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Abstract
We studiedwave function dissipation (WFD) infield emission resonance (FER) by performing
scanning tunnelingmicroscopy on the highly oriented pyrolytic graphite (HOPG) andAg(111)
surfaces under two conditions: (1) the same current and FERnumber; (2) the same tip structure but
different currents. Under thefirst condition, we observed that the decay rate corresponding to the
WFDexhibited a larger variation on theHOPG surface than it did on theAg(111) surface. Under the
second condition, the decay rate was nearly independent of the FER electricfield for the Ag(111)
surface; by contrast, it was linearly proportional to the FER electricfield for theHOPG surface. These
remarkable differences can be attributed to the factors that the tip-induced attractive deformation
caused by the electrostatic force was considerablymore prominent on theHOPG surface than on the
Ag(111) surface and that the deformedHOPG top layer had a unique electronic structure similar to
that of single-layer graphene.

1. Introduction

An electric field of 0.1–0.3 V/Å in the junction of scanning tunnelingmicroscope (STM) is inherently intrusive
to the surface properties ofmaterials. For example, this strong electric field can perturb electronic states such as
the surface state, quantumwell state, and transmission resonance, causing shifts in the state energy [1–3].
Moreover, this electric field can induce a local expansion deformation in Pbfilms through the STM tip [4],
engendering a tip-induced attractive deformation (TIAD) caused by the corresponding electrostatic force. This
TIAD is greater for the suspended graphene [5, 6]. Therefore, a TIAD can be expected on the graphite surface
beneath an STM tip because of theweak van derWaals force between atomic layers of graphite. Nevertheless,
this has never been detected, possibly because no tool is available for TIADmonitoring. A previous study
observed giant corrugation of carbon atoms on a graphite surface by using an STM,which is due to the
deformation induced by repulsive interatomic forces [7].Moreover, through the deformation due to the contact
between the atomic forcemicroscopy tip and graphene, atomic-scale frictional characteristics of graphene can
be resolved [8, 9].

Field emission resonance (FER) [10] is a quantumphenomenon occurring in an STM junctionwhen a
negative and high bias voltage is applied to the STM tip [11, 12]. Although FERoriginates from electrons
tunneling into quantized states in a vacuum, its features such as energy, intensity, linewidth, and number, can
provide information about the properties of the surface and STM tip. Consequently, FER has been a versatile
technique to explore various phenomena [13–39]. For example, the FERnumber can reflect the sharpness of an
STM tip; a higher FERnumber indicates a sharper tip [17, 35, 36]. In addition, previous studies demonstrated
that the FER observed on the reconstructed surfaces revealed spatial variation in linewidth [32–34]. This
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linewidth variation can be attributed to the local change of electron transmissivity [34]. These studies have
motivated us to investigate whether electron transmissivity varies according to the TIADon the graphite, and
therefore, the linewidth is sensitive to the TIAD. For this exploration, amaterial whose surface does not deform
easily was required. Ag(111)was selected because themetallic bond is considerably stronger than a van derWaals
force. Our exploration results revealed that at the same FERnumber, the linewidth offirst-order FER exhibited a
significantly larger variation on the graphite surface than it did on theAg(111) surface, indicating that FER can
be used tomonitor the TIADof graphite. To further verify thisfinding, we observed the variation in linewidth
with increasing current for the graphite andAg(111) surfaces. Furthermore, our density functional theory (DFT)
calculations demonstrated that the TIADof the graphite surface could transform the electronic properties of the
graphite top layer to be similar to those of the graphene, leading to variations in electron transmissivity with the
TIAD level.

2. Experiment and calculation details

A clean graphite surface was prepared by cleaving the highly oriented pyrolytic graphite (HOPG) in air by using
adhesive tape. A cleanAg(111) surface was prepared using ion sputtering followed by annealing at 600 °C for
several cycles. An ultra-high-vacuumSTMoperated at 78Kor 5Kwas used to observe FER onHOPGand
Ag(111) surfaces. The FERdetectionwas performed in Z–V (distance-voltage) spectroscopy by using Pt-Ir tips.
For a Z–Vmeasurement, the variation of the distance between the tip and surface was recordedwith an active
feedback, while the bias voltage was ramped from3 to 10V. The acquired Z–V spectra were differentiated using a
numericalmethod to reveal the FERpeaks.

The electronic structures were calculated using the projector augmentedwave approach, as implemented in
theViennaAb initio Simulation Package based onDFT. The Perdew−Burke−Ernzerhof formof the generalized
gradient approximationwas used for the exchange−correlation functional. The energy convergence threshold
was set as 10−4 eV in self-consistent field calculations, and the energy convergence thresholdwas set as 10−3 eV
for the structure optimizations. The lattice constant for Agwas determined to be 4.16Å byminimizing the
energy of the cell volume. Regarding the calculations performed for Ag, a 12´12´12 k-point sampling gridwas
used to achieve energy convergence towithin 1meV/atom. To achieve high accuracy, we used a 24×24×24
k-point grid to calculate the density of states (DOS) along the band symmetry points ofΓ and L. Because the
lattice constant forHOPG could not be obtained byminimizing the energy of cell volume, we set the
experimental lattice constant a0 to 2.46Å for bothHOPG and graphene and set c0 to 6.78Å forHOPG, in
accordancewith a previous study [40]. Regarding the calculations performed forHOPG, an 8´8´8 k-point
sampling gridwas used to achieve energy convergence towithin 1meV/atom, and a 15´ 15´15 k-point grid
was used to achieve high accuracy in theDOS calculations. For the graphene calculations, an 11´11´1 k-point
sampling gridwas used to achieve convergence.Moreover, a 15´15´1 k-point gridwith a vacuum thickness of
40Åwas used to achieve high accuracy in theDOS calculations.

3. Results and discussion

In the experiment, FER spectrawere first acquired by repeatedly performing Z–V spectroscopy at 78K and 30
pAon theHOPGandAg(111) surfaces. Because a high voltage of up to 10Vwas applied, the sharpness of the tip
may change, causing variations in FERnumber.Moreover, the repeated execution of Z–V spectroscopy could
lead to the destruction of the tip apex, resulting in the disappearance of FER peaks.When this situation occurred,
voltage pulses were applied to sharpen the tip or replacing it with a new one. Thus, spectra with different FER
numbers were obtained.

Because thework function of Ag(111) (4.74 eV) is close to that ofHOPG (4.7 eV) [41], the same FERnumber
indicates that the sharpness levels of STM tips onHOPGandAg(111)were close. Therefore, we collected spectra
of the same FERnumber onHOPGandAg(111) surfaces. Figure 1 displays differential Z–V spectra with eight
and nine FERpeaks forHOPG [figures 1(a) and (b), respectively] andAg(111) [figures 1(c) and (d), respectively].
The numbers indicated above peaks denote the FER orders.We focused on the linewidthΔEoffirst-order FER
(named FER 1hereafter), whichwas extracted through Lorentzian fitting, as an example of FER 1 on theHOPG
shown infigure 1(e). The dashed peaks infigures 1(a)–(d) are Lorentzian fittings, showing a high level
consistencywith all the FER 1 peaks. In our analysis, as illustrated infigure 2, the extracted linewidth values of
FER 1 in spectrawith the same FERnumberwere sorted in ascending order and then separated into 10 groups.
In each group, the spectrumwith the highestΔE value for FER 1was selected to be displayed infigures 1(a)–(d).
The numbers on the right-hand sides of the spectra were assigned according to the highestΔE values in 10
groups. A larger numberN infigures 1(a)–(d) corresponds to a higherΔE value.
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Although the overall potential in the STM junction along the surface normal is not linear [36], a previous
study demonstrated that the linear potential is a good approximation for the formation of FER quantized states
of order n=1, 2, 3 so that the electric field FFER is constant for these three states [38]. The corresponding FER
energies En can be expressedwith the energies of quantized states in the triangular potential well [42] as follows:

Figure 1.Differential Z–V spectra with eight and nine FERpeaks for (a) and (b)HOPG surface and (c) and (d)Ag(111) surface. The
numbers atop the FERpeaks denote the FERorders. The dashed peaks represent the Lorentzian fitting results, revealing a good
agreement with all FER 1 peaks. The spectrumnumbers at the right-hand sidewere assigned according to the values of the FER 1
linewidth. (e)Example of theΔE value for FER 1 extracted through Lorentzian fitting for theHOPG surface. (f)Plot of En versus (n-1/
4)2/3 for n= 1, 2, 3 for the eight FERpeaks for theHOPG surface and nine peaks for theAg(111) surface, demonstrating a linear
relation. Through the slope in the plot, FFER could be derived. (g) FFER for FER 1 in each spectrum in (a)–(d), indicating two groups
established in terms of FER number for both theHOPGorAg(111) surfaces.

Figure 2. Steps for selecting spectra to display infigures 1(a)−(d).
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Thus, the plot of En versus (n−1/4)2/3 is linear for n= 1, 2, 3, as displayed infigure 1(f) for 8 FERpeaks on
HOPGand 9 FERpeaks onAg(111). FFER can be obtained from calculating the slope in the plot divided byα to
the power of 3/2. Figure 1(g) presents the FFER values for FER 1 in the spectra displayed infigures 1(a)–(d); as
indicated in this figure, two separate groupswere observed in terms of FERnumber for both theHOPG and
Ag(111) cases. On average, FFER value for the eight FER peakswas higher than that for the nine peaks and at the
same FERnumber, the FFER value for theHOPGcasewas similar to that for the Ag(111) case. Figure 3(a) exhibits
that for the spectra with eight FER peaks, the FER 1 linewidths on bothHOPGandAg(111) increasedwith
spectrumnumberN; nevertheless, theΔE variation between spectra 10 and 1 forHOPGwas considerably larger
than that for Ag(111). This difference was also observed in the spectra with nine FERpeaks [figure 3(b)].
Consequently, the line shapes of FER 1 in spectra 1 and 10 forHOPGwere clearly different [figures 3(c) and (d)],
but those for Ag(111) only had slight changes [figures 3(e) and 3(f)].

Previous studies revealed that FER electrons can leave the quantized state through light emission [16, 17] or
surface transmission [34], which indicates that thewave function of FER electrons is not static but can be
dissipated. In spite of wave function dissipation (WFD), before leaving FER state, the electronmoves to and fro
in round trips in the STM junction.Due toWFD, the probability P(i) that electrons remain in the quantized state
may decaywith the number i of round trips at a rate ofDwhich is the sumof the electron transmissivityΓt and
the decay rate per round trip due to light emissionΓl. P(i) can be defined as follows

( ) ( ) ( )= -P i 1 D . 3i

Equation (3) indicates that the probability that a resonant electron stays in FER state for (i− 1) round trips
but exits FER state in the ith round trip is P(i− 1)−P(i). The average number of round trips 〈i〉 of all resonant
electrons is as follows:

[ ( ) ( )] ( )åá ñ = - -
=

=

i i P i 1 P i , 4
i 1

i imax

where imax is themaximumnumber of round trips forwhich a resonant electron can stay in FER state, depending
on the number of all resonant electrons. Using equations (3) and (4), 〈i〉= 1/D is obtained (see supplementary

Figure 3. (a) Linewidth of FER 1 for theHOPGandAg(111) surfaces versus spectrumnumberN for eight FERpeaks and (b)nine FER
peaks. (c) and (d) Line shapes of FER 1 for spectra 1 and 10 for theHOPG surface, respectively, and (e) and (f) those for theAg(111)
surface, respectively.
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material (available online at stacks.iop.org/JPCO/6/075010/mmedia)). Resonant electronsmove back and
forthwithin a distance s= (En−Evac)/eFFER between the surface and the classical turning point. As a result, the
round-trip time t for resonant electron can be calculated using 2s= eFFER t

2/m. By combining this equationwith

equations (1) and (2),
( )b=

-
t

n

FFER

1

4

1
3

2
3

is obtained, where ( )ħb = p .
e

3m
1
3

2 Themean lifetime of resonant electrons in

FER state, proportional to 1/ΔE, can be defined as 〈i〉 t. Consequently,ΔE is proportional toD. This relation
can explain that on reconstructed Au(111) surface, FERhas a largerΔE at the ridge area with a higherΓt (D),
leading to a spatial variation of FERpeak intensity [34] (see supplementarymaterial).

For n= 1, D can be represented by a quantity (0.75)1/3ΔE/FFER
2/3 . Thus, givenΔE and FFER, we can calculate

D for each FER 1 peak infigure 1. Figure 4(a) displays the variation of theD values for FER 1 forHOPGand
Ag(111) versusN for the spectra with eight and nine FERpeaks. Although theD value for Ag(111) (DAg)
remained nearly unchanged asN varied, theD value forHOPG (DHOPG) rapidly increasedwithN forN>5.We
suggest that this difference could be attributed to the TIAD caused by the electrostatic force in STM junction and
Dproportional to the TIAD level (discussed later). The TIADwasmore prominent on theHOPG surface
because themetallic bond inAg crystals is considerably stronger than the van derWaals force between atomic
layers inHOPG. Therefore, DHOPG value exhibited a larger variation.However, the sharpness levels of the STM
tipwere close because FERnumberwas the same. The sharpness level was unable to explainwhy theDAg value
was nearly constant but theDHOPG value varied. It is well accepted that an STM tip is composed of a basewith a
radius of tens of nanometers and a protrusionwhose open angle determines the tip sharpness. Therefore, STM
tipsmay have the same sharpness but different base radii. According to a theoretical study [43], when the
distance d between the tip and surface is smaller than the base radius R, the electrostatic force F between them is
as follows:

( )pe= /VF R d, 50 0
2

whereV0 is the applied bias voltage. Therefore, a tipwith a larger base radius can engender a stronger
electrostatic force, causing a larger deformation level on theHOPG surface, and vice versa [figure 4(b)]. The
TIAD is similar to be dome shaped. Awider dome diameter and greater height are noted to be associatedwith a
higher TIAD level. Because Ag crystals do not deform easily, DAg is insensitive to the base radius. Using
equation (5), the electrostatic force can be estimated by assuming R=30 nmand d= 2 nm for FER 1whose
energy is 6 eV,which is approximately 15 nN.

The TIADprobed by the FER linewidth demonstrated abovewas performed at the same current under
different tip bases. Actually the electrostatic force can be tuned by changing the current. Accordingly, we also
observed FER 1ΔE values forHOPGandAg(111) at 5K under different currents. Figure 5(a) displays the FER
spectra forHOPG at 0.01–1 nA, andfigure 5(b) shows those for Ag(111) at 0.03–10 nA. As exhibited in both
figures, when the current increased, the energy of the FER 1 peak (denoted by 1)moved toward high energy [39],
indicating that the FFER of FER 1 increasedwith the applied current. Figure 5(c) depicts smooth plots of FFER
versus current, implies that the tip structures on both surfaces were unchanged as the current increased.
Figure 5(d) exhibits that FER 1ΔE values enlargedwith the current for both cases. On the basis of the results
illustrated infigures 5(c) and (d), we calculatedDHOPG andDAg as a function of FFER, andfigure 6(a) presents a
plot of the calculation results. Figure 6(a) reveals a considerable disparity thatDHOPGwas linearly proportional

Figure 4. (a)Decay rate of FER 1 for theHOPGandAg(111) surfaces versus the spectrumnumber for eight and nine FERpeaks. (b)
Schematic of two deformation levels induced by two STM tipswith the same sharpness but different bases for theHOPG surface. The
deformation is shown to be dome shaped, with a greater dome height andwider dome diameter indicating a larger deformation level.
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to FFER, whereasDAgwas nearly independent of FFER. Because the electrostatic force enhances with increasing
FFER, figure 5(a) reflects that the TIADon theHOPG surfacewas considerably larger than that onAg(111),
consistent with the results infigure 4(a). For increasing the current, the tipwas controlled through the STM
feedback,moving it closer to the surface. Accordingly, the electrostatic forcewas enhanced, attracting and
displacing theHOPG surface upward. As a result, the TIAD level was higher (lower) at a shorter (longer) tip-
surface distance, as visualized infigure 6(b).

BecauseHOPG andAg(111) have no energy gap above their vacuum levels, theΓlfluctuation caused by
quantum trapping effect [38] is weak. Consequently, Dwas determined to be dependent only onΓt in this study.
A previous study suggested thatΓt is proportional to theDOS [34], signifying that the difference betweenDHOPG

andDAg can be explained by theDOS. Figure 7 depicts DOS values derived throughDFT calculations for the
HOPG, single-layer graphene, andAg(111) surface. TheDOS values derived at the FER 1 energy of
approximately 6 eVwere comparable forHOPG andAg(111), explaining thatDHOPG andDAg values are close at
N<5 infigure 4(a). Therefore, the situation can occur onHOPG that the tip base is too small to induce the
deformation.

Asmentioned, theDHOPG value exhibited larger variations [figure 4(a)] andwere linearly proportional to
FFER [figure 6(a)], indicating that theDOS increases with the TIAD level. As displayed infigure 7, at
approximately 6 eV, theDOS value of graphenewas considerably greater than that of theHOPG surface. This
notableDOSdifference suggests that the electronic structure of the topHOPG layer gradually approaches that of

Figure 5. (a) FER spectra for theHOPG surface at 0.01–1 nA, and (b) those for the Ag(111) surface for 0.03–10 nA. (c) FFER plots as a
function of current for theHOPGandAg(111) surfaces. (d) FER 1ΔEplots as a function of current for theHOPGandAg(111)
surfaces.

Figure 6. (a)Decay rate of FER 1 as a function of FFER for theHOPGandAg(111) surfaces based on the data infigures 5(c) and (d). (b)
Schematic of theHOPG surface deformation induced by an STM tip, whichwas larger when the distance between the tip and the
surface was smaller.
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the graphene as the TIAD level increased, thus increasing the correspondingDOS value.Moreover, because
HOPG is a semimetal, itmight not be able to behave like ametal towholly block the penetration of the electric
field in STM junction into deeper layers, but the top layer can effectively reduce the electricfield. Consequently,
the electrostatic force on deeper layers would beweaker than that on the top layer. The TIAD levels of deeper
layers would be lower than that of top layer. The distances between the top layer and deeper layers are larger than
those inHOPGwithout electrostatic force. Therefore, the electrostatic force in the STM junction locally attracts
the top layer to be away from the second layer, which could effectively produce a quasi-graphene layer beneath
the tip on theHOPG surface.

Wemeasured the distance change (ΔZ) in the Z–V spectrum corresponding to the differential spectrumof
N=1 infigures 1(a)–(d) for a bias voltage ranging from3 to 10V. The results show that distance changes are
30.0 and 34.1 Å for 8 and 9 FERpeaks in theHOPGcase, and 30.4 and 35.4 Å for 8 and 9 FERpeaks in the Ag
case, respectively. Therefore, for the same FERnumber,ΔZonHOPG is nearly the same as that onAg(111),
indicating that the TIAD level onHOPGwas not increasedwhile the bias voltage increased, i.e. the electrostatic
force could be constant when observing FER. Thus, FERpeaks weremeasured on a stable dome-shaped surface.

Figure 8(a) is a topography image ofHOPG taken at 3V, 1 nA and 5K, inwhich the surface consists of a high
terrace (bright area) and a low terrace (dark area) due to a step. Figure 8(b) shows a line profile along a 200Å-long
line crossing a step infigure 8(a), revealing that the step height is close to one atomic layer.We took an FER
spectrum along the line every 2Å from left to right under 0.1, 0.5, and 1 nA (see supplementarymaterial), and
measured FFER and FER 1ΔE in each spectrum. Figure 8(c) presents FFER versus position on the line at three
currents. Although the STM feedbackwas on, FFER still had a slight increase when the tip crossed the step, which
is approximately 1.4%of FFER on the low terrace for all three cases infigure 8(c). According to this FFER increase,
the position of the step edge can be determined from themaximumof FFER, which is nearly identical for three
cases infigure 8(c), marked by a dashed line at the position of 154Å. Figure 8(d) displays FER 1ΔE versus
position at three currents.With the values infigures 8(c) and (d), we depicted the plots ofDHOPG versus position,
as displayed infigure 8(e). For comparison, the line profile infigure 8(b) is also shown infigures 8(c), (d), and (e).

At 0.1 nA, the plot shows thatDHOPG is nearly constant. The plot at 0.5 nA reveals thatDHOPG is nearly
constant atmost of positions, but presents a triangle shaped variation for some positions; it increases from the
position of 104Å and reachesmaximumat 124Å then decreases. Because the step edge is at 154Å (dashed line),
the increase ofDHOPG occurs at the low terrace.Moreover, except the triangle shaped variation, there is no
difference forDHOPG at the low andhigh terraces. Therefore, the step can elevate the height of TIADon the low
terrace as the tip is close to a step,However, FFER should exceed 0.26VÅ to detect this step-induced height
elevation, according tofigure 8(c). The triangle shaped variation reflects that the van derWaals force is weaker in
the vicinity of a step due to less symmetry. The plot at 1 nAdemonstrates that the triangle shaped variation
becomesmore pronounced and the positions at whichDHOPG is nearly constant shrink to a range between 0 to

Figure 7.TheDOS values for theHOPG, single-layer graphene, and theAg(111) surface, derived using theDFT calculations.
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74Å, displaying that a stronger electrostatic force can extend the area of step-induced height elevation.
Moreover, the averageDHOPG on the high terrace (154–200Å) is greater than that on the low terrace (0–74Å),
indicating that due to less symmetry, at the high terrace, the van derWaals force near the step is weaker than that
away from the step, but is stronger than that near the step at the low terrace because FFER should be as high as
0.295VÅ to observe this difference, according tofigure 8(c). In addition, because the triangle shaped variation
results from the step, the lateral position of the highest value inDHOPG is the same as that in the plot at 0.5 nA, as
marked by a solid line.

4. Conclusions

Wedemonstrated that FER can be used as a tool to probe the TIADof anHOPG surface. Bymeasuring FER
energies to derive FFER and by extracting FER linewidth, we derivedDHOPG tomonitor the TIADof the surface.
A higherDHOPG value represents a higher TIAD level. For comparison, we also observed FER on the Ag(111)
surface. The derivedDAgwas insensitive to the electrostatic force in STM junction, implying that the TIADonAg
surface is negligible. DFT calculations demonstrated that theDOS of the graphenewas considerably higher than
that of graphite at the FER 1 energy, signifying that the TIAD rendered the top layer analogous to graphene
because the decay rate is proportional to theDOS. It is well known that the electronic structures of two-
dimensional (2D)materials are sensitive to the strain [44, 45]. Strain-induced change of theDOS above the
vacuum level in 2Dmaterials is expected, implying that FERmay be a tool to probe the strain distribution on 2D
materials throughmeasuring the decay rate of its wave function.
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