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We employ field emission resonance (FER) to observe the
Smoluchowski effect on Ag(100) and Cu(100) surfaces, which is a
charge transfer phenomenon, leading to electric dipole formation
at surface steps. On Ag(100), pronounced charge transfer results in
a discontinuity in FER energies at step sites. In contrast, this
discontinuity is absent on Cu(100), indicating that the Smolu-
chowski effect is negligible. Density functional theory calculations
confirm this significant difference in charge transfer at the step. By
analyzing FER energies using the triangular potential model, we
extract the spatial variation of the work function around the step on
both surfaces. Our results for Cu(100) demonstrate that a reduction
in the work function can occur even without a step electric dipole,
contrary to the widely accepted explanation that the Smoluchowski
effect reduces the work function. Furthermore, while it is generally
accepted that as charge transfer occurs, local negative (positive)
surface charge raises (lowers) the work function, our results for
Ag(100) reveal the opposite trend. Additionally, the extracted work
function enables spatially resolving the positive and negative
charge densities within a step electric dipole, which has not yet
been achieved using other local probe techniques.

1. Introduction

Charge transfer is a ubiquitous process that occurs at the
interface where two different materials come into contact. In
systems involving organic molecules on metallic substrates,
charge transfer can significantly alter the physical and chemical
properties of the molecules compared to their behavior in the
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New concepts

By observing the Smoluchowski effect on the Ag(100) surface, we demon-
strate that field emission resonance (FER) spectroscopy is highly sensitive
to the surface charge, as it enables spatial resolution of the positive and
negative charge densities within the step electric dipole, a capability
beyond the reach of other local probe techniques. The vacuum level
variation around the surface step, extracted from FER spectra, reveals a
new concept: the local work function change induced by charge transfer
originates from Fermi level alignment, rather than from a modification of
the surface dipole. We also show that the Smoluchowski effect is
negligible on the Cu(100) surface; nevertheless, a local work function
reduction near the step is still observed. This finding is inconsistent with
the long-standing notion that the step electric dipole accounts for the
work function reduction with increasing step density. Since FER spectro-
scopy allows local probing of the polarity and distribution of surface
charge, we expect that it will become a powerful tool for probing atomic-
scale electrostatics, charge transfer across lateral interfaces, and charge
distribution in edge states.

solution phase. These alterations include molecular conforma-
tional distortions upon adsorption,"? substrate-mediated
interactions,® unique chemical reaction pathways,” and the
emergence of molecular Kondo resonances.>® Charge transfer
also serves as a fundamental mechanism in contact electrifica-
tion, which plays a crucial role in the development of tribo-
electric nanogenerators.” In the case where both materials are
metals, charge transfer leads to the formation of a contact
potential that is linearly proportional to the difference in their
work functions. This principle underpins scanning Kelvin
probe microscopy (SKPM),® a technique that enables high
spatial resolution mapping of the surface morphology and
the local work function.

Steps, an inherent structure of any crystalline surface,
exhibit unique properties. For instance, surface steps can
substantially influence heterogeneous catalysis® and epitaxial
growth.'® From a technological perspective, faceting of stepped
surfaces holds promise as platforms for fabricating nanostruc-
tures using a “bottom-up” approach.''> On an atomic scale,
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Fig. 1 Schematic illustration of the Smoluchowski effect, representing the
charge transfer of electron density from the upper step edge to the step
base.

the diffusion of a single atom across a step differs from its
motion on a terrace due to the additional Ehrlich-Schwoebel
barrier."*'* In 1941, Smoluchowski theoretically demonstrated
charge transfer at step sites, characterized by a flow of electron
density from the upper step edge to the step base, creating a
local step electric dipole (SED),"” as illustrated in Fig. 1. Sub-
sequent studies showed experimental evidence for the exis-
tence of the SED. For example, Besocke et al. observed a
reduction in the work function with increasing step density,®
which was attributed to the SED. Later, local probe techniques,
such as scanning tunneling microscopy (STM)"” and SKPM,"®
provided further support by allowing the work function
changes near step sites to be observed. However, direct detec-
tion of the positive charge at the upper step edge and the
negative charge at the step base has remained elusive with
these techniques. To spatially resolve the charge distribution
within the SED, Park et al.*° utilized a combination of STM and
atomic force microscopy to measure the electrostatic force
acting on a biased STM tip positioned at the upper step edge.
The polarity-dependent changes in the electrostatic force indir-
ectly revealed the presence of the positive charge. However, the
negative charge at the step base remains unobservable.

In STM, when a bias voltage is applied such that the Fermi
level of the tip becomes higher than the vacuum level of the
sample, electron tunneling in the junction transitions into field
emission. Because the wavelength of the field-emitted electrons
is comparable to the tip-surface separation, quantized standing-
wave states are formed in the junction. As a result, the field
emission current oscillates with increasing bias voltage, a phe-
nomenon known as field emission resonance (FER),>° which can
be observed using Z-V (distance-voltage) spectroscopy in
STM.>"?* Although FER originates from the quantized electronic
states in the vacuum gap, previous studies>*> have demon-
strated that its characteristics, including resonance energy,
intensity, linewidth, and peak number can reflect the physical
properties of both the surface and the STM tip.

In this work, we observed FER around monoatomic steps on
Ag(100) and Cu(100) surfaces. On both surfaces, we discovered
a phenomenon where the FER energy shifts upward as the
upper step edge (USE) is approached, whereas it shifts down-
ward near the step base (SB). While the energy shifts near the
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SB are comparable for both surfaces, the energy shift near the
USE on Ag(100) is substantially larger than that on Cu(100) by
an order of magnitude. This pronounced difference causes the
FER spectra around the step on Ag(100) to exhibit an energy
discontinuity for FER peaks of the same order, which is absent
on Cu(100). We suggest that this notable distinction arises from
significant charge transfer at the step on Ag(100), resulting in a
much stronger SED. Our density functional theory (DFT) calcu-
lations corroborate this marked difference, indicating that the
Smoluchowski effect is strongly dependent on the material’s
electronic properties. Since FER spectroscopy enables probing
of the surface charge, the associated variations in the surface
potential can be evaluated accordingly.

2. Methods

2.1 STM measurements

In the experiment, clean Ag(100) and Cu(100) were prepared
using ion sputtering followed by annealing at 600 °C for several
cycles. An ultra-high-vacuum STM operated at 5 K was used to
observe FER. PtIr tips were used to perform Z-V spectroscopy
combined with a lock-in technique to observe FER, in which a
dither voltage of 30 mV was added at a frequency of 1 kHz to the
bias voltage.

2.2 DFT calculations

First-principles calculations are performed using the local
density approximation (LDA) based on density functional
theory (DFT)**** as implemented using the Vienna ab initio
simulation package (VASP).*>™*” The large 16 x 1 x 6 supercell
with a size of 45.23 A x 2.83 A x 36.99 A (40.89 A x 2.56 A x
34.88 A) containing 184 atoms is used in the slab model
method for simulating the monoatomic step on (100) surface
for Ag (Cu) (Fig. S1). To obtain convergent results, the slab
thickness for the high (low) terrace is 12 (11) layers with the
vacuum thickness of 15 A to eliminate the interaction between
the bottom and top surfaces. The convergence test for the slab
thickness is shown in the SI (Fig. S2). Similarly, to avoid
interactions between adjacent step edges, a terrace width four
times the lattice constant (eight atoms) of over 20 A is used.*®
The lattice constants of 3.9978 A and 3.6145 A given from the
fully structural relaxation of Ag and Cu bulk structures are in
good agreement with experimental lattice constants of 4.079 A
and 3.598 A,*° respectively. To reduce structural complexity
and computational time, the atomic structures of the step
surface are derived from the relaxed bulk structures with
the self-consistent total energy calculations converged less
than 10~° eV per supercell. The out-of-plane dipole corrections
are included in the calculations to prevent errors from dipole
moments caused by creating the surfaces. 1 x 11 x 1 k-mesh
with a cut-off energy of 312 eV is sufficient for obtaining
qualitatively reasonable results consistent with experimental
data. Neither the spin polarizations nor the spin-orbit interac-
tions are considered for these nonmagnetic and non-heavy
elements.
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3. Results and discussion

Fig. 2(a) shows an STM image of the Ag(100) surface, where the
surface is composed of a high terrace (marked by H) and a low
terrace (marked by L) separated by a monoatomic step. Along
the 250 A-long dashed line crossing the step in Fig. 2(a), we took
an FER spectrum every 2 A. Fig. 2(b) presents the FER spectrum
at the start point (marked by o), with the numbers indicating
the orders of FER peaks. Fig. 2(c) displays an intensity map of
the FER spectra along the line, with spectral intensities repre-
sented by a color scale. The line profile crossing the monoa-
tomic step is shown at the bottom, indicating that the USE is
approximately at 122 A. The FER peaks appear in the red and
white regions. The mapping contrast shows a prominent varia-
tion for all FER peaks near the step. Consequently, the FER
spectra for positions ranging from 104 to 128 A around the step
are displayed for closer inspection in Fig. 2(d), with the
corresponding positions marked on the right-hand side.

First, let us examine the first-order FER peak (FER1) at
different positions. As indication by the triangles in Fig. 2(d),
FER1 energy is not constant. Instead, as the SB or USE is
approached, the FER1 energy shifts toward lower energy on
the low terrace and higher energy on the high terrace. This
opposing behavior is also observed for the second-order FER
peak (FER2), indicating that both FER1 and FER2 energies are
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discontinuous at the step. Notably, FER1 on the low terrace
(FER1,0w) and FER1 on the high terrace (FER1yg1) coexist in the
FER spectra at positions between 116 A and 120 A. These
positions, marked by a dashed rectangle and highlighted in
the inset, reveal that FER electrons emit to the low terrace when
the bias voltage corresponds to FER1,,,, but switch to the high
terrace when the bias voltage corresponds to FER1pjep. Simi-
larly, at positions between 114 A and 118 A, two FER2 peaks are
observed. Due to the energy discontinuity, the mapping in
Fig. 2(c) shows a discontinuous contrast near the step for FER
peaks of the same order, except for the zeroth order. For higher-
order FER peaks (order numbers greater than two), the peak
energy of n-th order on the high terrace smoothly connects with
that of (n+1)-th order on the low terrace. This progression is
clearly illustrated in Fig. 2(d), indicated by the triangles.

We conducted the same experiment on the Cu(100) surface.
Fig. 2(e) shows the FER spectrum at the start point (the STM
image with the step is not shown). The intensity evolution
along a line crossing a step is presented in the mapping in
Fig. 2(f), where the line profile indicates that the USE is
approximately at 130 A. In contrast to Fig. 2(c), however,
Fig. 2(f) reveals a prominent difference: the contrast disconti-
nuity at the step is absent. Fig. 2(g) displays FER spectra at
positions ranging from 116 to 140 A around the step. The
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(a) STM image showing a step on the Ag(100) surface. (b) FER spectrum at the starting point (marked “0") of a dashed line in (a). (c) Intensity

mapping of FER spectra acquired along the dashed line crossing the step at a current of 1 nA, with the corresponding line profile shown at the bottom. (d)
FER spectra showing peaks (marked by numbers) for positions from 104 to 128 A around the step. Inset: Enlarged view of the region within the dashed
rectangle, highlighting two FER1 peaks at positions from 116 to 120 A. (e) FER spectrum at the starting point of a line crossing a step on the Cu(100)
surface. (f) Intensity mapping of FER spectra at a current of 0.5 nA on the Cu(100) surface, including the corresponding line profile across the step. (g) FER
spectra for positions from 116 to 140 A around the step. A dashed line indicates the FER1 energy at the position of 140 A.
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dashed line marks the FER1 energy at the 140-A position,
showing that FER1 exhibits only a slight energy shift across
the step. FER peaks of higher orders demonstrate a similar
behavior.

However, on the (100) surface, the step orientations may be
either (011) or (010). It remains unclear whether this substan-
tial difference arises from the step orientation. To address this,
we deliberately searched for regions on the Ag(100) and Cu(100)
surfaces where the steps of both orientations coexisted and
conducted the same experiments in those regions (Fig. S3 and
S4). The results closely resemble the mappings shown in Fig. 2(c)
and (f), suggesting that the pronounced disparity between the
mappings is not attributable to the step orientation.

According to the line profiles in Fig. 2(c) and (f), the step
heights on Ag(100) (2.02 A) and Cu(100) (1.76 A) are compar-
able. Thus, the step height is unlikely to be the cause of the
notable disparity, where the FER energy discontinuity is
observed on Ag(100) but is absent on Cu(100) at the step site.
Instead, it is likely that the much stronger Smoluchowski effect
on Ag(100) is the primary cause of this difference. To test this
hypothesis, we performed DFT calculations.

As detailed in the Methods section, Fig. 3(a) shows the
constructed supercell slab models of Ag- and Cu-stepped sur-
faces, where a and ¢ correspond to the (011) and (100) direc-
tions of the face centered cubic bulk structure, respectively.

(a) 20444 134429 (d)
ol® 0 0 © 1
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Fig. 3(b) and (c) present the calculated charge density distribu-
tion within 0.5 eV below the Fermi level of Ag and Cu,
respectively. As can be clearly seen, Ag demonstrates a much
more diffusive 4d electron density distribution in comparison
with the significantly localized 3d electron picture of Cu,
particularly at the surface. For the Ag case, attracted by in-
plane atoms, the electron cloud expands laterally even to the
neighboring site forming the continuous distribution over
several Ag atoms. This is in strong contrast to the well-
separated electron cloud in the Cu case. It is also observed
that surface charge on both Ag and Cu tends to distort inward
the surface, showing anisotropic distributions along the sur-
face normal direction.

Fig. 3(d) shows zoomed-in plots of the red and blue dashed
rectangle regions in Fig. 3(b), allowing a clear comparison of
charge redistributions on the Ag-stepped surface. As shown in
Fig. 3(d), the surface charge density of Ag exhibits a pro-
nounced distortion along the z-direction, with the maximum
electron concentration shifted deeper into the surface. The
electron density distribution varies notably along with its
distance from the step edge. Furthermore, the charge density
at Ag surface sites reveals a remarkable double-peak distribu-
tion along the z-axis, especially at sites 3 and 4. Such a step-
affected charge redistribution leads to the distinct behavior
observed in experimental measurements. It can also be seen
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(a) Side view of the step structures for both Ag and Cu. (b) and (c) Side views of electronic charge contours calculated from —0.5 eV to 0 eV (Fermi

energy) for Ag and Cu, respectively. The color bar indicates charge density (e A=%). (d) Surface charge contour with interval of 0.0013, zoomed in on the
atoms (marked by numbers) within the red and blue dashed rectangles in (b). (e) Calculated electronic charge contours around the step edge of Ag,
consistent with (d). (f) Surface charge contour with interval of 0.0013, zoomed in on the atoms within the red and blue dashed rectangles in (c). (g)
Orbital-resolved density of states for Ag and Cu at site 4. The higher density of states of Cu around the Fermi level leads to higher charge density in (c)

compared to that in (b) for Ag.
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that at the high terrace, the electron density decreases as the
site approaches the USE (from site 4 to site 1). Conversely, at the
low terrace, the electron density at the SB site (site 16) is the
highest and gradually decreases with increasing distance from
the SB (from site 16 to site 13). This behavior in which Ag
electrons at the USB (site 1) migrate significantly toward the SB
(site 16) shown in Fig. 3(e) is consistent with the Smoluchowski
effect™ illustrated schematically in Fig. 1. In contrast, Fig. 3(f)
demonstrates that the surface charge distribution of Cu is
relatively localized and symmetric across atoms from site 4 to
site 1 on the high terrace and from site 16 to site 13 on the low
terrace. It shows no indication of electron migration and dis-
plays nearly identical charge distribution for site 1 and site 16.

By comparing the charge distribution maps, we infer that
the Ag-stepped surface exhibits polarization characteristics,
whereas the Cu-stepped surface does not, in agreement with
experimental observations in Fig. 2. Therefore, in practice, the
strength of the Smoluchowski effect'” can vary substantially
between different materials. To further investigate the origin of
this difference between Ag and Cu, we analyzed the orbital-
resolved density of states (DOS) at the surface sites, as shown in
Fig. 3(g). Near the Fermi level, the electronic states at the Ag
surface primarily originate from a mixture of the diffusive 5s,
5p, and 4d orbitals, providing a strong deformation of the
electron cloud, whereas those at the Cu surface are predomi-
nantly derived from the highly localized 3d orbitals with much
stiffer orbital shapes. As a result, the electronic states on the
Cu-stepped surface exhibit minimal deformation, and no

View Article Online

Communication

electron transfer is observed from the USE to the SB. These
findings suggest that orbital localization is the key factor
determining surface polarization at stepped surfaces.

Next, we used FER1 from Fig. 2(c) and (f) to quantitatively
analyze how the step influences the FER energy, as shown in
Fig. 4(a) and (b), where the positions of the USE are set as zero
points. For FER1 on Ag(100), depicted in Fig. 4(a), the energy is
discontinuous at the step, with shifts of 0.152 eV on the high
terrace and —0.123 eV on the low terraces. In contrast, for FER1
around the step on Cu(100), shown in Fig. 4(b), the energy
discontinuity is absent, although a similar trend of energy
shifts is observed. Notably, the energy shift on the low terrace
(—0.076 €V) is approximately half of that on Ag(100). However,
the energy shift on the high terrace (0.014 eV) is substantially
smaller than that on Ag(100) by an order of magnitude. This
uneven behavior prompted us to investigate whether it is
entirely related to the SED, which is significant on Ag(100)
but absent on Cu(100), as confirmed by DFT calculations.

Previous studies®® have shown that the energy E, of FER1,
FER2, the third-order FER follows

[SSI1)

2 1
E, = E, 4+ oFFgRr3 (}’l — Z) (1)

in the triangular potential model, where E, is the vacuum level,
Fegr is the electric field responsible for FER formation, n =1, 2,
1

2 \3 (3ne\3
3 corresponds to the order number, and o = ) \ ) -

FERI energy (eV)
Frg (V/A)

L L L 4.80 1 L L L

L
0 50 100 -100 -50 0 50 100

2150 -100 -50 0 50 100 150 -100 50
Position (A) Position (A)
6.14 — - T T 4.98 [ ] T
7
0.184 | (d) —_— H ] (f) H
6121 1 y==--=- S A 496 | i E
fis 1.5% '
0182 | 1% 5% R . |
col0| o1 Fe % 404 _m Y o]
° Sl BsR e 9%% - B
e A : [ - e -y P o
£ 6.08 [ 15 o180 S 15 Lo
5 < g | 2402 5N ]
o £ % “ ! uf’ L os
o4 6.06 [ 1= v [
F ] 4 -0. L
=) 01781 3.2% ¢ T asol 007V i 1
e 1 l gt
6.04 | S| s
| 1]
0176 | \a H Cu(100) | a8 | “:\‘ H Cu(100)
[ 1 1
6.02 | 4 feepe-m—m———- < 1} mepeemem————— L
ORI 3 . 1 . . P . | . .
-150 -100 -50 0 50 100 150 -100 -50 0 50 100 -100 -50 0 50 100
Position (A) Position (A) Position (A)

Fig. 4

(a) FER1 energies from Fig. 2(c) plotted as a function of position, with the USE set as the zero point, showing that near the step on the Ag(100), the

FER1 shifts toward lower energies on the low terrace (marked by L) and higher energy on the high terrace (marked by H). (b) FER1 energies from Fig. 2(f)
plotted as a function of position on the Cu(100), showing no discontinuity. (c) and (d) Frer values extracted from Fig. 2(c) and (f), respectively, plotted as a
function of position on Ag(100) and Cu(100). (e) and (f) E, values obtained from Fig. 2(c) and (f), respectively, plotted as a function of position on Ag(100)

and Cu(100).
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Therefore, using the energies of FER1 and FER2, both E, and
Frgr can be determined. Fig. 4(c) displays the plot of Fggg
extracted from Fig. 2(c) as a function of position on Ag(100),
revealing that Feggg is discontinuous at the step. Given the
positive polarity on the sample, the surface charge density ¢
beneath the tip is also positive, and can be expressed as Fggréo,
where ¢, is the vacuum permittivity. Relative to the surface
charge density g, at positions away from the step, ¢ at the USE
(ousk) is 17% higher on Ag(100), as shown in Fig. 4(c). Similarly,
Fig. 4(d) shows that gygg on Cu(100) exceeds g, by only 1.5%.
Fig. 4(e) and (f) present the corresponding plots of E, versus
position on Ag(100) and Cu(100), respectively. These plots
indicate that E, remains nearly unchanged at the USE on
Cu(100), whereas on Ag(100), E, substantially increases as the
USE is approached.

A work function difference can induce charge transfer due to
Fermi level alignment, resulting in the creation of a contact
potential, which corresponds to the vacuum level difference.
Conversely, charge transfer can also lead to changes in the work
function (vacuum level). Since the SED arises from charge
transfer from the USE to the SB (Fig. 1), the Fermi level near
SB (USE) is higher (lower) than that away from the step, as
illustrated in Fig. 5(a). However, because the Fermi level must
align across the surface, this implies that the vacuum level is
discontinuous at the step, being higher at the USE with a
positive charge density, as depicted in Fig. 5(b). Based on this
perspective, the absence of changes at the USE in Fig. 4(f)
results from that no charge transfer occurs at the step on
Cu(100). In contrast, Fig. 4(e) reveals a clear discontinuity at
the step on Ag(100), indicating significant charge transfer.
These observations align with the results of DFT calculations.
As shown in Fig. 5(b), negative charge density leads to a lower
vacuum level, consistent with an FER study on nitrogen-doped
graphene,” where the nitrogen atom exhibits a lower vacuum
level than pristine graphene due to the additional electron
accumulating around the nitrogen atom.

Although the USE on Cu(100) is neutral, Fig. 4(d) shows a
detectable variation (1.5%) in Fggr at the USE, which can be
attributed to the geometric structure of the step, as illustrated
in Fig. 5(c). In this figure, position 7' (7”) indicates that the tip is
positioned away from the step on the high (low) terrace. When
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the tip approaches the USE, the average distance between the
tip and the surface becomes larger than at T due to the step
geometry. This results in a lower current because the electric
field for field emission, Frg, is weaker at the same bias voltage.
To compensate, the STM feedback mechanism drives the tip
closer to the high terrace to maintain the same current (Fyg),
thereby increasing Fggg at the USE compared to T. Conversely,
when the tip approaches the SB, it moves away from the low
terrace, reducing Fggg relative to 7°. As the tip moves from the
low terrace to the high terrace, crossing the step on Cu(100),
Fegr decreases gradually to a minimum, then reverses to a
maximum, followed by a gradual reduction, as shown in
Fig. 4(d). However, the change relative to the minimum is
—3.2%, indicating that the step has more pronounced effect
on Frer at the low terrace. This change is considerably smaller
than that (—14.7%) on Ag(100). Fig. 4(c) and (d) reveals that the
charge transfer at the step on Ag(100) is substantially more
drastic than that on Cu(100), in agreement with the calculated
results in Fig. 3(d) and (f).

Our previous study demonstrated that E, can vary linearly
with Frgg, with a mean slope of approximately 6.8 eV AV, due
to the tip-induced local Fermi level alignment.>” Using this
slope, the variations in E, (AE,) corresponding to Fig. 4(d)
relative to the rightmost point are calculated and shown in
Fig. 5(d), where AE, for Fig. 4(f) is also depicted for comparison.
Fig. 5(d) reveals a discrepancy between the two plots, suggest-
ing that E, may not change with Frgy in this case. We have also
demonstrated that E, depends on the average charge density G
over the surface area beneath the tip apex, rather than directly
on o, which is proportional to Frpr.>? When the tip crosses the
step, the average negative charge density at the tip apex should
remain unchanged to maintain a constant field emission
current. This mechanism can preserve a constant ¢ beneath
the tip apex even as it moves across the step. Thus, the dip
feature (0.07 eV depth) at the low terrace in Fig. 4(f) is not
induced by the electric field in the STM junction but is an
intrinsic surface property (discussed later). This property also
accounts for the 0.035 eV reduction in E, (marked by an arrow)
in Fig. 4(e). Due to the SED on Ag(100), G is not constant and
increases near the USE because of additional positive charge
density, leading to a rise of E, in Fig. 4(e). After reaching a

+t + from Fig. 4(f)
* _calculated 4

Fig. 5

-0.08 L L L
100

[
Position (A)

(a) The Fermi level near SB (USE) is higher (lower) than that far from the step due to charge transfer. (b) The Fermi level must align across the

surface, resulting in a discontinuity of the vacuum level at the step. (c) Schematic illustration showing that near the step, the distance between the tip and
the high (low) terrace is shorter (longer) than that at T (T’) position away from the step. (d) The vacuum level variation AE, corresponding to Fig. 4(d), is
calculated relative to the rightmost point using a slope of 6.8 eV A V™. For comparison, AE, for Fig. 4(f) is also shown.
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maximum at the USE, E, begins to decline, indicating that &
includes the negative charge density at the SB. Consequently,
the peak feature marked by a dashed rectangle may serve as a
direct signal of positive and negative charge distributions
within the SED. Additionally, this peak signal reveals a reversed
result to a widely accepted notion that as charge transfer
occurs, local positive (negative) surface charge reduces
(increases) the work function.>

Previous studies have demonstrated that in either space® or
energy,” the position of the maximum in the d//dV signal may
not coincide with the position of the maximum of the DOS.
This situation likely occurs in the case of field emission
resonance. However, our study focuses on Fggg, which is
determined from the energy separation between FER1 and
FER2 using eqn (1). Since Frgr depends on this energy separa-
tion, whether the extracted positions of FER1 and FER2 match
the positions of the DOS maxima is not critical. A similar
situation was reported in the study of interference waves by
Li et al.:>* although the observed peak positions do not coincide
with the positions of the DOS maxima, the measured wave-
length still agrees with the positional separation between the
DOS maxima. In addition, the vacuum level determined from
the energies of FER1 and FER2 may be uncertain due to this
possible discrepancy between the extracted resonance positions
and the positions of the DOS maxima. However, our concern is
the variation in the work function, for which, this discrepancy
can cancel out.

Fig. 4(f) shows that even in the absence of the SED, the step
on Cu(100) still induces a work function reduction (WFR) of
0.07 eV at a distance 12 A from the step at the low terrace.
Additionally, Fig. 5(b) indicates that the work function varia-
tions induced by the SED are entirely compensated. These
results clarify that the WFR observed in the previous
studies'®™® was not due to the SED. In particular, the measure-
ments through I-Z spectroscopy of STM'” did not reveal a work
function increase at the USE, as seen in Fig. 4(e). Moreover,
Fig. 4(e) also shows a WFR of 0.035 eV on Ag(100), where the
SED is significant. Here, we suggest that this WFR is indepen-
dent of the SED and arises from surface atom relaxation near
the SB due to step formation. It is well known that the surface
dipole layer (SDL) influences the work function. If the SDL is
affected by local surface atomic structure, surface atom relaxa-
tion likely induces the work function change. In Fig. 2(a), the
dashed line also intersects a defective area marked by an arrow.
Consequently, both FER1 energy in Fig. 4(a) and E, in Fig. 4(e)
exhibit a peak characteristic (marked by a triangle) at this
location, indicating that the SDL is sensitive to surface atomic
structure.

4. Conclusions

In summary, we use the FER technique to demonstrate that the
Smoluchowski effect is pronounced in Ag(100) but negligible in
Cu(100). This finding is further supported by DFT calculations.
Charge density analysis in calculations reveals that the SED
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does not emerge on the Cu(100) surface, owing to the strong
localization of Cu-3d electrons near the Fermi level. In contrast,
surface electrons near the Fermi level on Ag(100) mainly consist
of diffusive 5s, 5p, and 4d orbitals, which are more responsive
to perturbations from the step edge. As a result, significant
charge transfer induces a polarity discontinuity at the step site,
manifesting as discontinuous FER energies in Ag(100). By
applying the triangular potential model to extract work func-
tions from FER energies, we identify a peak feature in the
measured work function profile near the USE. This feature
provides direct evidence of the spatial distribution of positive
and negative charge density within the SED, which has not yet
been resolved by other local probe techniques. Furthermore,
this signal confirms that local positive (negative) charge den-
sities locally increase (decrease) the work function as the charge
transfer occurs. Although the Smoluchowski effect is absent on
Cu(100), a local reduction in the work function is still observed
near the SB, indicating that this reduction may arise from other
step-induced electronic modifications rather than from the
Smoluchowski effect.
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