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Probing the electronic properties and charge state of gold nanoparticles on ultrathin MgO
versus thick doped CaO films
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Electron transfer into metal nanoparticles on oxide supports is associated with unusual morphological,
electronic, and chemical properties of the charged system. Two fundamental charging routes have been identified
so far, which are electron tunneling through ultrathin oxide films supported by a bulk metal and charge donation
from single-ion impurities embedded in the oxide matrix. In this study, we have investigated whether both
routes lead to the formation of metal deposits with identical properties. For this purpose, Au islands have been
prepared on 1−2 ML thin MgO/Ag(001) layers and on 25-ML-thick CaO films doped with Mo impurities. The
morphological and electronic properties of the islands were analyzed with low-temperature scanning tunneling
microscopy (STM) and spectroscopy. In both systems, pronounced electron confinement effects are observed
in the nanostructures, arising from the quantization of one and the same Au electronic band. Moreover, clear
experimental signatures for a charge transfer into the islands are found, such as a layer-by-layer growth of the
ad-metal and a negative contrast of the oxide region around the deposits in STM images. Our data provide
evidence that the charged nanostructures exhibit comparable properties independent of the origin of the extra
electrons. This agreement suggests that ultrathin oxide films may be used as model systems for doped bulk
oxides, as used in heterogeneous catalysis.
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I. INTRODUCTION

The charge state of oxide-supported metal nanoparticles
largely governs their physical and chemical properties [1,2]. As
demonstrated by experiment [3] and theory [4,5], the presence
of excess electrons controls the growth morphology of the
ad-metal. While neutral deposits follow a three-dimensional
(3D) growth regime due to their weak adhesion to the
oxide support [6], two-dimensional (2D) islands preferentially
develop after electron transfer into the ad-metal [3]. This
surprising effect is explained with a reinforced metal-oxide
interaction, arising from direct Coulomb attraction and charge-
mediated polarization effects of the oxide surface [7,8]. The
charge transfer also alters the electronic structure of the metal
deposits. The extra electrons occupy states around the Fermi
level, which are preferentially located at low-coordinated
edge and corner atoms of the nanostructure [9]. This spe-
cific distribution maximizes the spatial separation between
the excess charges, which in turn minimizes their mutual
repulsion. As a result, nanostructures with linear (1D) and
planar (2D) shapes, exposing an abundance of low-coordinated
sites, were found to be thermodynamically preferred upon
charge transfer [10,11]. Also, the many-body response, e.g.,
the nature of plasmonic excitations, depends on the number
and spatial distribution of extra charges in confined electronic
systems [12].

However, the largest impact of the excess electrons is on the
chemical properties of oxide-supported nanoparticles. Both the
availability of low-coordinated sites and the easiness of redox
processes promote chemical processes on the charged deposits
[13]. In fact, pancake-shaped islands often exhibit a higher
reactivity than their 3D counterparts, reflecting the abundance
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of interface sites between metal and oxide surface [14,15].
Prominent examples are the efficient CO → CO2 conversion
on bilayer Au deposits on FeO and TiO2 thin films [14,16],
and the CO2 activation to oxalate on monolayer Au islands
on MgO [17]. In general, the preparation of metal particles
in a specific charge state represents one fundamental goal in
catalysis-related research on oxide surfaces.

In recent years, two reliable routes have been developed for
the preparation of charged nanoparticles. In the first one, the
bulk oxide is replaced by a thin film grown on a metal support,
as this configuration enables direct charge transfer through
the insulating layer [3,11]. The efficiency and direction of the
electron flow is hereby controlled by the Fermi energy in the
substrate with respect to the affinity level of the adsorbates,
and by the thickness and conductivity of the oxide spacer [18].
As most oxides reduce the work function of the underlying
metal [19], electrons tend to flow towards the surface and
trigger a negative charging of molecules and metal deposits.
While electron exchange through an oxide spacer is limited
to ultrathin films, the second route is accessible for oxides of
arbitrary thickness. In this case, extra charges are provided
by aliovalent dopants that have been introduced into the
oxide matrix. The insertion of donor-type ions gives rise to
the formation of negatively charged adsorbates [5,20], while
acceptors in the lattice promote a charge flow out of the
ad-species [21]. The desired charging direction as well as the
number of transfer electrons can thus be conveniently adjusted
via the doping procedure.

In this paper, we aim to compare the two approaches of
charge manipulation and therefore go beyond earlier work
of our group that focused on electron transfer in one or the
other limit [9,10,20,22]. The two model systems studied here
are (i) bilayer MgO/Ag(001) films that are transparent for
electrons, and (ii) relatively thick CaO films doped with Mo
ions. The dopants in the latter case enter the oxide from the
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Mo(001) substrate via temperature-controlled diffusion [23].
The relevance of charge-transfer processes is derived from
the shape and electronic structure of Au nanoparticles on the
oxide surfaces, as studied with scanning tunneling microscopy
(STM) and spectroscopy [7]. While the properties of the
Au islands seem to differ at first glance, we demonstrate
that charge transfer takes place in both cases and leads
to a comparable response of the ad-particles. Apparently,
the source of electrons, either from the metal below the
film or from donor-type impurities inside the oxide matrix,
is irrelevant for the occurrence of charging effects in the
nanogold.

II. EXPERIMENTS

The experiments have been performed in two, custom-built
STM setups, operated in ultrahigh vacuum and at liquid helium
temperature (5−10 K). Bilayer MgO films were prepared by
reactive Mg deposition onto a sputtered and annealed Ag(001)
surface at 1 × 10−6 mbar O2 and 550 K sample temperature
[24]. No postannealing was applied given the low thermal
stability of the Ag support. CaO films of 25 ML thickness were
grown by room-temperature Ca deposition onto clean Mo(001)
in 1 × 10−6 mbar O2 [23]. Subsequent vacuum annealing to
1000 K triggered the formation of rocksalt CaO that, similar to
MgO, exposed the low-index (001) plane. During annealing,
Mo atoms from the support spontaneously diffuse into the
film, resulting in a deceasing Mo dopant concentration from
25% at the interface to nearly zero at the surface of a 25 ML
film [25]. Most of the Mo impurities occupy Ca substitutional
sites and adopt a 2+ or 3+ charge state in the rocksalt
lattice. As 6+ is the highest Mo oxidation state, the impurities
are susceptible to electron transfer either into morphological
trap sites of the lattice or into adsorbates on the oxide
surface [20,26].

Structure and morphology of the two oxides have been
extensively studied with low-energy electron diffraction and
STM before [23–25,27]. On their surfaces, the expected square
arrangement of atoms with 3.0 Å (MgO) and 3.4 Å (CaO)
periodicity is resolved, indicating the development of bulk-cut
terminations. The films are characterized by atomically flat
terraces separated by dislocation lines; the latter being inserted
to release interfacial lattice strain. Terrace sizes were found to

be 50% larger on CaO(001), reflecting the beneficial effect of
postannealing. In a last preparation step, 0.05 ML of gold was
deposited onto the films at 300 K. On both oxides, the Au atoms
agglomerate into monolayer islands of 5−10 nm diameter.
While on CaO, most of the Au islands are of hexagonal shape
(Fig. 1), a variety of configurations is found on MgO (Fig. 2)
[28]. The difference reflects the lower surface quality and
larger defect density of the low-temperature MgO layers.

III. RESULTS AND DISCUSSION

A. Morphology of the Au nanostructures

Our study focuses on the electronic properties and charge
state of Au nanostructures grown on ultrathin MgO and thick,
doped CaO films. To ensure comparability, we have selected
Au islands of similar geometry. The target island has hexagonal
shape, is roughly 5−7 nm in diameter, and contains 200–400
atoms (Figs. 1 and 2). As revealed from atomically resolved
images, its lattice is of (111) type and therefore deviates from
the square symmetry of the oxide surface [Fig. 2(c)]. The
CaO-supported islands exhibit a parallel stripe pattern with
7.5 Å periodicity that appears in three orientations rotated by
120◦ [25]. The pattern is ascribed to a hexagonal-on-square
moiré structure, in which six [112]-oriented Au rows overgrow
three CaO[100] unit cells [Fig. 1(c)]. The crests of the pattern
are formed by Au atoms on Ca top sites, while the valleys
are made of Au atoms in O top and hollow positions. As
each moiré cell contains two crests, the distance between
adjacent stripes (7.5 Å) is only half the unit cell length (15 Å).
No superstructure is observed on MgO-supported Au islands,
for which the theoretical moiré periodicity would be 20 Å,
corresponding to eight Au[112] rows overgrowing five MgO
unit cells (Fig. 2). The stripe pattern might be invisible because
its periodicity comes close to the diameter of the ad-islands.
Moreover, density functional theory calculations found a rather
flat potential landscape for Au adsorption on MgO/Ag(001)
films, characterized by similar binding parameters for the
different Mg and O top and hollow positions [7].

Differences between the CaO and MgO support become
evident not only in the internal structure of the Au islands, but
also in their appearance with respect to the surrounding oxide.
On both films, the nanogold undergoes a contrast reversal
from a protruding entity at negative and small positive bias to

-O       -Ca       -Au
[100]

a b c

Au-islands

Line defect

FIG. 1. (Color online) STM images in pseudo-3D representation of (a) several (40 × 40 nm2) and (b) a single Au monolayer island
(11 × 11 nm2) grown on a 25-ML-thick, Mo-doped CaO film (Vs = 4.0 V, 15 pA). The stripes in (b) arise from a moiré pattern formed between
the hexagonal Au(111) and the square CaO(001) lattices, as depicted in (c).
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FIG. 2. (Color online) STM images of (a) several (70 × 70 nm2) and (b) a single Au monolayer island (11 × 11 nm2) on 2 ML MgO/Ag(001)
(Vs = 1.7 V, 15 pA). (c) Filling of island (b) with a hexagonal lattice of 2.89 Å periodicity, as in bulk gold, gives an approximate atom number
of 319. The inset displays the hexagonal symmetry of Au atoms in the top facet (2 × 2 nm2).

a faint depression at elevated positive voltage (Fig. 3). Bright
appearance of the islands is revealed for an STM imaging bias
inside the oxide band gap and below the vacuum energy of the
system. The contrast reverses at ∼3.5 V, when the conductance
through the ad-metal drops below the one through the bare
oxide. The conductance switch reflects the opening of new
electron-transport channels in or above the film, such as the
oxide conduction band or low-lying vacuum states [25,29].
The contrast change is particularly strong at the perimeter
of the nanoislands. While the brim appears brighter than the
interior in the low-bias regime due to additional electronic
states in the Au edge atoms [9], it turns dark when crossing
the oxide conduction-band edge at higher bias. Moreover,
the troughs around the Au islands are deeper and broader
on CaO than MgO films. We will rationalize this effect later
by a different degree of band bending in the two oxide films,
as induced by the charged ad-gold.

B. Electronic properties of the Au nanostructures

Both CaO- and MgO-supported Au islands exhibit a quan-
tized electronic structure that governs point spectra as well as
maps of the differential conductance (dI/dV ) [30]. Figure 3
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FIG. 3. (Color online) (a) Topographic and (b) conductance maps
of an Au island on MgO/Ag(001) taken at different bias voltages
(11 × 11 nm2). Note the bias-dependent evolution of a standing-wave
pattern inside the island.

shows a series of dI/dV maps that probe the unoccupied state
density at positive sample bias for an Au/MgO island with
∼300 atoms. Starting from 1.0 V, the initially featureless maps
start to develop concentric rings that increase in number with
bias voltage. Particularly nice examples are found at 1.0, 1.6,
and 2.0 V, when one, two, and three dark rings become visible
around the center [Fig. 3(b)]. The maps also exhibit a radial
fine structure, characterized by an increasing number of nodal
planes cutting through the island center. Similar conductance
patterns have been observed for metal ad-islands and hole
structure on metallic [31–33] and oxide surfaces [34]. For
Au nanostructures, they have been ascribed to standing-wave
patterns arising from the confinement of an Au 6sp electronic
band. Level quantization in hexagonal potential wells with
infinite walls can be described empirically with a linear
relationship between eigenenergy En and quantum number
n [31]: En = E0 + (n/meff�

∗).1 Here, E0 and meff denote the
onset energy and the effective electron mass of the Au 6sp

band, respectively. To determine the energy position of the Au
quantum well states (QWSs), we have fitted 1D cuts through
the bias-dependent dI/dV maps to idealized standing-wave
patterns. The fitting procedure has been described in earlier
work [28,31,35], and we therefore focus on the results at this
point.

For the MgO-supported Au island in Fig. 3, we find a linear
dispersion of QWSs that give rise to the observed standing-
wave pattern. Its slope, accounting for the electron mobility in
the manifold, amounts to 0.69 V nm, while the onset position
was determined to 0.1 V [Fig. 4(a)]. Both values are in good
agreement with earlier results for monolayer Au islands on the
MgO support [28]. The respective band can be located directly
in electronic-structure calculations for bulk gold, performed
by Häkkinen [36]. The Au(111) surface is hereby represented
by a hexagonal plane around the L point of the irreducible
Brillouin zone. The band structure in Fig. 4(d) indeed contains
a band of matching energy that proceeds from the L point to
the zone boundary. It is of Au 6sp character, hence parabolic

1In Ref. [31], the dispersion is expressed as En = E0 + (λn/meff�).
The equation shown here was obtained by fitting the eigenvalues
λn with λn = 10.8n + 5.9 and introducing a modified quantization
area �∗.
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FIG. 4. (Color online) (a)–(c) Experimental dispersion relations of QWSs in three differently sized Au islands on MgO thin films.
The number of atoms per island amounts to approximately (a) 300, (b) 200, and (c) 44. The respective islands are shown in the insets
[(a) 3.4 V, 11 × 11 nm2; (b) 0.5 V, 11 × 8 nm2; (c) −1.3 V, 6.5 × 5.5 nm2]. Results for island (a) are based on the dI/dV maps shown in
Fig. 3. (d) Calculated band structure for bulk gold, taken from Ref. [36]. The electronic band that experiences in-plane quantization in the Au
islands is marked by an ellipse. Despite the limited size of the nanostructures, the QWSs already reproduce main properties of the associated
bulk band.

at the onset but increasingly flat near the W point at the zone
boundary. Its slope in the linear region (∼0.6 V nm) agrees
well with the experimental value. Note that small deviations
in the band dispersion are expected along different directions
[LW versus LK] in the Brillouin zone that are not resolved in
our data.

The main difference between experiment and theory con-
cerns the band onset, which is well below the Fermi level
in the calculation [36], but above EF in the experiment. We
assign this discrepancy to a quantum size effect, as measured
band onsets vary strongly with the island diameter. While
the smallest island in Fig. 4 (44 atoms) has a band onset
at 0.6 V, it shifts to 0.2 and 0.1 V in islands with 200 and
300 atoms, respectively. Apparently, the depth of the quantum
well still increases with increasing atom count and approaches
the bulk value only gradually. Interestingly, the slope of the
dispersion that reflects the overlap of adjacent electronic states
is hardly affected by the system size. Also the monolayer
nature of the island, hence the missing vertical dimension,
seems unimportant for the in-plane electronic properties.

Gold islands on the doped CaO support have been analyzed
in a similar fashion. Let us reiterate at this point that the CaO
film is about 20 times thicker than the MgO layer and contains
a considerable amount of Mo donors. Similar to Au/MgO,
the ad-islands on CaO(001) display standing-wave patterns
although their quality is lower due to the reduced electron
transmissibility through the thick oxide film (Fig. 5). In fact,
dI/dV mapping could be performed only at bias voltages
above the conduction band onset, while unstable tunneling
conditions prevented any data acquisition inside the gap region.
Also, nature and dispersion of the respective QWSs seem to
deviate from those of the Au/MgO system [Fig. 6(a)]. The
band onset at 1.5 V is higher and the slope of 0.8 V nm is
steeper than on the MgO support. Moreover, the dispersion is

linear only up to a critical bias of 4.2 V and becomes constant
beyond this value [Fig. 6(a)]. The kink in the E(k) diagram
occurs at k = 3.8 nm−1, which corresponds to the inverse
periodicity of the moiré pattern. Apparently, the electron waves
lock into the stripe pattern observed on the Au islands, or in
other words, the moiré pattern creates a new zone boundary
that restricts the k vector of the respective electronic band
[37,38]. Given the large differences in the electronic structure
of CaO- and MgO-supported Au islands, the question arises
whether both systems indeed follow the same physical picture.

In the following paragraph, we demonstrate that the dif-
ferences mainly arise from a better decoupling of CaO-grown
Au islands from the metal support, which renders them more
sensitive to polarization in the tip-electric field. In general,
STM experiments on insulating films involve electron trans-
port through a double barrier junction, comprising a vacuum
gap between tip and particle and an oxide gap between particle
and conductive support [39]. The two barriers lead to a voltage

a b
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4.2 V 4.4 V 4.5 V

3.0 V

4.0 V lo
w

hgih
Vd/Id

FIG. 5. (Color online) (a) Topographic and (b) conductance maps
of an Au island on 25 ML CaO(001) taken at different bias
voltages (12 × 12 nm2). The evolution from standing waves to a
bias-independent moiré pattern is clearly discernible.
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FIG. 6. (Color online) (a) Experimental dispersion relation of QWSs in the CaO-supported Au island shown in Fig. 5 (200 atoms). After
correction for tip-induced band bending, the eigenstates shift down in energy and approach the values obtained for MgO-grown nanostructures.
Above a critical k of 3.8 nm−1, the wave pattern locks into the periodicity of the Moiré pattern and becomes constant. (b) Potential diagrams
of STM junctions containing a thick CaO as well as a thin MgO film. Band-bending effects are relevant only for the polarizable CaO layer.

division Vvac/Vox in the STM junction that can be deduced
from the thickness and dielectric constant of the gap material:
Vox/Vvac = (dox/εox)(εvac/dvac) [40]. Due to this division, only
a part of the applied bias actually drops inside the vacuum
barrier, while a substantial fraction decays in the oxide spacer
and induces a band bending towards the Fermi level of the
tip [Fig. 6(b)]. The Au electronic system now floats between
the two barriers and direct comparability between MgO- and
CaO-supported islands can be ensured only after correcting
for this tip-induced band bending. To estimate the voltage
drop inside the oxide, we have inserted the MgO (4 Å) and
CaO film thicknesses (60 Å) and the oxides dielectric constants
(εox = 10) into the above equation. The width of the vacuum
gap was approximated with 8 Å, neglecting bias-dependent
variations in the tip-sample distance. The derived voltage drop
in the ultrathin MgO film is negligible (Vox/Vvac = 0.05),
while roughly one-third of the total tip-sample bias actually
drops inside the thick CaO spacer (Vox/Vvac = 0.62).

After this renormalization, the electronic properties of
CaO-grown Au islands indeed converge against those of the
Au/MgO system [Fig. 6(a)]. While the band onset shifts
downwards to 0.7 V, the slope reduces to 0.55 V nm. Note
that error bars are still larger in the CaO-based experiment,
partly because of the fainter standing-wave patterns, partly
because of uncertainties in the determination of the oxide
thickness and the tip-sample distance. In this regard, we
consider our experimental results on MgO- and CaO-supported
Au structures to be reasonably matched, suggesting that one
and the same Au electronic band experiences confinement
in both cases. So far, we have not clarified whether charge
transfer into the Au ad-islands, as a central point of our study,
occurs in a similar manner on both metal-oxide systems. We
remind that the transfer electrons originate from bulk Ag(001)
in the MgO case, but from Mo ions with donor character in
the CaO films that are too thick for direct electron tunneling
from the support. If the two charging routes indeed converge
to the same final state, ultrathin oxide films could be used as
model systems for bulk oxides that are difficult to explore due
to their insulating nature [1,2]. In our final paragraph, we thus

compile experimental evidence for the occurrence of electron
transfer on MgO and CaO films, although the absolute charge
state of the Au nanoislands could not be extracted from the
experiment.

A first indication for charge-transfer processes comes
from the observed growth shape of Au islands on the two
oxide films. On both MgO and CaO, gold aggregates into
monolayer islands, while 3D particles are hardly found (Figs. 1
and 2). The 2D growth regime was safely connected with a
charged nature of the ad-gold, and ascribed to an enhanced
Coulomb and polaronic coupling between Au anions and the
polarizable oxide support [3–5,7]. The 2D islands disappear if
the thickness of the oxide spacer exceeds the electron tunneling
length, or if no alternative electron sources, e.g., dopants, are
available in the oxide matrix [20,25]. The predominance of
monolayer Au islands thus verifies the robustness of charge
transfer on both oxide supports.

A second hint for the charged nature of the ad-gold comes
from the energy position of vacuum states in the vicinity of the
metal islands. Vacuum states, also referred to as field-emission
resonances (FERs) in the context of STM, show up as distinct
conductance maxima in dI/dV spectra taken at bias voltages
above the sample work function [29]. The presence of excess
surface charges now leads to characteristic shifts of the FERs;
downward in electron-deficient structures and upward on
electron-rich surfaces. The lowest resonance thereby marks the
approximate position of the vacuum energy, while higher levels
are additionally altered by the tip-electric field [41]. Figure 7(a)
displays a series of FER spectra, measured on a path that runs
from bare CaO to an Au island. Apparently, the FERs undergo a
continuous upshift when moving towards the ad-gold, whereby
the first resonance changes its position from 4.0 to 6.0 V.
This shift reflects the expected electron accumulation in the
islands, but also relates to the intrinsically higher work function
of gold with respect to the oxide film [25]. A similar trend
is revealed for the Au/MgO system [Fig. 7(b)]. In contrast
to the CaO case, however, the transition between oxide and
particle-governed FERs is more abrupt in accordance with the
lower polarizability of the ultrathin MgO film.

075444-5



CUI, STIEHLER, NILIUS, AND FREUND PHYSICAL REVIEW B 92, 075444 (2015)

D
iff

er
en

tia
lC

on
du

ct
an

ce

1

12

1

12

Au/CaO

Au/MgO
1

9

1

9

3.0          4.0          5.0           6.0
Bias Voltage [V]

3.0         4.0         5.0          6.0         7.0
Bias Voltage [V]

ba

FIG. 7. (Color online) Series of dI/dV spectra taken along a path from (a) bare CaO and (b) bare MgO to an Au island, as shown in
the insets [(a) 3.5 V, 11 × 25 nm2; (b) 1.7 V, 7 × 15 nm2]. The spectra have been acquired with enabled feedback loop and 25 pA set-point
current. The high-bias dI/dV oscillations are FERs that shift up in energy when approaching the negatively charged ad-gold. The spectral
region marked with a dashed box in (a) displays the Au QWSs, uncorrected for the effect of tip-induced band bending.

A final indication for charge accumulation in the nanogold
is derived from the negative STM image contrast around the
ad-islands at high bias [Figs. 3(a) and 8(a) for MgO and
CaO, respectively]. As discussed before, the extra electrons
localize mainly along the island perimeter, a distribution that
maximizes their mutual distance and minimizes the impact
of electron-electron repulsion inside the nanostructure [9].
Moreover, the low-coordinated edge atoms contain empty
states that can be easily populated with the transfer electrons
from the support. The dark appearance of the island perimeter
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FIG. 8. (Color online) (a) STM image (3.5 V, 12 × 12 nm2) and
(b) corresponding height profiles across an Au monolayer island on
CaO(001). (c) 1D model and (d) assumed charge distribution within
the island. The exclusive appearance of edge electrons and a mixture
of edge and inner charges (0.1e) are depicted by solid and dashed
lines, respectively. The resulting shift of the oxide conduction band
is shown in turquoise for both scenarios. (e) Simulated height of the
STM tip above a charged Au island; the pronounced negative contrast
at the metal-oxide boundary is clearly discernible.

now reflects a polarization of the oxide layer by these extra
electrons, as illustrated with the following model. The uneven
electron distribution in the Au island qi(xi) is simulated with
a simple 1D profile, in which edge atoms are negatively
charged while inner atoms are neutral [Fig. 8(d)]. Given
the poor screening, electronic states in the insulating oxide
respond to these extra electrons by an upward bending,
which can be modeled with a screened Coulomb interaction:
V (x0) ∝ ∑

i (qi/ε0εCaOri) [11]. Here, ri =
√

(x0 − xi)2 + z2
0

describes the distance between an excess electron in the gold
and a position in the oxide film (z0 ∼ 2.5 Å for the vertical
separation between Au ad-layer and first oxide plane). The
obtained upshift of the conduction band peaks directly below
the electron-rich perimeter and decays gradually towards the
interior of the Au island and the oxide film.

The STM image contrast can now be modeled from this
spatial variation of the band edges. At high positive bias
as used for data acquisition, the conduction band provides
most of the final states for electrons from the STM tip. The
stabilizing current I is thus proportional to that part of the con-
duction band that lies below the set-point voltage Vs : I (V ) ∝
e−κzρTip

∫ VS
VCB ρCaOdE ∝ ρTipρOe(VS − VCB)e−κz . Here, ρtip

and ρCaO are the state densities in tip and oxide film, while κ

is the decay constant of wave functions into the vacuum that
can be determined directly from experimental current-distance
plots [42]. Solving the formula for z gives a qualitative expres-
sion for the tip-sample distance when scanning across a nega-
tively charged island: z ∝ (1/κ) ln[I (V )/ρTipρOe(VS − VCB)]
[Fig. 8(e)]. Absolute values cannot be given at this point due
to uncertainties in the state density and the exponential decay
constant κ .

Our simulation reproduces the decreasing tip height in the
vicinity of Au islands, now assigned to an upshift of the oxide
bands in response to the extra electrons in the gold [34].
The STM contrast is lowest directly at the boundary, where
the state density accessible for tip electrons has a minimum,
and takes an intermediate value inside the island. Our height
simulation qualitatively captures the experimental behavior
and can thus be considered as additional evidence for a charge
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accumulation at the island perimeter. The extension of the
negative-contrast region from the island edge towards the oxide
surface depends on the polarizability of the oxide film, hence
on its thickness and dielectric constant. Experimentally, the
dark regions around the ad-islands are more pronounced on
CaO, where they reach up to 3 nm into the bare oxide surface
(compared to 1 nm for the Au/MgO system). As the static
dielectric constant is similar for the two oxides, the effect
is mainly governed by the ultrathin nature of the MgO and
the decisive influence of the metal support. Consequently,
the spatial extension of the negative-contrast region cannot
be exploited to determine the number of excess electrons
in the ad-islands from the experiment. Our model confirms
the general occurrence of charge transfer on CaO and MgO
films, but is unable to provide quantitative insight into its
efficiency.

IV. CONCLUSIONS

Both thin MgO and thick CaO films doped with Mo
donors were found to induce electron-transfer processes into
ad-gold bound to their surfaces. Experimental indications
for the charge exchange are the monolayer nature of the
Au particles due to a reinforced metal-oxide adhesion, the
negative image contrast, and the upshift of vacuum states
around the ad-gold, as triggered by the extra electrons at the

island perimeter. The electronic structure of the Au islands
is governed by quantized electronic states that give rise to
bias-dependent standing-wave patterns. Within the accuracy
of our measurements, we find identical properties of MgO-
and CaO-grown particles, suggesting a similar nature of the
binding and charge-transfer characteristics on both oxide
supports. Evidently, the two charging routes explored here,
i.e., electron transfer from a bulk metal through an ultrathin
oxide spacer and charge donation from donor-type impurities
dispersed in an oxide matrix, give rise to a comparable response
of the Au deposits. Given this correspondence, we argue that
within certain limits ultrathin oxide films can be used to
model insulating bulk oxides in surface science experiments.
Our conclusion emphasizes the significance of atomic scale
experiments to bridge model studies in heterogeneous catalysts
with technical applications.
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