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Local work function changes determined by field emission resonances: NaCl/Ag(100)
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Electrons trapped in field emission resonances (FERs) in front of a Ag(100) surface covered with ultrathin
NaCl islands are probed by scanning tunneling spectroscopy. The eigenstates in the potential well formed
between the tip and the sample are calculated within a one-dimensional model. This approach permits to
locally determine a work function reduction of 1.3 eV in going from the bare substrate to NaCl islands of up
to 3 ML. Spatial mapping of the FERs across a NaCl island edge at typical distances of 1 nm from the surface
yields a lateral resolution for the surface potential changes of 1 nm.
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The work function ¢ is a fundamental property of any
metal surface. It is defined as the minimum energy that is
necessary to remove an electron from the metal to infinity at
0 K. Measuring ¢ provides a straightforward method to
monitor the state of a surface because any adsorbed species
or surface defect will generally induce changes in ¢. This
phenomenon has important consequences concerning reac-
tion mechanisms and catalysis at surfaces because it can pro-
mote reactivity.1 However, the work function value deter-
mined by most experimental methods is averaged over large
sample areas.!”> This averaging always happens when the
work function is probed at a distance which is large com-
pared to the dimensions of the area of interest, because dif-
ferent net charges exist on neighboring areas of the sample if
their work functions differ. To get the full local surface struc-
ture information, the surface potential has to be measured
very close to the surface. It is then meaningful to define a
local work function ¢,,. at some point r close to the surface
as Proe(r)=Ves(r)—Ep,! where V g(r) is the effective surface
potential felt by the electron at r and plays the role of a local
vacuum level, and E is the Fermi level of the sample. Spa-
tial variations in V,q(r) at distances of the surface of the
order of 1 nm should mainly reflect either local electrostatic
changes in the surface dipole layer, which saturate rapidly
over few Bohr radii away from the surface, or changes in the
exchange-correlation potential which is also short ranged.
Local work function changes typically occur at surface inho-
mogeneities, e.g., at steps, impurity atoms, defects, and in-
terfaces at patches of adsorbed species.

Experimentally, local work functions have been probed in
various ways. Two spectroscopic techniques take advantage
of the presence of image potential states (IPSs) at surfaces
which form a Rydberg series pinned to the local vacuum
level.’ In two photon photoemission (2PPE)* and inverse
photoemission®® experiments, IPS energies are measured
with respect to Er and the vacuum level is extracted from an
interpolation of the quantum defect formula for a Rydberg
series.” These methods opened up the possibility to extract
layer dependent work functions of homogeneous adsorbed
layers.8~!0 Whereas a usual photoemission experiment probes
the work function averaged over a macroscopic sample area,
photoemission of adsorbed xenon was a breakthrough be-
cause of the large diameter of a Xe atom and its weak bond-
ing interaction with any substrate. Therefore, the surface po-
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tential could be measured at about 0.2 nm in front of the
surface by site-sensitive Xe atom probes distributed over the
whole surface, with a lateral sensitivity of 0.5-1.0 nm.!
Kelvin probe force microscopy!!' and photoemission electron
microscopy'? have shown that contact potentials can be de-
tected on a length scale of several tens of nanometers. With
the close proximity between tip and sample, scanning tunnel-
ing microscopy (STM) confirmed the existence of different
local surface potentials at the atomic scale through apparent
barrier height measurements.!> This technique is spatially
sensitive to the variations of the decay length of the electron
density at E, perpendicular to the surface. In practice, the
widely used one-dimensional (1D) model of a trapezoidal
barrier to approximate the tunnel barrier is a crude approxi-
mation. It neglects the tip and sample image potential con-
tribution and requires a determination of the tip work func-
tion to extract quantitative information about the sample
work function. On the other hand, after the pioneering work
of Becker et al.'* and Binnig et al.,' scanning tunneling
spectroscopy (STS) of field emission resonance (FERs) was
recognized to be a sensitive probe to access qualitatively
local surface potential changes.!®-2° However, quantitative
analysis allowing local work function changes to be ex-
tracted has not been carried out up to now from STM or STS
measurements.

In this work, we show that low temperature STS of the
FERs on a metallic surface partially covered with ultrathin
insulating layers allows us to extract quantitatively the local
surface potential changes by a 1D model calculation. We
inferred the absolute value of the adsorbate induced work
function from ultraviolet photoelectron spectroscopy (UPS)
measurement of the bare surface. As a particular system, we
studied NaCl/Ag(100). The obtained work function equals
3.2+0.1 eV on the first 3 ML (monolayer) NaCl/Ag(100).
Our study shows that in order to reproduce correctly the
binding energies of high-order FERs, it is necessary to take
into account the shape of the tip apex. Across the edge of a
NaCl island, abrupt changes occur in the energy levels of the
FERs within a 1 nm wide region where tunneling into both
NaCl/Ag(100) and Ag(100) occurs. This result yields a lat-
eral resolution of 1 nm for local surface potential differ-
ences, which reflects the diameter of the effective emission
area at the tip apex.

The experiments were carried out in a homebuilt scanning
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FIG. 1. (Color) STM images of NaCl grown on a Ag(100) sub-
strate at (a) room temperature (the islands without label are 2 ML
thick, Viie=4.35V, I=20 pA) and (b) 200 °C substrate tempera-
ture (Vy;,s=4.26 V,1=20 pA).

tunneling microscope?! operated at 50 K. The Ag(100) sub-
strate was cleaned by Ar sputtering and subsequent anneal-
ing. The NaCl was thermally evaporated from a homebuilt
evaporator at substrate temperatures ranging from room tem-
perature to 200 °C. All dI/dV measurements were per-
formed with closed feedback loop (constant current mode)
using the lock-in technique with a modulation voltage of
5-10 mV p.p. at ~1.5 kHz with tunneling currents ranging
from 20 to 100 pA. Simultaneously, A.(Vyi,), i.e., tip dis-
placement curves were recorded. During the spectroscopic
measurements on the Ag(100) substrate and on NaCl/
Ag(100), care was taken of preserving identical tip condi-
tions.

Figure 1(a) shows NaCl islands grown on a substrate at
room temperature. A majority of 2 ML islands (topographic
height at low Vi;,: 310 pm) are formed and very few 1 ML
islands (180 pm) are found. At higher substrate temperature,
square shaped 2 and 3 ML (460 pm) islands are grown, as
shown in Fig. 1(b).?

In Fig. 2, typical dI/dV spectra together with the corre-
sponding Az data are presented. Prominent peaks due to the
FERs are noticeable.'*!> Clearly visible is the difference in
the voltage onset for the FERs on the clean Ag(100) and the
NaCl islands. As the FERs start to appear for voltages around
the sample work function,?® this large shift toward lower
energy is closely related to the difference in local work func-
tions between the two surfaces.

However, to extract the local work function difference
between two different domains on the surface, the following
points are important and are incorporated into a simple 1D
model for a quantitative description of the FER levels. (i)
The image potential itself, which determines the IPS binding
energies (at zero field), is different in the two cases. (ii) For
a given voltage and tip-sample distance, the electric field in
the junction is not the same in the two cases due to the
presence of the dielectric layer. Therefore, the Stark effect
due to the electric field between the tip and the sample shifts
the FERs to different energies. (iii) As Az varies with Vi,
the entire FER spectrum evolves upon the Stark effect in a
nonlinear manner with Vy;,, and has no simple relation with
respect to the local vacuum level of the sample, in contrast to
previous assumptions.?*

PHYSICAL REVIEW B 76, 195404 (2007)

T T T T T T T T T T
| (d) 3 ML NaCl ]

dl/dV (arb. units)
(ww) 2y

> N - h L (A I -
S = N WO =N WO =N WO =N W

Vbias (V)

FIG. 2. (Color online) Typical dI/dV spectra (full black line).
The light black line shows Az(Vy;,,) data, i.e., the distance the tip
was retracted during the dI/dV measurement. The red bars indicate
the simulated FER energies.

As the IPSs are free-electron-like for electron motion par-
allel to the surface but localized in the direction perpendicu-
lar to the surface, our model consists of a single particle 1D
Schrodinger equation in the z direction:

2 ()
2m  dz7?

+V(2)(z) = E,iz).

The electronic structure of the substrate is described by a
nearly free electron model (NFE) which reproduces the
Ag(100) projected band gap at the known energies.>>>® The
corresponding NFE parameters are the amplitude of the pe-
riodic potential, V,=2.225 eV, and its position below Ej,
Vy=4.505 eV, with a 204.5 pm period [distance between
(100) planes in the Ag bulk crystal]. The Ag(100) work func-
tion is ¢,=4.5 eV, as deduced from UPS experiments of the
same sample, which is in good agreement with the
literature.”” In the probed energy range, all the observed
FERs lie in the projected band gap. The electric potential
between tip and sample (green in Fig. 3) is calculated by
assuming a spherical tip apex of radius R.”®? The image
potential of the tip is taken into account.

For Ag(100), V(z) consists of (i) the image potential of the
sample with respect to the mirror plane at z, (free
parameter?®3Y), which is set constant at z values where it
would be below the minimum bulk potential, (i) the image
potential of the tip, and (iii) the electric potential between tip
and sample. The tip-sample distance is given by the sum of
the initial distance z, (free parameter) and A (Vi;,). The
Schrodinger equation for the bare surface is then solved for
the eigenvalues E,(V,,,) for every Vi;, value and corre-
sponding zo+Az(Vy,) distance encountered in the experi-
ment. The condition E,(Vy,)=Er, ie., E,(Vy,)=Er
+ Viias» determines the simulated FER spectrum. This first
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FIG. 3. (Color) Components of the V(z) potential calculated to
simulate the FER levels on (a) Ag(100) and (b) NaCl/Ag(100):
image potential without electric field (blue), electric potential be-
tween tip and sample for an applied bias voltage Vi, (green), and
sum of both components (red).

step allows us to extract z and the tip parameters ¢, and R
by the best fit of the calculated FERs to all the experimental
dl/dV spectra measured on Ag(100) (see Fig. 2 and Table I).

The determined z;, value is in overall agreement with val-
ues for typical tunneling resistances.’! The z,, value agrees
well with those determined in previous work.?>?63% The R
value is consistent with previous calculations.’”

The tip parameters ¢, and R extracted from the measure-
ments on the bare surface are used to simulate the FER spec-
trum on NaCl/Ag(100). The potential is the one previously
used to interpret 2PPE experiments,’3> extended by a term
taking into account the electric potential between tip and
sample®® [see Fig. 3(b)]. The NaCl film is modeled by a
tunnel barrier with a height equal to the conduction band
minimum of bulk NaCl [0.8 eV above E,,., (Ref. 34)]. Its

TABLE 1. Averaged parameters obtained by fitting the calcu-
lated FER spectra on the clean substrate and on the NaCl islands to
the dI/dV spectra (see Fig. 2). The given uncertainties correspond
to the dispersion of the extracted parameters for all fitted spectra.

Ag(100)

R (nm) 56 (3t 10)  z, (nm) 0.015+0.004
2o (nm) 1.17£0.07 &, (V) 43£0.4
NaCl/Ag(100) 1 ML 2 ML 3 ML

€ 2.0+0.1 3.2+0.2 3.5+0.1

b, (eV) 3.2+0.1 3.2+0.1 3.2+0.1

7 (nm) 1.28+0.04 1.48+0.06 1.61+0.08
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FIG. 4. Measured (dots) and calculated (crosses) FER energies
as a function of NaCl coverage. The thin lines connect the calcu-
lated points.

thickness w equals the number of monolayers multiplied by
282 pm, the distance between neighboring (100) planes in
bulk NaCl. The potential in the vacuum region follows the
dielectric continuum model developed by Cole.® It is set
constant to its value at zy;=w+0.12 nm until it reaches the
mirror plane at the dielectric-vacuum interface. The only free
parameters we extract are €, the dielectric constant of the
NaCl layer, z,, the initial distance between tip and metal
surface, and ¢, (see Table I).

Figure 2 shows very good agreement between the mea-
sured and simulated peak positions of the FERs up to 2 ML
NaCl/Ag(100). The general trend between measured and
calculated FER energies as a function of NaCl layer thick-
ness is illustrated in Fig. 4. While the agreement between
experiment and simulation is quantitative for the first 2 ML
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FIG. 5. (Color) (a) dI/dV spectra taken across the step edge of a
2 ML NaCl island every 0.2 nm. (b) Step profile scanned with
Viias=0.2 V, I=20 pA. The island step edge is laterally offset by
about 0.8 nm between topography (b) and FERs (a) as a conse-
quence of the finite emission area of the tip. Note the bending of the
FER energies over a length of ~7 nm as a consequence of the local
lateral contact potential.
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of NaCl on Ag(100), it becomes only qualitative for 3 ML of
NaCl. A similar irregular behavior in the simulation of IPS
has been observed in a 2PPE experiment at zero external
field by McNeill et al.,*> where an equivalent model was
applied to simulate the IPS spectrum up to nine layers of Xe
on Ag(111). McNeill er al. found that in their model for a
coverage of 5 ML of Xe, the energy difference between the
second and the third IPS becomes larger than the one be-
tween the first and the second IPS. In our case of an STM
junction, the model has to include the electric field between
the tip and the sample, which, in the simulation, pushes the
FERs toward the sample surface.’® As a consequence, the
model shows this irregularity in the energy spacing already
at a coverage of 3 ML NaCl. Here, the contribution of the
dielectric layer to the total potential in the junction makes the
total potential deviate significantly from the central Coulomb
potential or from a triangular potential well. Evidently, our
simple model does not account for the influence of the
atomic potentials of the NaCl layers on the FER wave func-
tions with a significant weight inside the dielectric layer.
The parameter € (Table I) turns out to be smaller than the
NaCl bulk value of 5.9 (Ref. 37) and increases with layer
thickness as confirmed by a local field model.3® After forma-
tion of 1 ML islands, the work function is found to be de-
creased by 1.3 eV and stays constant for additional NaCl
layers. A UPS measurement of the work function as a func-
tion of the NaCl coverage yields a value of 3.5+0.1 eV at
saturation coverage. The difference of about 0.3 eV between
the local STS measurement on an individual NaCl island and
the macroscopic UPS measurement on a sample surface with
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varying morphology is ascribed to the inherent averaging
over the probed sample area in UPS, yielding an upper limit
for the work function. Our results are consistent with 2PPE
results on various rare gas adlayers on Cu(100), showing that
the major drop in ¢ occurs after deposition of 1 ML.” How-
ever, the reduction of ¢ for ionic adlayers is stronger than for
rare gas adlayers where the change is below 0.5 eV.

Figure 5 shows laterally resolved STS of FERs taken
across the step edge of a NaCl island of 2 ML height. A
discontinuous transition in the first FER energy is observed
at the lateral interface between Ag(100) and NaCl/Ag(100),
reflecting the lateral surface potential change on the nanos-
cale. The fact that transmission into the two characteristic
FERs above both types of surfaces extends over a lateral
range of 1 nm indicates an emission area of the tip apex of
~1.5 nm?, which determines the finite lateral resolution of
the measurement. This value is in agreement with emission
area calculations®® when extrapolated to R=5.6 nm (see
Table I).

In conclusion, measurements of FERs with STS in com-
bination with a calculation based on a simple 1D model of
the potential well between tip and sample yield the local
work function changes between a Ag(100) substrate and ul-
trathin dielectric NaCl islands of different heights grown on
Ag(100). This method spatially maps the local work function
changes with a typical lateral resolution of 1 nm. Possible
applications abound, e.g., in thin film characterization, ad-
sorption, reactions, and nanocatalysis.
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