is reduced as the identical protrusion is mounted
on a smaller base than in figure 8(d).

3.2.2. Local potential well due to polarization charge on MoS, surface

MoS;, a dielectric material having a relative permittivity of 3.7 [51], allows its surface to be penetrated
by the external electric field, generating a positive surface polarization charge and inducing band bending
within the material [52]. A surface electron situated beneath the STM tip experiences electrostatic repul-
sion from the applied vacuum field (figure 9(a)) and attraction to the polarization charge. As a result,
the resultant surface electric potential arises from the applied potential as well as the potential generated

7
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Figure 6. (a) Graphs of 1/AE plotted against Fggr for Ag(100) and Ag(111). (b) Two spectra (thick and thin) recorded on
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(figure) with permission from [36], Copyright (2022) by the American Physical Society.
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in the well has energy E exceeding the well’s depth V), with a wave function forming a standing wave. (b) Variation in trapping
duration oscillating with the well size. Reproduced with permission from [35]. CC BY 3.0.
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Figure 8. (a) The electrostatic potential is maintained uniform on the Ag surface, despite the tip apex comprises of a curved base
topped by a conical protrusion. (b) Negatively charged layer develops above the surface because of electron spillover into the
vacuum. (c) Assuming the base is planar and the electric field is sufficiently strong to prevent electron spillover. (d) For a curved
base, a confining potential well for surface electrons emerges beneath the tip on Ag surface. (e) The potential well size is reduced
as the identical protrusion is placed on a smaller base than in (d). Reprinted (figure) with permission from [36], Copyright
(2022) by the American Physical Society.

by the polarization charge. Figure 9(b) plots the higher-order peak energies from figure 3(b) against (n—
1/4)%3. Again, for cases involving four, five, and six FER peaks, the data points align well with linear fits.
From these slopes and the extrapolated intercepts, the Fggg and E,,. of each spectrum can be determ-
ined. The Frpr acquired from figure 9(b) is located at the dashed line shown in figure 9(a), which is per-
pendicular to the surface as well as ranges from the turning point (denoted by a cross) of the resonant
electron to the surface (denoted o).

Figure 9(c) shows the projected bulk bands of MoS,, obtained from density functional theory (DFT)
calculations [53-57], spanning energies from 1 to 12 eV higher than the Fermi level. An energy gap
is identified above the vacuum level of 5.2 eV [58], where the I" point band edges lie at 6.1 eV and
8.2 eV, respectively (indicated by lines 2 and 3). This band gap accounts for the zero intensity observed
in figure 3(a). Nonetheless, the FER2 energy of 8.5 eV in figure 3(a) lies beyond the calculated energy
gap, as denoted by the dashed line in figure 9(c). Band bending accounts for this apparent discrepancy.
From figure 9(b), the extrapolated vacuum level E,, is 6.45 eV for the spectrum containing five FER
peaks, giving a band-bending potential V}, of 1.25 eV (6.45-5.2). Figure 9(c) shows, on the right, how
band bending causes the vacuum level (line 1) and the band edges to shift upward near the surface.
Consequently, on the surface, the band edges lie at 7.35 eV and 9.45 ¢V, placing FER2 within the band
gap and reconciling the experimental observation.

Normal to the surface, the applied potential takes the form Vi, + Fggg z, where z corresponds to the
height above the surface. Under the turning point, the applied potential Uy, is given by [10]

U (p,2) = (Vo + Frerz) 3)

[1+ (;D%)T

where p represents the horizontal distance from the dashed line and py is a constant, following the dis-
tribution curve in figure 9(a). From equation (3), the surface electric field F(p) is expressed as Frgr
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Figure 9. (a) The electric field associated with FER peaks lies along the dashed line perpendicular to the surface, which is between
the turning point (cross) and the origin (o). Below the turning point, the electric potential exhibits a distribution curve owing

to tip structure. (b) The higher-order FER energies from figure 3(b) plotted against (11-1/4)*?, revealing a linear trend. Using the
slope and intercept, the electric fields and the vacuum levels corresponding to spectra with different numbers of FER peaks are
determined. (c) MoS; projected bulk bands acquired from DFT calculation, spanning energies 1-12 eV higher than the Fermi
level. Line 1 marks the vacuum level, and lines 2 and 3 indicate I" point band edges. The right-hand energy diagram illustrates the
upward shift of both the vacuum level and band edges near the surface, caused by band bending. Reproduced with permission
from [35]. CC BY 3.0.

/[14(p/po)?]. The corresponding polarization charge density o(p) is then given by

where ¢, is the MoS, dielectric constant. The resultant potential U, on the surface is the superposition
of the potential U, (p) resulting from the polarization charge and Uy (p,0). As p approaches infinity, both
Up and Uy, vanish. Thus, the sign of U, at the origin determines whether a surface electron experiences
a potential well, namely U,(0)+ Uy(0,0). Here, U (0,0) corresponds to Vy, the band-bending potential,
while U,(0) is given by

oo
Uy (0) = — [ T2 5
TEQP
0

with po being the sole parameter for determining U,. In figure 10, U, is plotted as a function of p, for
three electric fields derived from figure 9(b), showing that once p, exceeds 18 A, U, becomes negative.
Since py is linked to the effective radius of the tip base, which is typically on the order of the hundreds
of angstroms, it is reasonable to take py to exceed 18 A. Consequently, the negative U, reveals the pres-
ence of a surface potential well under the tip. Furthermore, for a fixed py, U, decreases as Fggg increases,
implying that the potential well deepens with stronger Frgg.

Since FER electrons move back and forth perpendicular to the surface between the turning point and
the surface, FER electrons can remain unaffected by the potential well. However, as excited electrons,
FER electrons can relax by emitting light [59, 60], transitioning into relaxed electrons that acquire trans-
verse kinetic energy from the inhomogeneous field within the STM junction. As a result, relaxed elec-
trons can experience quantum trapping. Information about the quantum trapping is then transmitted to
the FER electrons through the following mechanisms.

3.3. Mechanisms for transmitting quantum trapping information

3.3.1. Correlated two-electron tunneling in FER via exchange interaction

The strongest electric field is at the conical protrusion based on the STM tip model of figure 1(a), lead-
ing to the emission of FER electrons from this region. According to field emission theory, electrons at
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Figure 11. (a) In the field emission state, the vacuum wave function forms a traveling wave, and electrons with opposite spins
(marked by arrows) at the energy state where kx = 0, k, = 0, and k. = kg (see text) exhibit the highest tunneling probability. (b)
In the vacuum, wave function overlap occurs for an FER electron (upper) and an electron in the tip at Fermi level E¢ (lower). (c)
Exchange interaction enables two electrons with opposite spins to enter the quantized FER state one after the other. (d) Upon
relaxation of one resonant electron in (c), its spin flips. Reproduced with permission from [35]. CC BY 3.0.

the tip Fermi level Er tunnel through the surface energy barrier preferentially, generating the field emis-
sion current [figure 11(a)]. This suggests that resonant electrons in FER primarily originate from elec-
trons occupying the energy state at the tip Eg. Since the electric field at the protrusion is strongest in
the z direction, the barrier width in this direction is minimal. Consequently, FER electrons are primarily
emitted from electrons at the energy state where the lateral wave vector components are zero (ky = 0,

k, = 0) and the vertical component equals the Fermi wave vector (k, = kg) in the tip. This energy state
can hold two electrons of opposite spins, as illustrated in figure 11(a). Because the wave function in the
vacuum forms a travelling wave, electrons in the tip can tunnel through the energy barrier into the
vacuum to cause field emission. Field emission constitutes fundamentally a single-electron tunneling
process, implying that electrons are emitted individually.

In the FER, if the spin-up (1) electron is emitted first, its wave function forms a standing wave 1\,
due to reflection at the surface, as depicted in the upper schematic of figure 11(b). Although the spin-
down ({) electron has not yet been emitted, its travelling wave function 1\, in the vacuum persists, as
shown in the lower schematic. Consequently, the wave functions of these two electrons overlap in the
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vacuum, which can induce exchange interaction according to quantum mechanics [61, 62]. As a result,
the two electrons are expressed by an antisymmetric total wave function {*, which is expressed either as
the product of an antisymmetric total space wave function {," and a symmetric total spin eigenfunc-
tion x5 [WA(1,) = lbspA(zT,z J,)-XS (154)] or as the product of a symmetric total space wave function 1])5},5
and an antisymmetric total spin eigenfunction x* [PA(1,)) = II)SPS(ZT,Z 1)x*(14)]. Here z) and z4 rep-
resent the positions of the spin-down and spin-up electrons, respectively. Since the spins are opposite,
the total spin eigenfunction is antisymmetric, resulting in a symmetric total space wave function, given
by: II)SPS = [r(z)We(zy) + Ibr(Zi)lbt(ZT)]/ﬂ. This symmetry leads to a significantly higher probability
density for the two electrons at the same location than for two separated electrons [63]. This outcome
suggests that the emission of the spin-up electron can effectively attract the spin-down electron to also
emit through the exchange interaction. Therefore, the tunneling process in FER involves the correlated
two-electron tunneling, which is fundamentally different from one-electron tunneling in field emission.

3.3.2. Spin flip and Pauli exclusion principle

When two resonant electrons of opposite spins occupy the FER quantized state, one relaxes first by emit-
ting light and flipping its spin, as illustrated in figures 11(c) and (d). Both resonant and relaxed elec-
trons can end up with the same spin. Consequently, the Pauli exclusion principle prevents FER elec-
trons from emitting photons with the relaxed electrons being trapped within the surface potential well.
Figure 11(d) illustrates a scenario analogous to the triplet excited state that drives molecular phosphor-
escence. Therefore, the FER electron’s lifetime is determined by how long the relaxed electron continues
to be trapped within the well. Figure 9(b) shows that the FER states in each spectrum in figure 3 closely
follow the same linear relation, indicating that the Fgggr for forming these states is identical. Under the
same Fppg, both the potential well size and the energy of the relaxed electron remain nearly unchanged
for all states. As a result, figure 3 demonstrates that all FER peaks exhibits sharp resonances when the
well size satisfies the resonance-trapping condition; otherwise, broad resonances are observed.

Figure 6(b) presents two spectra (thin and thick) obtained on Ag(100), selected using the S,/S;
versus 1/S; plot, similar to figure 2(a). These spectra demonstrate that the FER energies for orders 1-3
remain nearly identical; however, for orders above 3, a distinct positive energy shift emerges, increasing
with order, as shown in the inset. This result indicates that while both spectra were recorded with pro-
trusions of close sharpness, the base radius was larger for the thin spectrum compared to the thick one,
akin to the scenario in figure 2(c). Consequently, figure 6(c) reveals that for orders above 3, the FER
energy versus (n — 1/4)*3 plot adheres to a linear trend for the thin spectrum, whereas the plot for the
thick spectrum deviates from this linearity. Figures 6(d) and (e) further show that the AE of FERI from
figure 6(b) can vary by up to fourfold, even at the same Fggr (sharpness). This finding indicates that
differences in the base radius alter the potential well size, as illustrated in figures 8(d) and (e), thereby
influencing the quantum trapping effect.

The absence of a quantum trapping signal in the FER linewidth observed on Ag(111) can be further
explained with wave function dissipation (WFD) of resonant electrons under the condition of no energy

gap.
4. WFD in FER

Despite the FER wave function being a standing wave, resonant electrons can leave the FER state by
transmitting into the surface [31] or by emitting light [59, 60]. Therefore, the wave function is not static
but subject to dissipation, a process we term WFD. Prior to exiting the FER state, resonant electrons
undergo multiple reflections within the STM junction, completing round trips to maintain the stand-
ing wave. WFD leads to a decrease in the probability Pr(7) that electrons stay in the FER with increas-
ing round-trip number 7, with a decay rate D = I'} + I';, where I} is the light-emission decay rate per
round trip and I'; represents the electron transmissivity. Pr(7) is expressed as:

Pr(i) = (1-D)". (6)

Equation (6) indicates that the probability of an electron staying in the FER for i round trips and then
leaving on the (i + 1)th round trip is Pr(i) — Pr(i + 1). For all resonant electrons, the average round-
trip number,( i ), is given by

1 =1max

(iy="Y_i[Pr(i)—Pr(i +1)], 7)

i=0
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figure 6(a) for Ag(111), showing that the data points, on average, follow 1/AE ocFyy . Reprinted (figure) with permission from
[36], Copyright (2022) by the American Physical Society.

where ip,y represents the maximum round-trip number an electron can complete before exiting the FER
state, determined by the total number N of electrons.

Figure 12(a) shows the plot of < i > as a function D, derived from equations (6) and (7) for
N = 10%, 10%, and 10°. The results indicate that < i > decreases as D increases and is independent of
N. This behavior is well described by the relation: (i) = 1/D. With N &~ 10!° in the FER case, the < i >
—D plot is expected to reproduce this curve closely.

FER electrons oscillate over a distance s equal to (E, — Ey,c)/eFrgr, which spans from the turning
point to the surface. The time ¢ of a round trip for a resonant electron is given by 2 8’ = eFgg t* m™;

1
together with equations (1) and (2) yields t= 3 <n_;)‘ , where = (3“:‘#)% The average lifetime for
FF}ER

electrons in the FER state, which is proportional to 1/AE, is expressed as t < i >. Thus, D is propor-
tional to AE. Because of this relationship, on the Au(111) surface with the reconstruction, FER peaks
exhibit an enlarged AE in ridge regions, where an enhanced I'y (and hence higher D) leads to spa-
tial variations in peak intensity [31]. Figure 12(b) presents a plot of 1/AE against Fggg for Ag(111),
according to the results in figure 6(a). Overall, the measurements align with the trend representing

1/AE o Fl:é{ Due to 1/AE being proportional to F;E% /D, D on Ag(111) remains nearly constant, ignor-
ing slight fluctuation.

According to figure 9(c), the energy of the n = 4 FER peak (FER4) in the spectrum with five peaks
shown in figure 3(b) lies above the band edge (marked as 3). Although FER4 still presents a sharp
peak with AE = 26.6 meV, its D is 2.86 times larger than that of FER2, based on the relation D o (n—
1/4)Y3 AE. This larger D arises from the inclusion of I'y, which is equal to 1.86 I'}, assuming that I’ for
FER2 is 0 due to the presence of the energy gap. Therefore, we suggest that the sharp FER4 peak results
from I'| being smaller than I';. In contrast, when I'| exceeds I';, FER4 becomes a broad peak, as observed
in the spectrum with six peaks in figure 3(b), where I'y = 0.6 I, as derived from the AE values of FER2
and FER4.

In an invariant potential like the image potential, the round-trip time remains constant. Therefore,
for the lifetime of the image-potential state observed by two-photon photoemission [64, 65], the influ-
ence of the round-trip time is not evident. In contrast, the potential for the FER state depends on the
tip sharpness, causing different round-trip times. The resulting influence on the lifetime arising from the
round-trip time becomes observable, as demonstrated in figure 12(b). With #/AE and the measurements
in figure 12(b), the lifetime of FER is found to range from 1.26 to 2.19 femtoseconds. Meanwhile, For
the same Fgggr range, the round-trip time is calculated to be 1.73-2.69 femtoseconds. These values indic-
ate that the round-trip time and lifetime are comparable in magnitude.

The energy gap can restrict paired resonant electrons to leave the FER only via light emission, allow-
ing a relaxed electron to coexist with a resonant one. In the absence of an energy gap, the probability of

I8
Ft+Fl

Furthermore, due to the transmission effect, the presence of relaxed electrons in resonance trapping does
not substantially extend the resonant-electron lifetimes via the Pauli exclusion principle. Additionally,

both electrons in a pair emitting light decreases to

2
) due to the competing transmission process.
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Figure 13. (a) and (b) show FER spectra with eight and nine peaks on HOPG, while (c) and (d) show spectra on Ag(111). Peak
orders are labeled above each FER peak. Dashed curves show Lorentzian fits, all in good agreement with FERI. Spectrum num-
bers on the right are assigned according to FERI linewidths. (e) Example of AE for FER1 obtained from Lorentzian fit on HOPG.
(f) Plot of E, as a function of (n—1/4)* for n = 1-3, using eight peaks from HOPG and nine from Ag(111), showing linear
behavior. The slope yields the Frer. (g) Frer values for FER1 in spectrum from (a)—-(d), separating into two groups depending on
the FER number. Reproduced from [47]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

the SDL on Ag(111) may be smaller than that on Ag(100) [47]. These factors result in a weak resonance

trapping signal on Ag(111).

Highly oriented pyrolytic graphite (HOPG), as a layered material, differs from metals. This motivated
us an investigation into whether WFD on HOPG exhibits behavior distinct from that on Ag(111).

5. Comparison of WFD on HOPG and Ag(111)

5.1. Measuring AE and Fggg

We investigated WFD on Ag(111) and HOPG surfaces under identical tunneling current and FER num-
ber. Repeated Z-V spectroscopy at 30 pA and 78 K on both surfaces was used to obtain the FER spec-
tra. Since the work function of HOPG (4.7 eV) [66] is nearly identical to that of Ag(111) (4.74 eV), an
equal FER number signifies comparable STM tip sharpness on the two materials. We therefore selected
spectra of matching numbers, as shown in figure 13, presenting FER spectra with eight and nine peaks
for HOPG (figures 13(a) and (b), respectively) and for Ag(111) (figures 13(c) and (d)). We focused on
AE of FERI in spectra as a case study. The AE values were obtained by Lorentzian fitting, as demon-
strated for FER1 on HOPG in figure 13(e). The dashed curves in figures 13(a)—(d) denote the Lorentzian
fits, revealing excellent agreement with all FER1 peaks. For analysis, the obtained AE values of FER1
from spectra with the same peak number were ordered by increasing magnitude and subsequently par-
titioned into ten sets. From each set, the spectrum exhibiting the largest AE was selected for display in
figures 13(a)—(d), where the labels on the right indicating the higher AE values among the ten sets.
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Figure 14. (a) Decay rate of FER1 on Ag(111) and HOPG surfaces as a function of spectrum number for spectra with nine and
eight peaks. (b) illustration of dome-shaped deflection on HOPG caused by tips of equal sharpness yet varying base radii, where
greater height and diameter indicate a larger deformation level. Reproduced from [47]. © The Author(s). Published by IOP
Publishing Ltd. CC BY 4.0.

Figure 13(f) presents two plots of E, as a function of (n — 1/4)*® for n = 1-3, corresponding to
the spectrum with nine peaks on Ag(111) and eight peaks on HOPG. Both plots reveal linear rela-
tionships, indicating that FER energies on HOPG exhibits behavior similar to those on metals, despite
HOPG being a layered material. Figure 13(g) shows the Fpgr values of FERI in spectra exhibited in
figures 13(a)—(d). The results reveal two distinct groups classified by FER number for both Ag(111) and
HOPG. The average Fpgr is higher for FER spectra having eight peaks than for those with nine, while at
the same peak number, Ag(111) and HOPG show comparable values.

5.2. The impact of tip-induced attractive deformation (TIAD ) on D
For FER1 with n = 1, D is given by (0.75)"* AE/Fgpr??. Using the values of AE and Fgpg, D was calcu-
lated for each FERI1 in figure 13. Figure 14(a) plots D for FERI on HOPG (Dyopg) and Ag(111) (Dag)
as a function of spectrum number N in spectra with eight and nine peaks. While D, remained nearly
constant across varying N, Dyopg increased rapidly for N > 5. We attribute this difference to TIAD,
arising from the electrostatic force in the STM junction. The proportional relationship between D and
the extent of TIAD will be discussed later. TIAD is greater on HOPG, as the van der Waals interac-
tion between its atomic layers is much weaker than the metallic bond in Ag crystals. This explains why
Dyopg exhibited significant variation, whereas Dy, remained stable. Due to the same FER number, the
STM tip sharpness levels were comparable on both materials. Thus the variation in Dyopg versus the
near constancy of Djg cannot be attributed to tip sharpness. Instead, we propose that this marked differ-
ence arises from variations in the base radius of the tip.

A theoretical study [67] indicates that when the tip-surface distance d falls below the radius R of the
base, the electrostatic force F is given by:

- F&OV%R

F
d )

(8)

where V) is the bias voltage. A larger R yields a stronger force, resulting in greater deformation of the
HOPG surface. Conversely, a smaller base produces weaker deformation (figure 14(b)). TIAD on HOPG
takes a dome-like shape, where larger diameter and height correspond to greater deformation. In con-
trast, Ag crystals are more resistant, so Dy, is less sensitive to changes in R. The electrostatic force was
estimated from equation (8) under the assumptions of d = 2 nm and R = 30 nm for FER1 energy, cor-
responding to 6 eV. This calculation yields an approximation force of 15 nN.

5.3. WED under different currents

The TIAD investigated through FER linewidth measurements, as demonstrated earlier, was conducted at
a constant current but with different base sizes. Since the force in the STM junction can also be tuned
with varying the set current, we further investigated the AE values of FER1 for Ag(111) and HOPG
under various currents at 5 K. Figure 15(a) shows spectra for HOPG at currents ranging from 0.01 to

1 nA, while figure 15(b) presents spectra for Ag(111) at currents between 0.03 and 10 nA. In both cases,
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Figure 15. (a) and (b) show FER spectra of the HOPG surface (0.01-1 nA) and the Ag surface (0.03—10 nA), respectively. (c) Frgr
versus current for HOPG and Ag surfaces. (d) FER1 AE versus current for HOPG and Ag surfaces. Reproduced from [47]. © The
Author(s). Published by IOP Publishing Ltd. CC BY 4.0.
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Figure 16. (a) Dyopg increases linearly with Frgr, whereas Djg is insensitive to Frgr. (b) TIAD is larger at shorter tip-surface
distances and smaller at longer distances. Reproduced from [47]. © The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

the FERI peak energy (denoted as ‘1’) shifted to high values with increasing current [68, 69], indicat-
ing that Fppr increased as the set current rose. Figure 15(c) plots Frpr as a function of current, showing
smooth trends that indicate stable tip structures on both surfaces for increasing currents. Figure 15(d)
reveals that the AE values for FERI increased with the current for both Ag(111) and HOPG. Using the
results from figures 15(c) and (d), Dag and Dyopg versus Frer were calculated, with the results presented
in figure 16(a).

Figure 16(a) shows a clear distinction that Dyopg exhibited a linear relationship with Fgggr, whereas
D,g remained nearly constant. As the force increases with Fggg, figure 16(a) highlights that TIAD is sub-
stantially more pronounced on HOPG than on Ag(111), in agreement with the findings in figure 14(a).
The STM feedback mechanism moves the tip closer to the surface with increasing current. This reduced
tip-surface distance amplified the electrostatic force, which in turn attracted and displaced the HOPG
surface upward. Consequently, TIAD is larger at shorter tip-surface distances and smaller at longer dis-
tances (figure 16(b)).

5.4. DFT calculations

Since Ag(111) and HOPG do not have a band gap, fluctuations in I'} due to quantum trapping effect
is minimal. Therefore, in this study, D is considered to depend solely on I'.. Because I'; varies in pro-
portion to the density of states (DOS) [36], the difference between Dag and Dyopg can be attributed
to variations in the DOS. DFT calculations were used to obtain the DOS values shown in figure 17 for
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Figure 17. DOS values for Ag(111), HOPG, and single-layer graphene, obtained from DFT calculations. Reproduced from [47]. ©
The Author(s). Published by IOP Publishing Ltd. CC BY 4.0.

Ag(111), HOPG, and monolayer graphene. At the FER1 energy, approximately 6 eV, the DOS values for
Ag(111) and HOPG were comparable, explaining why D, and Dyopg are similar for N smaller than 5
in figure 14(a). That is, for HOPG, the base size may be insufficient to induce significant TIAD.

On the other hand, figure 14(a) shows greater variations in Dyopg for N > 5, and figure 16(a)
reveals that the Dyopg value was linearly proportional to Fpgr. These two results suggest that DOS grows
as TTIAD increases. As shown in figure 17, in the vicinity of 6 eV, graphene exhibits higher DOS than
HOPG, implying that increasing TIAD gradually shifts the top HOPG layer’s electronic structure toward
that of graphene, enhancing its DOS.

As a semimetal, HOPG may not fully shield the electric field from penetrating into underlying layers,
allowing TIAD to occur there as well. However, the weaker electrostatic force results in a smaller TIAD
level than at the top layer. Therefore, the top—subsurface spacing remains larger compared to HOPG
without an external field, indicating that the localized electrostatic force separates the top layer to form a
quasi-graphene under the STM tip.

6. Summary

This review highlights recent studies demonstrating that the FER linewidth, which reflects the average
lifetime of resonant electrons, reveals field-induced effects in the STM junction. These effects include
quantum trapping observed on MoS, and Ag(100) surfaces and TIAD on HOPG surfaces. Furthermore,
on the Ag(111) surface, both effects are nearly undetectable in the FER linewidth, underscoring the role
of material properties in their manifestation.

Quantum trapping can induce a significant change in the FER linewidth, up to one order of mag-
nitude, arising from the following mechanisms. (1) Correlated two-electron tunneling: via the exchange
interaction, the FER state is filled by two electrons of opposite spins sequentially emitted from the STM
tip. (2) One of two electrons emits light with spin flip and turns into a relaxed electron, temporarily
trapped within a local potential well due to quantum trapping. (3) With the same spin, the exclusion
principle prevents the FER electrons from emitting photons as the relaxed electron stays trapped, thereby
substantially extending FER electron lifetimes for the relaxed electrons experiencing resonance trapping.

Because MoS, and Ag(100) have a band gap above the vacuum level, which maximizes the two-
electron tunneling probability in mechanism (1), most resonant electrons complete the processes
described in mechanisms (2) and (3). Conversely, Ag(111) lacks such an energy gap. The resonant elec-
trons can transmit through the surface to significantly reduce the two-electron tunneling probability.

As a result, the likelihood of coexistence between resonant and relaxed electrons in mechanisms (2) and
(3) is substantially diminished. Additionally, the SDL required to form the potential well on Ag(100)

is stronger than on Ag(111). These factors collectively result in a faint quantum trapping signal on
Ag(111).
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Unlike quantum trapping, the significantly greater TIAD on HOPG compared to Ag(111) is not
directly apparent from the FER linewidth. Instead, this TIAD difference, which arises from the much
weaker van der Waals force compared to metallic bonding, can be distinguished by analyzing the decay
rate of WFD. Under the same FER number and current conditions, the decay rate on HOPG shows sig-
nificant variation, reflecting different TIAD levels caused by variations in base radii, whereas the decay
rate on Ag(111) remains nearly unchanged. Under varying currents, the decay rate on HOPG varies lin-
early with the electric field, as a stronger electrostatic force leads to higher TIAD levels. In contrast, the
decay rate is rather insensitive to the electric field on Ag(111). This linear relationship indicates that the
DOS of the top layer of HOPG increases with the electric field. On the other hand, DFT calculations
reveal that single-layer graphene exhibits a considerably higher DOS than HOPG at the FER1 energy,
indicating that TIAD effectively makes the top layer behave similarly to graphene.
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