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Electron transfer processes play an important role in chemical
reactions in general and in particular in catalysis. Surface defects are
crucial in catalysis as oxide surfaces are often present either as supports
or directly as catalysts.1-7 To understand these transfer processes at
the atomic level on surfaces, one has to determine the charge state
and local position of defect sites present on the surface. A particular
simple example is the MgO surface. While the perfect single crystal
surface is quite unreactive, a defect rich surface shows a rich and
complex chemical reactivity.8 Here we have measured the local charge
state of individual point defects on a MgO/Ag(001) surface, providing
identification of electron trapping sites, i.e. F2+, F+, F0 centers, and
morphological defects like divacancies (DV). F2+, an anion vacancy
formed by removing an O2- ion, is positively charged; this center can
trap one or two electrons leading to the charged F+ or to the neutral
F0 centers, respectively. F centers on MgO are deep electron traps.
There are also shallow traps on the MgO surface, e.g low-coordinated
Mg2+ ions at corner sites or divacancies consisting of missing O and
Mg neighbors. These neutral sites can bind electrons with energies of
0.6-1 eV forming negative defects on the surface (DV-).9,10 To
address the spatial position, electronic signature, and local potential
of the defects at the atomic scale, techniques with high lateral resolution
are necessary. Both frequency modulated dynamic force microscopy
(FM-DFM) and scanning tunneling microscopy (STM) match these
requirements. The microscope employed in this study is a dual mode,
i.e. a combined FM-DFM/STM setup11 to utilize the complementary
strength of both techniques at the same surface area with the same
tip. To achieve a stable operating condition, liquid helium was used
to cool the microscope stage to 5 K. To benefit from the local resolution
of FM-DFM/STM model systems thin MgO films (3 and 6 monolayers) grown on Ag(001) have been prepared.12 The presented
measurements show the same trends for both film thicknesses.
However, FM-DFM is also applicable to bulk insulators and is not
limited to thin films. Clean and well grown MgO areas have been
selected to ensure defined conditions. The intrinsic defect density of
the film is very low. To increase the number of defects available, the
scan frame was scanned in the field emission regime at high voltages
and currents; typical values are bias voltage VS ) 7 V and current IT
) 6 nA. The defects are preferentially located at kinks, corners, and
step edges. An FM-DFM image of a MgO step edge with point defects
is shown in Figure 1a. The detection of the defects is based on the
high local resolution of the microscope.
The displacement in z shows a strong peak at the defect’s position.
These measurements, with point defect resolution, enable local tip
positioning above the defect. On the defects’ positions the frequency
shift with respect to the applied bias voltage has been measured and
compared with measurements directly next to the defect. During these
measurements the tip height was constant. The frequency shift vs bias
voltage curves show a parabolic behavior (see Figure 1b) due to the
electrostatic force acting between tip and sample:13-15
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Figure 1. (a) FM-DFM image taken at constant ∆f showing a MgO step

edge with point defects (indicated by the dashed circles). Scan range: 23.0
× 11.5 nm2; ∆f ) -1.6 Hz; VS ) -50 mV. (b) Presents a typical frequency
shift vs bias voltage curve taken on a defect position.
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where CΣ(z) ) C1(z) + C2, with C1(z) as the capacity between tip and
defect and C2 as the capacity between defect and substrate. q is the
local defect charge while n represents the number of elementary
charges. An additional term representing the capacity between the
tuning fork’s back-electrode and the substrate can be added to eq 1
but is irrelevant for point defect resolution. The electrostatic force is
always attractive, i.e. independent of the voltage sign due to the
quadratic term. The maximum of the parabola is determined by the
charge q and the local potential ∆Φloc (sometimes called local work
function). The presence of the MgO overlayers shifts the Ag(001) work
function by ∼ -1.1 eV.16,17 This is the reference level. From
measurements of numerous defects four different types have been
distinguished by the maximum positions of the parabola. Figure 2
shows to the left the four types indicated by numbers and the MgO
reference. The graph shows the maximum positions of the parabola
with respect to the reference measurement on MgO (bottom abscissa)
and with respect to the Ag(001) level (top abscissa).
For a type I defect the shift is -50 and -25 meV below the MgO
level. This significant shift is due to a positively charged defect with
respect to the surrounding area resulting in a decrease in the local
potential (see Figure 2). This shift is assigned to a F2+ defect (see
assignment (AS) in Figure 2).
Considering defect type II the shift changes its sign and shows a
shift of ∼ +9 meV. The shift is assigned to a F+ defect. The overall
charge is positive, but on the local scale the single electron has a
probability density above the surface as derived by density functional
calculations.18 The charge changes the local dipole moment such that
the local potential increases compared to the MgO/Ag(001) reference
level. For a type III defect the shift is +15 to +20 meV above the
MgO level. This shift results from two charges present in a defect site
representing a F0 center. The F0 is neutral compared to the surrounding
MgO lattice, but the two electrons present have a large probability
density above the surface due to their Coulomb repulsion.18 This results
in a stronger local dipole moment compared to defect type II, and
thus the shift is approximately twice as large as that for type II. Defect
10.1021/ja908049n  2009 American Chemical Society

COMMUNICATIONS

Figure 2. The left labeling assigns the defects to numbers. The graph shows

the relative shift of the local potential ∆Φrel with respect to the MgO surface
(bottom abscissa) and the absolute shift ∆Φabs with respect to the Ag(001)
level (top abscissa), both shifts including the local charge. The covered
range in the shifts results from measurements with different local resolutions
due to different tip structures. The labeling on the right gives the assignment
(AS) of the defect types.

type IV has a positive shift stronger than that of types II and III
indicating that negative charges might be involved. Thus this shift can
in principle be attributed to divacancies or OH groups trapped at low
coordinated Mg2+ sites. OH groups are potential electron traps.19
However, OH groups can be excluded since all defects occur only
after high voltage and current imaging and are not present on regular
MgO terraces or steps. Favored candidates are divacancies formed at
steps or corner sites. The stability of divacancies on the MgO surface
and their electron affinity for trapping electrons have been confirmed
by DFT calculations.9 These structural facts in combination with a
locally defined negative charge are expected to result in a strong local
potential shift as detected. Thus, all analyzed defect types show a
characteristic fingerprint due to different charge states.
Additional and supporting measurements for all defect types were
performed with scanning tunneling spectroscopy (STS). The electronic
signature of the defects, i.e. the local density of states (LDOS) at the
defects’ positions, has been analyzed complementary by STS directly
after the local potential measurements without moving the tip laterally.
The defects’ spectra are compared to MgO spectra taken on the MgO
terrace next to the defect.
The F2+ center shows peaks only in the unoccupied regime at
voltages of ∼ +1 V above the Fermi level (Figure 3 left and right
graph). The F+ defect has both occupied and empty electron states
located within the band gap of MgO (compare red reference spectrum
taken on the bare MgO); the filled states are close to the valence band
and occur at voltages between -3.5 to -2.0 V below the Fermi level,
depending on the defect location on the film.3 The empty states are at
∼ +1 V above the Fermi level. In F0 the doubly occupied state is
higher in energy, ∼ -1 V below the Fermi level, while the position
of the empty state is similar as in F+. The last defect, a morphological
site (e.g., a divacancy) with a trapped electron, shows only an empty
feature at ∼ +1 V above Fermi level. The corresponding occupied
shallow state is expected to be very close to the Fermi level, i.e. in a
region where our experiment cannot detect states. Finally, it should
be mentioned that F0 and shallow traps (e.g., divacancies) are equally
frequent and represent ∼85% of the total defects while F+ centers are
much less frequent, ∼10%. Only ∼5% of all defects are F2+ centers.
This is fully consistent with the high formation energy of F2+ defects.
Four of the major and in literature mostly discussed defect types in
MgO have been characterized by their charge state and finally identified
by the complementary application of FM-DFM and STM in combination with DFT results.18 Their preferred edge, kink, and corner sites
could be confirmed. STS revealed the defects electronic states located

Figure 3. The left label indicates the different defect types by numbers.

The left graph shows STS spectra of the respective defect. The right graph
presents the maxima of the STS data. The covered abscissa range accounts
for the statistics of the peak positions. The identification of defect types
with color centers and negatively charged divacancies (DV-) according to
theory is implemented to the right.

in the band gap of the MgO surface. The characterization of F0, F+,
F2+ and shallow morphological traps like divacancies has been possible
by local potential differences arising from different charge states of
the defects. For the first time, the rich and complex nature of point
defects at the MgO surface is directly observed, a result which can
significantly improve our understanding of the chemistry of this as
well as of other oxide surfaces.
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