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The formation of surface color centers (FS centers) by electron bombardment of thin MgO(001) films is
investigated using electron paramagnetic resonance and low-temperature scanning tunneling microscopy. At
low electron doses both techniques indicate the formation of singly occupied color centers (FS+), whereas at
high electron doses the doubly occupied type (FS0) is dominant. It is suggested that with increasing electron
dose FS+ centers are transformed into FS0. Tunneling spectra of individual FS0 centers reveal a large distribution
of energetic positions of occupied and unoccupied states, which is caused by local variations of the coordination
number of the defects and explains the broad signals usually detected with integrating spectroscopic techniques.

Introduction
In this study we present a comparative electron paramagnetic
resonance (EPR) and scanning tunneling microscopy (STM)
study on the formation of surface color centers by electron
bombardment of MgO(001) thin films. The investigation of
charged point defects on the surface of MgO has recently gained
attention because of their importance as nucleation sites as well
as charge donors for adsorbed metal atoms and clusters. In
particular, their effect on Au atoms and clusters has been studied
both experimentally and theoretically.1-4 In MgO, color centers
or F centers are constituted by electrons trapped in anion
vacancies (FS2+) or related oxygen-deficient sites.5 Several
different surface sites, e.g., oxygen vacancies on terraces, steps,
and corners, as well as divacancies and morphological sites such
as kinks and reverse corners, are capable of trapping electrons,6-9
which results in a manifold of defects with different electronic
properties that are hard to distinguish experimentally. This
situation is further complicated by the fact that color centers in
MgO exist in two different charged states: singly occupied F
centers (FS+) and doubly occupied F centers (FS0). Apart from
the large amount of studies on the characterization of so-called
FS+(H) centers, i.e., color centers with a neighboring OH group,
on MgO powders,10,11 only little information about the existence
and properties of color centers located on single-crystalline
surfaces has been available up to now. The most reliable way
to create F centers on thin MgO films was found to be by
electron bombardment. One suggested mechanism involves a
two-step Auger deexcitation which triggers the desorption of
oxygen atoms to form a doubly occupied FS0 center.12 The
electronic properties of the defects created in this way were
studied by metastable impact electron spectroscopy (MIES) and
electron energy loss spectroscopy (EELS).12-14 With MIES an
occupied state located 2 eV above the valence band onset of
MgO was assigned to the electronic ground state of color
centers. Electronic transitions of color centers in the range
between 1 and 3.5 eV were observed with EELS and, in
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comparison with theoretical calculations, attributed to doubly
occupied color centers in different surface locations.12 A simple
kinetic model including both the creation and annihilation of
these centers was derived to explain the electron dose-dependent
evolution of the EELS signal.
In recent studies, however, we could show by EPR and STM
that also FS+ centers are present on the surface of thin MgO
films.15,16 To gain more insight into the formation of FS+ centers
during electron bombardment of the MgO surface, we present
in this study EPR and STM results on the electron dose
dependence of FS+ center formation on thin MgO films. We
show that at low electron doses exclusively FS+ centers are
formed, which, at increasing electron dosage, are transformed
into FS0 centers. With scanning tunneling spectroscopy (STS),
we probe both the occupied and the unoccupied states of the
FS0 defects within the band gap of MgO. An analysis of a large
number of individual color centers in terms of these states allows
understanding of the line width usually observed with integrating
spectroscopic methods.
Experimental Methods
Experiments were performed in two separate UHV chambers
equipped with standard parts for substrate cleaning and thin film
preparation. For EPR experiments, MgO thin films of typically
20 monolayer thickness were grown on Mo(001). The Mo
substrate was cleaned by oxidation (1 × 10-6 mbar of O2) at
1500 K and subsequent flashes to 2300 K. MgO was deposited
by reactive deposition of Mg in oxygen17 (1 × 10-6 mbar) at a
substrate temperature of 600 K and a deposition rate of 1
monolayer (ML) of MgO/min. EPR measurements were carried
out at room temperature under UHV conditions. Typically 200
scans were accumulated to obtain a reasonable signal-to-noise
ratio. STM experiments were performed in a custom-built lowtemperature STM instrument operated at 5 K. Here, Ag(001)
was used as the substrate, which was cleaned by repeated sputter
(Ar+)-anneal (700 K) cycles. Thin MgO films (4 MLs) were
grown as described above at a substrate temperature of 550 K
and a deposition rate of 0.75 ML of MgO/min. To create surface
color centers, the MgO film was bombarded with electrons of
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Figure 2. STM images (30 × 30 nm) of a 4 ML MgO(001) film grown
on Ag(001) after bombardment with low (a, b) and high (c, d) electron
doses. (a) and (c) were obtained at a sample bias of VS ) +3.5 V, and
(b) and (d) at VS ) -2.5 V.

Figure 1. (a) EPR spectra of a 20 ML MgO(001) film recorded after
preparation (lowest spectrum) and after electron bombardment with E
) 100 eV and increasing electron dosage as indicated. (b) Semilogarithmic plot of the FS+ EPR peak-to-peak intensity depending on the
electron dose.

100 eV energy at room temperature from a filament. The
electron dosage was varied via the time of exposure at fixed
energy and current and is given in units of electrons per surface
oxygen ion (e-/O2-).
The use of two different substrates, Mo(001) and Ag(001),
in these experiments is justified by the comparable surface
morphologies of MgO films with the thicknesses indicated
above. For STM experiments, Ag(001) is better suited because
of the smaller lattice mismatch, which, at small film thicknesses
of typically 3-4 MLs, results in films of better quality as
compared to Mo(001).18,19 On the other hand, CO adsorption
and LEED experiments have proven that MgO films of typically
10-30 ML thickness grown on Mo(001) exhibit extended
terraces with only a small amount of defects.20,21 Furthermore,
using Mo(001) as the substrate allows for thermal annealing of
the MgO film to high temperature to improve the film quality.
It has been reported that during high-temperature annealing
defects are formed, which have been assigned to color centers.22
For an annealing temperature of 1200 K used here, no
spectroscopic evidence for defect formation was found.
Results
In Figure 1a we report EPR spectra of a 20 ML thick MgO(001) film after electron bombardment with an energy of 100
eV at different electron doses. The lower curve gives the
background spectrum of the freshly prepared MgO film, which
shows that the pristine film contains no detectable amount of
FS+ centers (within the detection limit of our EPR setup, this
means c(FS+) e 7 × 1011 cm-2).
After electron bombardment a resonance line around the free
spin value (ge ) 2.0023) appears. Under the given measurement
conditions (magnetic field direction perpendicular to the surface
normal), the resonance line is almost symmetric. It has been

shown in a previous study that by varying the angle between
the surface normal and magnetic field the resonance line
undergoes slight changes both in line shape and in resonance
position. From a theoretical analysis this signal was attributed
to FS+ centers located on edges of MgO islands,15 in agreement
with calculated EPR parameters.23 The surface nature of these
centers has been verified by their complete disappearance after
addition of molecular oxygen. Already after bombardment with
a low electron dosage (150 e-/O2-), an intense EPR signal due
to FS+ centers is observed on the MgO thin films. The signal
intensity increases slightly up to an electron dosage of 3001000 e-/O2- and decreases again for higher exposures. It has
to be noted that the EPR line shape and position do not change
significantly in a series of this experiment, indicating no changes
in the nature of the underlying defect. In Figure 1b, the peakto-peak value of the FS+ EPR intensity is displayed as a function
of the electron dosage according to Figure 1. This plot indicates
a maximum for FS+ color center density at an electron exposure
of around 800 e-/O2-. On the logarithmic scale of this plot the
decrease of the FS+ concentration at higher electron dosage is
linear, indicating first-order kinetics for the decay of FS+ centers
in this regime.
In addition to the EPR experiment described above, which
is sensitive to FS+ centers only, the formation of both FS+ and
FS0 centers has been investigated with STM as a function of
electron dosage. FS+ and FS0 centers are distinguishable in STM
by their appearance in topographic images as well as by their
different spectroscopic signatures.16 Defects associated with FS+
centers appear as dim features at negative sample bias and
exhibit a defect state about 2 eV above the valence band onset.
FS0 centers, on the other hand, give rise to bright protrusions at
both negative and positive sample bias and two energy levels,
one below and one above the Fermi energy, respectively.
In Figure 2 we report STM images at two different bias
conditions of 4 ML thin MgO films deposited on Ag(001) that
have been exposed to electron doses of 50 and 100 e-/O2-,
respectively. At a bias voltage VS of +3.5 V (Figure 2a,c) the
morphology of the respective surface area is imaged.19 Defects
corresponding to color centers are visible at a negative bias
voltage of -2.5 V (Figure 2b,d).16 After exposure to 50 e-/O2-
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Figure 4. Schematic for the kinetics of color center formation on MgO
thin films by electron bombardment obtained with (a) EELS12 and (b)
EPR (this study).

giving rise to an overall range of energy differences of 2.8 eV
between 0.6 and 3.4 eV. The statistical analysis of these data
shown in Figure 3b reveals a maximum occurrence of defects
with an energy difference of 1.75-2 eV.
Discussion

Figure 3. (a) dz/dVS spectra obtained on the regular MgO(001) terrace
(lower trace) and an FS0 defect (upper trace) on 4 ML MgO(001)/Ag(001). (b) Pairs of filled and empty state energetic positions for an
ensemble of FS0 defects and occurrence of defects with a specific energy
difference between empty and filled states.

small protrusions are imaged at negative VS in addition to the
features of the MgO film (Figure 2b). These protrusions were
previously assigned to FS+ centers.16 In accordance with EPR
results the FS+ defects are located predominantly on the edges
of MgO islands. (From Figure 2b we can estimate a concentration of about 2 × 1012 FS+ centers/cm2, which is in the same
range as the concentration of FS+ centers derived from the
intensity of the EPR signals.) At this electron dosage almost
no FS0 centers are observed in STM images. The situation is
different when a higher electron dosage (100 e-/O2-, Figure
2d) is applied. In Figure 2d both small protrusions corresponding
to FS+ centers and bright spots indicative of FS0 centers are
distinguishable.
As already mentioned above, tunneling spectra of color
centers provide information about the energetic position of defect
states as illustrated in Figure 3a. The lower spectrum in Figure
3a corresponds to the electronic states of the regular MgO(001)
terrace. In agreement with previous studies we observe the onset
of the conduction band at a bias voltage of about +2 V and the
valence band onset at VS ) -4.5 V.19,24 Between these two
energies, no electronic states were observed. A spectrum taken
on top of a FS0 defect (upper spectrum in Figure 3a), on the
other hand, shows two peaks within the band gap of the MgO
thin film. We assign the peak located below the Fermi energy
of the Ag substrate as arising from the occupied FS0 color center
states and the one above EF as being due to the first unoccupied
state of the color center defect. The position of these peaks is
in accordance with calculated ground-state energy levels of color
centers on the MgO surface.16
We have collected tunneling spectra of FS0 centers on different
areas of an electron-bombarded MgO film. In Figure 3b the
energy positions of the two states are plotted against the energy
difference for a large set of defects. It is clearly seen that the
position of both states varies considerably within the ensemble,

The EPR and STM data presented in Figures 1 and 2 give
clear evidence that in the initial stages of electron bombardment
of the MgO surface a substantial amount of FS+ centers are
created, whereas, with increasing electron exposure times, also
FS0 centers are formed and the concentration of FS+ centers
partly decays. These results can qualitatively be compared to
those of kinetic studies on the color center formation on MgO
thin films performed with EELS.12 From the electron-dosagedependent evolution of the FS EEL signals, the electron-induced
color center formation was described by a first-order kinetics
for F center formation and annihilation.12 This model assumes
that predominantly FS0 centers contribute to the EEL signal.
Our results allow a more detailed view into the processes
occurring on the surface as we selectively probe one charge
state of color centers (FS+) with EPR, while in EELS the sum
of FS+ and FS0 centers contributes to the signal intensity. In
Figure 4, the experimental results for the kinetics of color center
formation by electron bombardment obtained with EELS12 and
EPR are shown schematically. At variance with the simplified
kinetic model used before, our results clearly prove the necessity
to include the formation and annihilation of FS+ centers on the
surface. In the following, we discuss possible mechanisms that
lead to formation and annihilation of FS+ during electron
bombardment of the MgO surface.
In terms of formation energies, the removal of a neutral
oxygen atom, leaving behind two electrons trapped in an oxygen
vacancy (FS0), is less costly than the formation of charged
defects (FS+, FS2+), which would justify the assumption made
by Kramer et al. that only FS0 centers are formed during electron
bombardment. However, the calculated formation energy of FS+
centers (10.8 eV) is only slightly higher than that of FS0 centers
(9.3 eV).6 Taking into account that the energy of the impinging
electrons is 100 eV, the energy of the final state is assumed to
play only a minor role. It is more important to compare the
energies and accessibilities of the transition states leading to
the two different defect states to judge the branching ratio of
the rates of formation. Unfortunately, almost nothing is known
about them. From the experimental results we conclude,
therefore, that during electron bombardment both FS+ and FS0
centers are created by electron-induced desorption. The observation of exclusively FS+ centers at low electron dosage in STM
(Figure 2b) may be explained by electron trapping in preexisting
trapping sites (FS2+), which are formed during the film growth.
From STM images it can be seen that the step edges of the
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MgO islands are not perfectly straight but contain defects such
as kinks, which, according to calculations, exhibit electron
affinities comparable to those of bare oxygen vacancies.
Therefore, in the regime of low electron dose, color centers are
formed not only by electron-induced desorption but also by
electron trapping on the surface, which, of course, depends on
the surface defect density of the MgO film. Support for this
suggestion comes from EPR experiments on freshly prepared
versus annealed MgO films, where we find higher probabilities
for color center formation on the freshly prepared than on the
annealed film.
A third mechanism involving FS+ centers is their transformation into FS0 centers. At high electron dosage, the EPR results
indicate a decay of FS+ centers, whereas a saturation concentration of F centers is observed with EELS.12 It has to be
considered, therefore, that although FS0 centers are the predominant surface defects after high electron exposure, their
formation is only partly due to a direct process and an indirect
route via capture of an electron by FS+ centers or tunneling
recombination of FS+ centers to give FS0 centers is at least
equally probable. Thus, the defect formation by electron
bombardment includes at least the following microscopic steps:

(a) electron trapping in FS2+
FS2+ f FS+
(b) formation and annihilation of FS0
O2- f FS0, FS0 f FS2+
(c) formation and annihilation of FS+
O2- f FS+, FS+ f FS2+
(d) transformation of FS+ into FS0
FS+ f FS0
Finally, there is a finite probability that color centers are
destroyed by electron tunneling from the defect into the metallic
substrate. Since this process seems to take place on a much
longer time scale (hours), it can be ignored.
The formation probabilities of the individual defects are
determined by several factors including the electronic properties
of different color center species, diffusion constants (bulk-tosurface, surface-to-surface), and availability of sites. A number
of experimental aspects such as the thickness of the MgO film,
temperature, energy and geometry of electron bombardment,
and influence of secondary electrons generated in the metallic
substrate also have to be considered. The available experimental
data do not allow for a detailed modeling of the processes
occurring during electron bombardment, as has been shown,
for example, for photoinduced excitation and desorption processes of KBr and MgO.25 However, our results reveal that the
processes involved in electron-assisted color center formation
on the surface of MgO are more complex than previously
assumed and show that a disentanglement of these processes is
only possible by applying complementary spectroscopic methods
that yield information on specific types of defects.
The electronic properties of color center defects on the MgO
surface are well-known from theoretical calculations. In experiment, however, most spectroscopic results suffer from very
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broad signals and the assignment of the spectral features to
specific color center entities is difficult. For a detailed characterization of surface defects it is, therefore, desirable to obtain
specific information with respect to the charge state and local
environment. Regarding the local environment, a clear dependence of the electronic properties on the local coordination is
expected from calculations.7,26 In a recent EELS study on color
centers on a MgO film which was grown on a vicinal Ag(1,1,19) substrate, Kramer et al. could isolate electronic excitations
specific to color centers located on steps of MgO islands.13
The combination of low-temperature STM and STS has the
prospect to determine the electronic states of defects, knowing
their precise location. We have previously shown that FS+
centers located on one MgO facet show a clear correlation
between the local environment and the energetic position of
the electronic states, in agreement with theoretical predictions.7,16
Unfortunately, the extension of this approach to FS0 centers as
shown in Figure 2d is not as straightforward. In particular, the
apparent size of the features assigned to FS0 centers prevents a
detailed determination of their location. From the STM images
shown in Figure 2c,d it is difficult to judge whether defects
located on terraces are single-ion vacancies or rather pits formed
by desorption of a few MgO units where electrons are trapped
at defects on the borders of the pits. Therefore, a distinct
classification of the defects in terms of their local environment
is difficult. The analysis of a large set of FS0 centers shown in
Figure 3b indicates the variation of spectral data possible for
these sites. The width of the distribution is determined not only
by the existence of defects that are located on perfect terrace,
step, or corner sites but also by the variable coordination in the
second coordination sphere, which is evident from the STM
images (Figure 2). Calculated electronic properties of trapped
electrons in morphological sites such as divacancies, kinks, or
reverse corners are very similar to those of color centers located
at classical defect sites at terraces, steps, and corners. The
electronic states of all existing defects are, therefore, expected
to cover a wide range, which explains the large spread of the
measured energy levels in Figure 3b. For the present case, it
also has to be considered that the thickness of a nominally 4
ML thick MgO film may vary locally between 3 and 5 ML. In
this ultrathin regime, the electronic interaction of a defect with
the metallic substrate may to some extent vary with the thickness
of the oxide layer and result in additional shifts of level energies.
However, a systematic dependence on the thickness of the MgO
film could not be established, indicating that this is not
dominating the observed variations.
It is tempting to compare the measured energy difference of
FS0 empty and filled states with the excitation energies of color
centers on the MgO surface obtained from calculations and
EELS experiments. The histogram in Figure 3b represents the
occurrence of defects with a specific energy difference between
empty and filled states derived from the tunneling spectra. The
maximum occurrence found at around 2 eV is in agreement
with the calculated singlet-to-singlet transition energy for color
centers located at steps (1.9 eV)26 and a prominent electron
energy loss peak observed on MgO films grown on Ag(1,1,19), which shows a dominance of step sites.13 Apart from defects
located at steps, which are the majority species in our experiments, the existence of other defect sites exhibiting different
coordinations (corners, kinks, terraces), as discussed above, are
assumed to be responsible for the broad distribution of energy
differences from 1 to 3.5 eV (Figure 3b). The occurrence of
signals with broad envelopes that are generally observed for
color centers with integrating spectroscopic techniques can,
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therefore, be explained by the existence of a broad distribution
of differently coordinated defect sites on the surface.
Conclusion
In summary, by a combination of EPR and STM experiments
we have shown that singly charged color centers, FS+, are
produced during electron bombardment of MgO thin films and
act as intermediate states for the formation of FS0 centers. The
kinetics of color center formation by electron bombardment is,
therefore, not only governed by the formation of FS0 centers
but also has to be decomposed into contributions from both FS+
and FS0 defects. A broad distribution of ground-state energy
levels of FS0 centers as detected by tunneling spectroscopy, as
well as energy differences between unoccupied and occupied
states, which can qualitatively be compared to calculated and
measured excitation energies, is due to the different coordinations of the defects.
Electron bombardment of the MgO surface is a very efficient
way to introduce surface defects with particular properties. In
this paper we presented a modification of the model previously
assumed for the formation of color centers by electron bombardment on the MgO surface, which was achieved by applying
complementary spectroscopic and microscopic techniques. This
is an important step toward understanding the mechanisms of
defect creation, which is a necessary requirement for a specific
modification of surface properties by defect engineering.
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