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MgO on Mo(001): Local Work Function Measurements above Pristine
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ABSTRACT: We present a local spectroscopy study of thin MgO ﬁlms on Mo(001),
investigated with a combined noncontact atomic force microscope (nc-AFM) and
scanning tunneling microscope (STM). The work function of Mo(001) and MgO/
Mo(001) was measured with ﬁeld emission resonance (FER) spectroscopy. The work
function of the clean Mo(001) surface ΦMo was determined to be 4.5 eV. After the
deposition of an 8 atomic layer thick MgO ﬁlm, it decreased to ΦMgO/Mo = 3.2 eV
(ΔΦFER = −1.3 eV). This work function shift ΔΦFER, introduced by the oxide ﬁlm on
the metal work function, was also investigated with contact potential diﬀerence (CPD)
measurements. Here, a lowering of the work function by ΔΦCPD = −1.1 eV was
measured. Furthermore, the inﬂuence of line defects, present in the MgO ﬁlm, on the
local work function was investigated and compared to pristine terrace sites of the oxide
ﬁlm. Here, we measured a slightly higher local work function of +200 meV above line defects as compared to pristine oxide
terrace sites.

■

used for work function analysis is based on ﬁeld emission
resonances, using standing electron waves between sample and
tip.17,18 The Kelvin method, developed by Lord Kelvin,19 is
based on electrostatics. It measures the contact potential
diﬀerence between the sample and the probe, enabling
measurements of work function shifts (ΔΦ). This method
can be used as an integrative technique or as a local technique
in Kelvin probe force microscopy (KPFM), where imaging and
local measurements on the scale of nanometers are possible,
even of bulk oxides.12,20 The local methods enable direct
measurements of ΔΦ above structural features, such as defects
and electron trapping sites.8,21
For this article, the electronic surface structure of MgO/
Mo(001) was studied with the local probing method of
combined nc-AFM and STM. The metal work function
reduction ΔΦ induced by MgO thin ﬁlms on Mo(001) was
investigated, and the measurements are compared to results of
other experimental techniques15,22,23 and theoretical work,24−27
as well as MgO-induced shifts on a diﬀerent substrate,
Ag(001).11,28,29
Discrepancies between the theoretical and experimental
results for MgO/Mo(001) are discussed with respect to the
defect-rich morphology of MgO thin ﬁlms grown on Mo(001)
in comparison to defect-poor ﬁlms grown on the substrate
Ag(001), where theory and experiment agree well. Local
measurements of the electronic structure above line defects and
pristine MgO terrace sites were performed to elucidate the role
of these structural features for ΔΦ.

INTRODUCTION
Thin oxide ﬁlms are widely used in communication
technology,1 energy production,2 and heterogeneous catalysis.3
Metal supported thin oxide ﬁlms are used as model systems for
heterogeneous catalysis to study elementary processes, such as
electron transfer between the substrate and adsorbates.4 A
conductive metal support does not only enable surface science
studies of the insulating oxides, the interaction between the thin
oxide ﬁlm and the metal support also leads to a change of the
electronic and structural properties as compared to the pristine
materials.1,5
MgO is a widely studied model system in heterogeneous
catalysis. In recent years, a greater interest in the electron
trapping properties of structural elements, such as point defects,
line defects, and grain boundaries, has arisen.6,7 The importance
of electron trapping sites in MgO has already been studied with
MgO/Ag(001) for point defects.8 Studies on the growth
behavior of MgO on Mo(001) have shown that the lattice
mismatch between MgO and the Mo(001) substrate leads to
the formation of line defects in the oxide to minimize tension,
making this sample system ideal to study the inﬂuence of line
defects on the local electronic structure.9,10
An important quantity for the electron transfer is the work
function Φ of a system. Oxide ﬁlms can introduce a shift to the
metal work function. This work function shift (ΔΦ) varies
locally depending on structural features, such as point
defects11,12 or line defects.13
There are several possibilities to measure ΔΦ for thin ﬁlm
systems. Photo emission-based spectroscopy techniques
measure the kinetic energy of extracted electrons. This could
be photo emission spectroscopy (PES),14 an integrative
method averaging over several mm2 of the sample,15 or
photo emission electron microscopy (PEEM), a semilocal
measurement.16 A local scanning probe method that can be
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EXPERIMENTAL SECTION
The sample preparation and the experiments were performed
in one ultrahigh vacuum (UHV) system. The system is
equipped with standard tools for thin ﬁlm preparation and a
combined nc-AFM and STM microscope that is operated at
low temperatures (5 K).
The single crystal Mo(001) substrate was cleaned by cycles
of annealing in oxygen atmosphere (pO2 = 5 × 10−7 mbar, 15
min), of Ar-sputtering at 1.5 keV (pAr = 1 × 10−5 mbar, 60
min), followed by ﬂashing the sample to 1450 and 2100 K,
respectively. Mg was evaporated from a Knudsen cell in an
oxygen atmosphere (pO2 = 5 × 10−7 mbar) onto the Mo(001)
single crystal support at room temperature to achieve a ﬁlm
thickness of 8 atomic layers (8 ML). After ﬁlm deposition, the
sample was annealed at 1170 K for 10 min in UHV.
The Mg evaporator ﬂux is controlled with the internal ﬂux
monitor of the evaporator. The ﬂux monitor is calibrated by
evaporation of Mg on a bare metal surface, using the STM to
detect a submonolayer coverage.
The microscope is operated at low temperatures to reduce
damping of the tuning fork sensor, to enhance tip stability, and
to minimize piezo hysteresis, piezo drift, and thermal drift. The
detailed quartz tuning fork sensor design can be found
elsewhere.30,31 nc-AFM and STM can be used at the same
surface position with a full metal Pt0.9/Ir0.1-tip. The resonance
frequency shift of the tuning fork and the tunneling current can
be acquired simultaneously. In the used setup, the sample is
biased during measurements.
Work function shifts were determined with two diﬀerent
methods, ﬁeld emission resonance (FER) and contact potential
diﬀerence (CPD) measurements. A schematic showing the
potential between tip and sample for the case of FER and CPD
measurements is presented in Figure 1.

diagram describing this situation is sketched in Figure 1a. FER
are also known as Gundlach oscillations.17
FER can be measured by sweeping the bias voltage and
detecting the corresponding conductivity dI/dU. However, dz/
dU is more straightforward to measure, and high tunneling
currents between sample and tip are avoided. Here, the bias
voltage is tuned and the tunneling current is kept constant with
the feedback, which results in a retraction of the tip. Examples
for FER measurements are given in Figure 2a. The numbers

Figure 2. (a) Field emission resonance curves measured on Mo(001)
(black line) and on MgO/Mo(001) (red line). The numbers indicate
the resonance numbers n. The feedback was on I(z) during the
measurements. (b) Example of a plot with FER peak energy position E
versus n2/3 for work function analysis. The sample work function can
be extracted from the intersection of the ﬁt (dashed lines) with the
energy axis.

indicate the corresponding resonance number n of each peak.
For data analysis, a one-dimensional tunnel junction between
sample and tip is assumed, where FER develop under the
following condition:32
⎛ 3πℏe ⎞2/3 2/3 2/3
⎟ F n
eUn = Φ + ⎜
⎝ 2 2m ⎠

(1)

with the charge of an electron e, the applied sample voltage Un
of the resonance with the number n, and F the electric ﬁeld
between tip and sample. With eq 1, we can determine the
energy to extract an electron from the surface to the vacuum
(i.e., the sample work function Φ). Figure 2b shows a plot of
the resonance peak energy versus n2/3; the sample work
function can be extracted from the intersection of the ﬁt
(dashed lines) with the energy axis, according to eq 1. Because
of image charge eﬀects, the ﬁrst resonance peak position is
neglected for the work function analysis. During the FER
measurements, the tuning fork oscillation amplitude is turned
oﬀ to enter a static mode of tunneling current detection, as
opposed to a dynamic mode.33
The work function shift ΔΦ between tip and sample was also
determined with contact potential diﬀerence (CPD) measurements based on Kelvin probe force microscopy (KPFM). When
two metals with diﬀerent work functions are in electrical
contact with each other, see Figure 1b, the Fermi levels are
aligned resulting in an electrostatic ﬁeld. The sample bias at
which the electrostatic ﬁeld is compensated corresponds to the
contact potential diﬀerence. The CPD is related to the work
functions of tip Φt and sample Φs, UCPD = (Φs − Φt)/e. By
measuring the CPD of two samples (UCPD1 and UCPD2) with

Figure 1. Schematics showing the potential between sample and tip
(a) for bias applied larger than the work function of the sample. Here,
electrons can form standing waves in the vacuum gap between tip and
sample at certain ﬁeld emission resonance energies. Schematics
showing the potential between sample and tip (b) for contact potential
diﬀerence measurements. In the sketched case, tip and sample are
electrically connected, and the Fermi levels are aligned resulting in an
electrostatic ﬁeld due to the work function diﬀerence. The sample bias
at which the electrostatic ﬁeld is compensated corresponds to the
contact potential diﬀerence: UCPD = (Φs − Φt)/e.

With ﬁeld emission resonance spectroscopy, we obtain
information about the work function of the studied system. If a
bias voltage exceeding the sample work function is applied, the
electrons can enter the vacuum gap between tip and sample.
Field emission resonances can be pictured as standing electron
waves in the vacuum gap between tip and sample. An energy
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data that were measured in direct succession show a standard
deviation of 20 meV.
The results are compared to experimental and theoretical
data from the literature.
Work Function Shift Induced by MgO on Mo(001).
STM images of a cleaned Mo(001) substrate and of an 8 ML
thick MgO ﬁlm on Mo(001) are shown in Figure 4a and b,

the same tip, the work function diﬀerence between these
samples, which equals ΔΦ, can be attained; see eq 2.
e(UCPD2 − UCPD1) = (Φs2 − Φt) − (Φs1 − Φt) = ΔΦ
(2)

An example of CPD measurements can be found in Figure 3.
The frequency shift versus bias voltage measurements show a

Figure 4. STM image (a) of bare Mo(001) recorded with a bias
voltage Us = 1 V and a tunneling current set point It = 100 pA. The
image size is 50 × 50 nm2. STM image (b) of an 8 ML thick MgO ﬁlm
on Mo(001) recorded with a bias voltage Us = 4.5 V and a tunneling
current set point It = 100 pA. The image size is 80 × 80 nm2.

Figure 3. Local contact potential diﬀerence measurements on clean
Mo(001) (black line, dashed parabola ﬁt) and on 8 ML MgO/
Mo(001) (red line, dotted parabola ﬁt). The tip−sample distance was
constant during the measurements. The work function shift is
indicated by the vertical dashed-dotted lines and arrows.

respectively. The Mo(001) substrate shows monoatomic
stepped terraces. The MgO surface exhibits a closed, ﬂat
oxide ﬁlm with some prominent structural features. A number
of point defects and line defects are visible. A feature that is
found over the whole surface is a moiré-like pattern. It is only
imaged at certain voltages for thicker ﬁlms. The moiré-like
pattern has been thoroughly described in the literature.9 Here,
it is assumed that the ﬁrst layers of the ﬁlm exhibit rumpling
eﬀects as a compensation for the mismatch between the Mo
and the MgO lattices of 5.8% at the interface.35 In thicker ﬁlms,
as used here, the mismatch is compensated by the introduction
of structural elements, such as screw dislocations and step
dislocations, visible as line defects at the sample surface and
mosaic formation. The morphology of MgO ﬁlms on Mo(001)
is schematically illustrated in Figure 5a. As a comparison, the
morphology of thin MgO ﬁlms on Ag(001) is illustrated in
Figure 5b. Here, smooth layer-by-layer growth of defect-poor
thin oxide ﬁlms can be achieved. No line defects are present,
due to the smaller mismatch of 2.9% between Ag(001) and
MgO.35 MgO islands sinking into the Ag substrate have been
reported, and under certain growth conditions, mosaic
formation is possible.35−38
Figure 5c and d illustrate two known mechanisms that
contribute to ΔΦ of the metal support work function upon the
deposition of an oxide ﬁlm. In Figure 5c the electron density
ρ(z) that spills out of the surface into the vacuum is sketched.
This electron spill-out creates a surface dipole, which is the
origin of the work function. When a dielectric layer, such as the
oxide ﬁlm, is deposited, the electron spill-out is reduced
because of Coulomb repulsion. This causes a reduction of the
work function. The reduction gets larger with a decrease of the
distance between the substrate and the oxide layer. Another
eﬀect that has an inﬂuence on ΔΦ is the interfacial charge
transfer between a dielectric layer and a metal substrate; it is
sketched in Figure 5d. There can be electron transfer from the
metal to the oxide, resulting in a shift to higher work functions
(ΔΦ > 0), or electrons can be transferred from the oxide to the
metal (ΔΦ < 0).

parabolic behavior, caused by the long-range electrostatic forces
acting between the tip and the sample.34 At the voltage of the
CPD, the frequency shift signal shows the maximum frequency
shift position, indicating minimal Coulomb forces between the
tip and the probed sample area. During each measurement, the
tip−sample distance was constant. At the same time the
amplitude was constant, so an amplitude-induced change of the
frequency shift can be excluded.
The work function and the contact potential diﬀerences of an
8 ML MgO/Mo(001) sample and of a clean Mo(001) surface
were measured on diﬀerent positions on the sample surface,
with FER and with CPD, respectively.
The area above a line defect and the area above a terrace site
of an 8 ML MgO/Mo(001) ﬁlm were also investigated with
CPD measurements for local ΔΦ investigations.

■

RESULTS AND DISCUSSION
The work function shift was determined between a Mo(001)
surface and MgO thin ﬁlms on Mo(001). For this we measured
the sample work function with FER spectroscopy and the
contact potential diﬀerence with CPD on cleaned Mo(001) and
on MgO/Mo(001) terrace sites. To make a statement about
the sample work function shift, the measurements were
performed on several diﬀerent positions on the sample surface.
With this statistical approach, the eﬀect of tip and local sample
variations on the resulting overall values is minimized. The data
of both methods show a standard deviation of about 0.2 eV.
The work function shift between terrace and line defect sites
of 8 ML MgO/Mo(001) was studied to investigate how these
structural elements inﬂuence ΔΦ. The same positions were
measured several times at various tip−sample distances to
investigate the inﬂuence of the line defects on the local work
function as a function of the tip−sample distance. The tip
conﬁguration can inﬂuence the tip work function and the
imaging contrast. We used this correlation to conﬁrm tip
stability before and after spectroscopy. The maxima of the CPD
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Table 1. Comparison of Experimental and Theoretical Dataa
sample system

Figure 5. (a and b) Schematics of MgO (red) thin ﬁlm morphology
on diﬀerent supports (gray): (a) Mo(001) substrate, showing a moirélike structure (i.e., a warped thin ﬁlm) for the ﬁrst layer and
dislocations (blue) as well as mosaic formation in thicker ﬁlm layers;
and (b) Ag(001) substrate, exhibiting ﬂat and defect-poor ﬁlm
morphology. (c and d) Schematics illustrating diﬀerent mechanisms
that contribute to the work function shift of a metal support after the
deposition of an oxide ﬁlm. (c) The electron density ρ(z) spills out of
the metal surface into the vacuum, creating a surface dipole normal to
the surface. The Coulomb repulsion of an oxide layer reduces the
electron density spill over; hence the work function Φ is reduced. (d)
A charge transfer at the interface between the metal support and the
oxide ﬁlm can also contribute to a work function shift ΔΦ.

number of
layers

ΔΦ [eV]

method

ref

MgO/Mo(001)

8
8
3−10
7
∼10
2
3
3

−1.3
−1.1
−1.24
−1.5
−1.0
−1.82
−1.74
−2.14

FER
CPD
PES
FER
MIES
DFT
DFT
DFT

this work
this work
15
23
22
26
25
24

MgO/Ag(001)

2−5
8−10
2
3
3
3
2
3
3

−1.4
−1.1
−1.4
−1.3
−1.1
−2.08 to −0.98b
−1.22
−1.27
−1.18

UPS
UPS
KPFM
FER
CPD
DFT
DFT
DFT
DFT

28
28
29
11
11
27
26
25
24

a

Work function shift values induced by the indicated number of MgO
layers with respect to the metal support work function. bDiﬀerent van
der Waals corrected DFT methods.

The results of measurements with the two local techniques
CPD and FER of this work are in good agreement. The larger
shift measured with FER was also observed by König et al. for
the system MgO/Ag(001).11 Our ﬁndings support the
measurements by Vaida et al.15 acquired with femto-second
laser photo emission spectroscopy, a technique integrating over
an area of 2 mm2 of the sample surface. They studied the
evolution of the work function with respect to the oxide layer
thickness. The maximum value for ΔΦ was measured for 3 ML
and thicker oxide ﬁlms. Benia et al.23 estimated the work
function shift between a clean Mo(001) and a sample with 7
ML MgO/Mo(001) to be −1.5 eV from the shift of the ﬁrst
FER peaks. Krischok et al.22 report a decrease of the work
function of about 1.0 eV during the preparation of
approximately 2 nm thick MgO ﬁlms on clean Mo(001). For
the in situ study of the work function, they used metastable
impact electron spectroscopy (MIES).
The experimentally observed values for ΔΦ vary over a wide
range and lie between −1.0 and −1.5 eV. Theoretical
calculations for the system MgO/Mo(001),24−26 all from the
Pacchioni group, predict a higher shift than all of the
experimentally observed values.
The lower part of Table 1 lists experimental and theoretical
results for ΔΦ of MgO on Ag(001). Jaouen et al.28 found in an
ultraviolet photo electron spectroscopy (UPS) study a shift of
−1.4 eV for ﬁlms with a thickness between 2 and 5 ML and a
slightly reduced shift of −1.1 eV for ﬁlms with a thickness of 8−
10 ML. A 2 ML thick MgO ﬁlm on Ag(001) was studied with
Kelvin probe force microscopy (KPFM) by Bieletzki et al.,29
and they found a ΔΦ of −1.4 eV. These ﬁndings agree well
with the local SPM studies of König et al. on 3 ML thick ﬁlms.
The experimental results are in the range of −1.4 to −1.1 eV
for MgO/Ag(001).
Calculations similar to those for MgO/Mo(001) were
performed by the Pacchioni group for MgO on a Ag(001)
substrate. 24−26 Here, the values agree well with the
experimental ﬁndings of an integrative and a local spectroscopy

Theoretical calculations indicate that there is some charge
transfer from MgO ﬁlms to the metal substrate at the interface
and that interface rumpling also occurs, which is interconnected
with the charge transfer.27 Yet theoretical calculations also show
that for highly ionic materials, such as MgO, the work function
shift is mainly due to Coulomb repulsion.25,26
In diﬀerent areas over the sample surface, we determined Φ
and ΔΦ with FER and with CPD as described in the previous
section. With FER, we determined the work function values of
the Mo(001) substrate ΦMo = 4.5 eV and for the 8 ML MgO/
Mo(001) sample ΦMgO/Mo = 3.2 eV, resulting in a work
function shift ΔΦFER of −1.3 eV. The measured value of the
Mo(001) work function is in good agreement with other
experimental data from the literature, for example, 4.53 eV
measured with the photoelectric Fowler method.39 With CPD,
a work function shift ΔΦCPD = −1.1 eV was determined.
The results are listed in Table 1 and compared to values from
the literature. As a comparison, the data from experiments and
theory are also denoted for another sample system, MgO/
Ag(001). The measurements in this work on MgO/Mo(001)
and Mo(001) were performed with the same machine as
measurements on MgO/Ag(001) and Ag(001) by König et
al.11 The theoretical calculations cited are based on density
functional theory (DFT).
Table 1 lists results of experimental and theoretical work on
work function shift values induced by the indicated number of
MgO layers with respect to the metal support work function.
The ﬁrst column presents the studied sample system, and the
second column indicates the thickness of the MgO ﬁlm in
monolayers. The third column shows the resulting ΔΦ =
ΦMgO/metal − Φmetal, acquired with the corresponding technique
listed in column four. The corresponding references are listed
in column ﬁve.
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technique. Variations of the computed values with the same
code and the same functionals can be assigned to variations of
calculation details, for example, the number of metal layers used
to simulate the metal support, or the reciprocal space sampling
employed.
A new theoretical study by Ling et al.27 compared the
performance of diﬀerent van der Waals corrected density
functional methods and functionals on calculating the interface
geometry and ΔΦ for MgO/Ag(001). They could show that
including the van der Waals interaction is important for
obtaining accurate interface structures and work function shifts.
Even small changes in the interface geometry strongly aﬀected
ΔΦ.
Pal et al. recently investigated the inﬂuence of excess
interfacial oxygen on the work function of MgO/Ag(001).40
The charge transfer from the substrate to the electronegative
oxygen leads to the formation of a surface dipole, which
increases the work function.40 The presence of excess oxygen at
the interface or the accumulation at defects can not be excluded
and could be a further explanation for diﬀerences in the
resulting work function shift of theoretical work and
experimental studies.
Despite their similar work functions, the diﬀerent characteristics of Ag(001) and Mo(001) can be used to explain the good
match between the theoretical and experimental data for the
system MgO/Ag(001), versus the discrepancy for the system
MgO/Mo(001). One possible reason for this gap are the
structural diﬀerences, arising from the larger lattice mismatch
between MgO and Mo(001) as compared to MgO and
Ag(001). The growth behavior of MgO diﬀers on the two
substrates, as already discussed. MgO is contracted and shows
rumpling to ﬁt to the smaller Mo(001) lattice. On the other
hand, the MgO ﬁlm is slightly stretched to adapt to the
Ag(001) lattice parameter. This indicates a complex interface
structure in the case of MgO/Mo(001), which is not easy to
model by theory. As shown by Ling et al.,27 small changes of
the interface structure in the model lead to large changes in the
resulting values.
An accumulation of excess negative charges in the reported
line defects (not only at the interface between the metal
substrate and MgO ﬁlm) is also a possible explanation for the
smaller work function shift of MgO/Mo(001) in the experiments. The preparation conditions of the MgO ﬁlms, Mg
evaporation in oxygen atmosphere, make it possible for
interfacial oxygen to be present between the oxide and the
Mo(001).
Overall, there are various factors that inﬂuence the resulting
Φ of the sample system MgO/Mo(001). The eﬀects at the
interface between oxide ﬁlm and metal substrate (charge
transfer, electron spill out), possible excess interfacial oxygen, as
well as defects in the oxide ﬁlm appear to have a strong
inﬂuence on the sample work function. To contribute to the
important and ongoing discussion about this topic with our
setup, we investigated line defects on the atomic scale. An
investigation comparing the local electronic structure above line
defects to pristine oxide terrace sites follows in the next section.
Line Defects in MgO/Mo(001). CPD measurements were
performed above line defects and above pristine terrace sites on
an 8 ML thick MgO ﬁlm on a Mo(001) substrate. STM images
of the probed area are shown in Figure 6. Figure 6a shows a
typical overview image of a thin MgO ﬁlm on Mo(001). A ﬂat
oxide ﬁlm terrace with several line defects is visible. A close-up
image of the probed area is shown in Figure 6b. The blue and

Figure 6. STM images of 8 ML MgO on Mo(001) recorded with a
bias voltage of +4.2 V and a tunneling current set point of 10 pA. (a)
The image size is 35 nm × 35 nm. A closed, ﬂat oxide ﬁlm with point
defects and line defects can be seen. (b) The image size is 20 nm × 20
nm. The image covers partly the area of image (a), as indicated by the
dotted lines. The colored boxes indicate the positions over which point
spectroscopy was performed. The blue box frames the investigated
part of a line defect, and the red box frames the studied pristine MgO
terrace area.

red boxes encircle the areas above which we performed the
spectroscopy measurements of the line defect sites and the
terrace sites, respectively.
Figure 7 shows two representative CPD measurements, the
red one taken above a terrace site, the blue one taken above a

Figure 7. Local contact potential diﬀerence measurements on an 8 ML
MgO thin ﬁlm on Mo(001). The measurements were performed on a
terrace site (red line, dotted parabola ﬁt) and on a line defect site (blue
line, dashed parabola ﬁt). The tip−sample distance was constant
during the measurements. The work function shift is indicated by the
colored dashed-dotted lines and the arrows.

line defect site. The position of the measured CPD is indicated
by colored dashed-dotted lines in the graph to guide the eye.
The CPD of the line defect is shifted to higher values as
compared to the terrace site CPD. Hence, the ΔΦ is smaller
above line defects than above pristine terrace sites. In other
words, a higher work function is measured above line defects as
compared to terrace sites, which indicates that the line defects
can act as electron trapping sites. This observation supports
measurements of this defect type in MgO/Mo(001) by optical
scanning tunneling spectroscopy (STS) and electron paramagnetic resonance (EPR) measurements.7,41 Here, local light
emission spectra acquired above line defects before and after
applying a bias ramp to the sample and EPR spectra of ﬁlms
after exposure to hydrogen atoms indicated electron trapping in
thicker MgO ﬁlms. A defect state at −3.3 eV was found with
STS at line defect sites.7
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changes of the tip, which also indicates a higher reactivity of the
line defect sites as compared to the terrace sites with metal
adsorbates, such as the tip material.
In the following discussion, all values are given with reference
to pristine MgO terrace site measurements on the respective
support. The resulting maximum measured work function
increase above the line defects is about +200 meV. CPD
measurements above similar sites of the same and of
comparable samples were in the range from +100 to +200
meV, all on MgO/Mo(001) ﬁlms. These values can be
compared to the work function shift measurements above
single point defects on 3 and 6 ML MgO thin ﬁlms on Ag(001)
measured with the same technique and apparatus.8 In case of a
positively charged F2+-center (oxygen vacancy without trapped
electrons), a local work function decrease of about −30 meV
was measured. The local work function changes are caused by
changes of the local charge distribution by the surface defects. A
dipole moment is induced by localized charges at the surface
defect and the screening charges in the metal substrate.
Electron-rich defects, such as a single F0-center (oxygen
vacancy with two trapped electrons) or a negatively charged
divacancy (neighboring oxygen and magnesium vacancies with
one trapped electron), increase the work function about +20
and +40 meV, respectively. Here, the electron charge density
spills out of the defect, inducing a dipole moment that increases
the local work function.42
In analogy to the point defects, the change of the local work
function can be explained by electron trapping characteristics of
line defects, increasing the local surface dipole and thus
increasing the work function. The diﬀerent magnitudes, in
which point defects and line defects inﬂuence the local work
function, can be explained either by a higher number of charges
present or by its larger spacial dimensions. Because excess
oxygen at the interface between MgO and the metal substrate
can have a great inﬂuence on the work function of the system,
the presence of excess oxygen in the dislocation lines could
explain the higher local work function measured above
them.40,43
Because of the ﬁnite curvature of the tip, the forces acting on
the tip are averaged above a larger area than only the defect site
in the center. The resolution as a function of the tip−sample
distance has been modeled and already discussed elsewhere.8
This averaging nature of the tip leads to an underestimation of
the diﬀerence between the CPD values of the line defect and
the terrace sites. Hence, we assume that the absolute values of
Φ above the defect sites are higher than the presented values
measured with the here used local CPD technique.
Local scanning probe spectroscopy using FER and optical
spectroscopy detected an increase of the local work function of
∼0.7 eV above line defect sites compared to terrace sites in a
MgO/Mo(001) thin ﬁlm.7 The same work also proved the
existence of unpaired electrons in trapping sites for these ﬁlms.
Here the trapping depth (energy needed for electron excitation
from the trapped state to the conduction band onset) was
thermally estimated to be in the order of 1.0 eV. These ﬁndings
are in line with the trapping depth calculated with DFT for
structural elements present in MgO grain boundaries.44 As
already discussed in theory, line defect sites are very promising
structural elements for an increased reactivity for heterogeneous catalysts.21,45
The local work function shifts observed above the line
defects can help to explain the gap between the theoretical

In Figure 8, the measured CPD values above a terrace site
(red) and of a line defect site (blue) are presented in the form

Figure 8. Histograms of the local contact potential diﬀerence above
pristine MgO terrace sites (red line) and above line defect sites (blue
line) for diﬀerent tip retractions, as indicated. The bin size is 25 meV.
The data are derived from measurements above the sites marked with
rectangles in Figure 6b. The corresponding tip lift during the
measurements and the number of data points contributing to the
histograms are given in the top right corner of each histogram.

of a histogram. The CPD measurements were performed with
diﬀerent tip retractions. The CPD values above the terrace site
are not signiﬁcantly aﬀected by the z-displacement. The CPD
above the line defect site is shifted to larger values as the tip
approaches. The stronger divergence of the CPD for the terrace
and for the line defect sites upon lowering the tip closer to the
surface is a sign for an increasing lateral resolution of the CPD
measurement. Note that the z-axis zero value is set as the tip
position above a terrace site at a bias voltage of Us = −1.2 V and
a frequency shift set point of df = −1.25 Hz. To exclude the
inﬂuence of surface protrusions, such as neighboring steps, on
the measured ΔΦ, the data points were measured in two
diﬀerent modes. During the ﬁrst mode, the tip was stabilized at
one point and the whole measurement series was measured in
constant height, while in the second mode, the tip was
stabilized above every single point, individually. Upon
comparison of the results, no diﬀerence in the CPD values
could be detected. Despite a limitation of the measuring range
from −2.3 to +0.7 V, tip changes occurred during sweeping the
bias voltage at closer distances between the tip and the sample
surface.
The same measurements were also performed with FER, but
especially at the defect sites the measurement often leads to
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predictions of ΔΦ in the case for MgO/Mo(001), as compared
to MgO/Ag(001), where these line defects are not present.
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(22) Krischok, S.; Stracke, P.; Höfft, O.; Kempter, V.; Zhukovskii, Y.;
Kotomin, E. A Comparative Analysis of Electron Spectroscopy and
First-principles Studies on Cu(Pd) Adsorption on MgO. Surf. Sci.
2006, 600, 3815−3820.
(23) Benia, H.; Nilius, N.; Freund, H.-J. Photon Mapping of MgO
Thin Films with an STM. Surf. Sci. 2007, 601, L55−L58.
(24) Giordano, L.; Cinquini, F.; Pacchioni, G. Tuning the Surface
Metal Work Function by Deposition of Ultrathin Oxide Films: Density
Functional Calculations. Phys. Rev. B 2006, 73, 045414.
(25) Prada, S.; Martinez, U.; Pacchioni, G. Work Function Changes
Induced by Deposition of Ultrathin Dielectric Films on Metals: A
Theoretical Analysis. Phys. Rev. B 2008, 78, 235423.
(26) Sicolo, S.; Giordano, L.; Pacchioni, G. Adsorption of Late
Transition Metal Atoms on MgO/Mo(100) and MgO/Ag(100)
Ultrathin Films: A Comparative DFT Study. J. Phys. Chem. C 2009,
113, 16694−16701.
(27) Ling, S.; Watkins, M. B.; Shluger, A. L. Effects of Atomic Scale
Roughness at Metal/Insulator Interfaces on Metal Work Function.
Phys. Chem. Chem. Phys. 2013, 15, 19615−19624.
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■

CONCLUSION
The investigation of the local electronic surface structure of
MgO/Mo(001), with FER and CPD measurements, conﬁrmed
the ﬁndings of other local and integrative methods from
literature. The deviations from available data from theory were
explained by the presence of line defects in the oxide ﬁlms and
features at the interface between oxide and metal, present in the
real sample, but not taken into account by the calculations.
The inﬂuence of line defects on the local work function of
MgO/Mo(001) was investigated for the ﬁrst time experimentally with an AFM-based method. Local CPD measurements
revealed a shift to higher work function values above line
defects in comparison to pristine terrace sites in MgO/
Mo(001). This strengthens the postulation that line defect sites
act as electron traps in oxides and hence aﬀect the work
function shift that the oxide ﬁlm introduces to the metal
substrate. Still, open questions remain. Especially the role of the
oxide−metal interface on the work function shift is not fully
understood, yet. Further research on this topic is needed. In
future experiments, it is planned to investigate the stability of
line defects and their interaction with adsorbates.
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