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The nature and control of individual metal atoms on insulators are of great
importance in emerging atomic-scale technologies. Individual gold atoms on an
ultrathin insulating sodium chloride film supported by a copper surface exhibit
two different charge states, which are stabilized by the large ionic polarizability
of the film. The charge state and associated physical and chemical properties
such as diffusion can be controlled by adding or removing a single electron to
or from the adatom with a scanning tunneling microscope tip. The simple
physical mechanism behind the charge bistability in this case suggests that this
is a common phenomenon for adsorbates on polar insulating films.

The chemical and physical properties of ions in
general are qualitatively different from those of
the corresponding neutral atoms. Thus, the ability
to switch between different charge states of atoms
could lead to control of their properties. In a
chemical oxidation, reduction, or redox reaction,
the charge state of atoms is controlled by the
reactants and the chemical environment (1). At
surfaces, the charge state of an adatom is deter-
mined by the choice of substrate and coadsor-
bates. The capabilities of the scanning tunneling
microscope (STM) to image, characterize, and
manipulate single atoms and molecules on surfac-
es (2–4) could enable switching between different
charge states of individual adatoms on surfaces
without changing the chemical environment.

We show that on a polar insulating surface,
the charge state of individual adatoms can be
controlled. We studied Au atoms adsorbed on
ultrathin insulating NaCl films with a low-
temperature STM. By positioning the STM tip
above an Au adatom and applying a voltage
pulse, the adatom can be reversibly switched
between its neutral and negatively charged
state. Most importantly, both states are stable,
that is, an additional charge remains on the
adsorbate until it is removed by a voltage pulse
of reversed sign. We interpreted our results using
density functional theory (DFT) calculations.

Our experiments were carried out with a
home-built STM operated between 5 and 60 K.
Cu(111) and Cu(100) single-crystal samples
were cleaned by several sputtering and anneal-
ing cycles, upon which NaCl films were evap-
orated thermally. The substrate temperatures
were kept at about 300 K so that defect-free
(100)-terminated NaCl islands with two or

more atomic layers were formed (5, 6). Individ-
ual Au adatoms were adsorbed at a sample
temperature of 5 to 10 K with the sample
located in the STM. Bias voltages refer to the
sample voltage with respect to the tip. An elec-
trochemically etched W wire was used for the
STM tip. All of the results shown here were
obtained in experiments carried out on NaCl
bilayers on Cu(111), but the results for the
trilayer and for NaCl bi- and trilayers on
Cu(100) were similar.

Individual Au adatoms on NaCl(100)/
Cu(111) were imaged as protrusions (Fig. 1).
The apparent height ranged from 2.0 Å for a
tunneling current of I � 10 pA to 2.5 Å for I �
0.2 nA. The adsorption site was determined to
be on top of the Cl� ions directly from atomi-
cally resolved STM images of the Cl� ions (7),
as well as indirectly from the adatom position with
respect to artificially created Cl vacancies (8).

By applying a voltage pulse, we could ma-
nipulate the adsorption state of an individual Au
adatom, as revealed in Fig. 1, A to D, by the
change of tunneling conductance and appear-
ance in the STM image. In the adatom manip-
ulation, the tip was first positioned directly
above an Au adatom. The feedback loop was
then switched off, and a positive voltage V �
0.6 V was applied. After a time t, which depend-
ed on the specific tunneling parameters, a sharp
current drop by about a factor of 3 was observed.
In subsequent images, the corresponding Au ada-
tom appeared different but still was located at the
same position. The image of the manipulated Au
adatom is characterized by a sombrero-like shape
with an �0.5 Å smaller protrusion than that in the
image of the original state surrounded by a de-
pression. By applying a negative voltage pulse of
about �1 V, we could switch the manipulated
adatom back to its original state. Two different
experimental observations suggest that an Au ada-
tom in its original state is neutral, whereas after
manipulation it is negatively charged.

In the first experiment, the two-dimensional
electron gas in the interface state (IS) band of
NaCl/Cu(111) (6) was used as a probe to charac-
terize the two different states of the Au adatoms.
The STM images in Fig. 1, E and F, reveal that
scattering of the IS electrons from the adatoms
could be observed for the manipulated adatoms
only. As the probability density of the interface
electrons falls off to almost zero at the position of
the Au adatoms (6), the short-range potential of a
neutral Au adatom should be a weak scatterer of
the IS electrons. A charged Au adatom, however,
results in a long-range electrostatic potential that
should strongly scatter the IS electrons below the
adatom. Thus, this observation suggests that the
manipulated Au adatom is charged.

In the second experiment, the Au adatom
charge state was probed by the direct interaction
of the adatom with a biased tip. When a bias
voltage of about 1 V was applied and the tip
laterally approached to the position of a manip-
ulated Au adatom, the adatom moved away
from the negatively charged tip. At lower or
negative bias voltages, the adatom was often
picked up by the STM tip. This observation
suggests that the manipulated Au adatoms were
negatively charged.
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Fig. 1. Example of the manipulation of the Au
adatom state. After recording the image (A), the
STM tip was positioned above one of the Au ada-
toms (arrow) and a positive voltage pulse was ap-
plied to the sample. After a time t , a sharp decrease
in the tunneling current can be observed (B). A
subsequent STM image (C) shows that the manip-
ulated Au adatom has a different appearance but
did not change its position. By applying a negative
voltage pulse, one can switch the manipulated ada-
tom back to its initial state (D). The Au adatoms in
the initial state (E) do not scatter interface-state
electrons of NaCl/Cu(111), whereas the manipulat-
ed adatom (F) acts as a scatterer.
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The states of the original and the manipu-
lated Au adatoms were both stable and must
therefore be associated with two different geo-
metric configurations of the adatom and the
NaCl film. A simple electron transfer without
any lasting changes of the ion-core positions
would not be stable, because the electron resid-
ing in an excited state on the manipulated Au
adatom would rapidly tunnel into the metal.

Experimentally, the behavior that we ob-
served for Au adatoms on NaCl/Cu(100) was
similar to that observed for NaCl/Cu(111). An
Au adatom on NaCl/Cu(100) is also initially
neutral and imaged as a large protrusion. It can
similarly be switched to a negatively charged
state with a sombrero-like appearance. Howev-
er, switching back to the initial state was not
possible on this surface. A deeper physical in-
sight into the nature of these two states of the
Au adatom and a corroboration of the assign-
ment of the states to different charge states
require a theoretical study of the adsorption and
STM images of Au adatoms on a NaCl film
supported by a Cu surface.

To this end, we carried out DFT calcula-
tions of this system using a plane-wave and
projector-augmented-wave method as imple-
mented in the VASP code (9, 10). Because
this method is based on a supercell geometry
and the NaCl layers are incommensurate with
the Cu(111) surface, this study was restricted
to NaCl layers on a Cu(100) surface where
the close 2:3 match of the NaCl and Cu
lattice constants supports a commensurate
structure (11). The main results presented
here were obtained for a single Au atom on a
NaCl bilayer supported by four Cu substrate
layers. A relatively large, square surface unit
cell accommodating 36 Cu atoms in each
substrate layer was used in order to minimize
adatom-adatom interactions (12). The Au
adatom, the NaCl bilayer, and the two top-
most Cu layers were structurally optimized.
The simulations of the STM images were
based on the Tersoff-Hamann approximation

(13) and on the Kohn-Sham wave functions
to determine surfaces of constant local den-
sity of states (LDOS) (14).

In agreement with our experiments, the the-
oretical investigation finds two different stable
states for Au atoms in on-top sites of a Cl� ion
in the NaCl film on Cu(100). As suggested by
the partial density of s-states in Fig. 2, one state
(Au0) is nearly neutral, whereas the other state
(Au�) of the Au adatom is negatively charged
by one electron. For the Au0 adatom, a weak
bond is formed with a binding energy of 0.4 eV.
The Au0 adatom is adsorbed about 3.2 Å above
the Cl� ion and leaves the ionic positions with-
in the NaCl film relatively unperturbed. As
illustrated in Fig. 2, the position of the Au�

adatom is somewhat different, namely, 0.4 Å
closer to the surface, and is stabilized by large
ionic relaxations within the NaCl film. The Cl�

ion underneath the adatom is forced to move
downward by 0.6 Å and the surrounding Na�

ions to move upward by 0.6 Å. This relaxation
pattern creates an attractive potential for the
additional charge on the Au adatom (15). The
Au� state is further stabilized by the screening
charge in the metal substrate (i.e., positive im-
age charge) (16) and by the electronic polariza-
tion of the ionic layer, resulting in an adsorption
energy of 1.1 eV. In fact, the partially occupied
Au(6s) state of the Au0 adatom at the Fermi
level (EF) is shifted downward by 1.0 eV and
becomes fully occupied for the Au� adatom.

To establish a direct link between experi-
ment and theory for the two different charge
states of the Au adatoms, we calculated the
corresponding STM images shown in Fig. 2. In
agreement with experiments, the calculated im-
age of the Au0 adatom on NaCl/Cu(100) shows
simply a large protrusion, whereas the calculat-
ed image of the Au� adatom has a sombrero-
like appearance (17). This agreement supports
the assignment of the charge states of the initial
and manipulated Au adatom in the experiments.

The physical mechanism behind the
switching between the two different charge

states of the Au adatom is attributed to in-
elastic electron tunneling (IET) (18–20). We
find evidence of a new IET mechanism in the
situation in which an insulating film reduces
the coupling of the electronic states of the
adatom with the metal substrate dramatically.
The data suggest that the coupling is so weak
that the lifetime of a negative ion resonance
(NIR) state of the adatom is in the range of
the ionic vibrational periods, which results in
a capture of the tunneling electrons. An elec-
tron, tunneling resonantly into the NIR state,
remains there for a sufficiently long time so
that the adatom and its surrounding ions have
time to relax for the NIR state to be shifted
below EF, and the electron is captured. This
mechanism results in a quantum yield (i.e.,
the probability of a switching event per tun-
neling electron) on the order of unity. This
high yield cannot be directly observed be-
cause of the inability to measure a current
pulse consisting of only a few electrons.

Instead, we determined the distance �z that
the tip has to be retracted from an initial posi-
tion z0, corresponding to I0 � 10 pA at V0 �
0.5 V, to observe a mean switching time of 1 s.
The result of this statistical analysis (Fig. 3)
reveals that below 1.4 V, �z increases linearly
with voltage, and that for higher voltages, a
saturation is observed. This saturation rules out
the possibility that the electric field in the tun-
neling junction is responsible for the switching.
To estimate the quantum yield at saturation, i.e.,
for �z � 10.5 Å and V � 1.4 V, the tunneling
current I needs to be extrapolated from I0 � 10
pA at �z � 0 Å and V0 � 0.5 V. Using an
exponential extrapolation of I with �z yields a
decrease of about 10 orders of magnitude,
which was quantified using an I(z) measure-
ment at higher currents. There should also be a
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Fig. 2. Calculated electronic and geometric properties of the neutral (A to C) and negatively
charged (D to F) Au adatom. The ion-core positions are represented by a sphere model (A and D),
in which the spheres representing Au, Cl�, and Na� are colored gold, green, and blue, respectively.
The calculated partial density of states (PDOS) of s-states at the Au adatom (B and E) is presented
using the energy broadening set by the Fermi level smearing used in the calculation (26). The
6s-derived state is partially and fully occupied in (B) and (E), respectively. STM images are simulated
by contours of constant LDOS (C and F), where z � 0 Å corresponds to a distance of 6.4 Å from
the topmost NaCl reference plane (17).

Fig. 3. Statistical analysis of the switching be-
havior of Au adatoms on an NaCl bilayer on
Cu(111). For different voltages in the range of
0.9 to 1.7 V, the tip was retracted by �z from
its initial position z0 corresponding to I0 � 10
pA at V0 � 500 mV, such that a mean switching
time of 1 s could be observed. A saturation is
observed at higher voltages, whereas below 1.4
V, �z increases linearly with voltage (line fit).
For voltage pulses�0.9 V, the quantum yield is
sufficiently low that it can be determined di-
rectly by measuring the current (inset).
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dramatic increase of the tunneling current with
increasing voltage because of tunneling through
the NIR state (21). Based on I(V) measurements
for other adsorbates on NaCl films, we estimate
that tunneling through the NIR state increases
the tunneling current by about two orders of
magnitude. The extrapolation of I to �z � 10.5
Å and V � 1.4 V thus gives a current on the
order of one electron per second, corresponding
to a quantum yield on the order of unity. This
extremely high yield is consistent with a cap-
ture of electrons tunneling into the NIR state.
Further support for this interpretation comes
from the experimentally suggested position of a
resonance level at ENIR � 1.4 eV above EF or
2.6 eV below the vacuum level (22), which is
close to the electron affinity of an isolated Au
atom of 2.3 eV (below the vacuum level). Fi-
nally, for V smaller than 0.9 V, the quantum
yield can be measured directly and increases
exponentially with increasing voltage (Fig. 3,
inset). This exponential increase is consistent
with the observed linear increase of �z at volt-
ages well below the NIR state.

The difference in physical properties of the
two states is documented in diffusion experi-
ments. Interestingly, the two differently
charged states of the Au adatom are conserved
during the diffusion process. In the Au0 state,
adatom diffusion sets in at a temperature of
about 60 K, whereas in the Au� state the ada-
toms already diffuse at a lower temperature of
40 K. This difference even allows the diffusion
of single Au adatoms to be switched on and off.

Small clusters of Au adatoms can similar-
ly be switched between different charge
states, which was demonstrated in an exper-
iment for Au dimers and trimers on NaCl
films. Nanometer-sized Au clusters on insu-
lators have been shown to be catalytically
active by partial electron transfer from color
centers (23). This finding opens up the possibil-
ity of switching surface catalytic reactions on and
off by manipulating the charge state of individual
nanometer-sized Au clusters. The switching be-
tween the two differently charged states also sug-
gests their use as a nonvolatile memory device at
the ultimate spatial limit.

Associated with the control of the charge
state of the Au adatom is the control of its
magnetic moment. In the Au0 adatom, the 6s-
derived state is partially occupied, resulting in a
net (spin) magnetic moment, whereas in the
Au� adatom this state is fully occupied and the
adatom is nonmagnetic. This moment is expect-
ed to be paramagnetic because the magnetic-
anisotropy energy of the Au(6s)-derived state
should be minimal. However, a paramagnetic
moment that is decoupled from a metal sub-
strate by an insulating film might be of some
interest in quantum-information processing.
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Total Synthesis of
Norzoanthamine

Masaaki Miyashita,* Minoru Sasaki, Izumi Hattori,
Mio Sakai, Keiji Tanino

Norzoanthamine, an alkaloid isolated from Zoanthus sp., can suppress the loss of
boneweight and strength in ovariectomizedmice. Norzoanthamine derivatives can
also strongly inhibit the growth of P-388 murine leukemia cell lines and human
platelet aggregation. However, norzoanthamine’s densely functionalized complex
stereostructure and scarce availability fromnatural sources haveproveda synthetic
challenge. We report the stereoselective total synthesis of norzoanthamine in 41
steps, with an overall yield of 3.5% (an average of 92% yield each step).

The zoanthamine alkaloids, a type of heptacy-
clic marine alkaloid isolated from colonial zo-
anthids of the genus Zoanthus sp. (1–11), have
attracted much attention from a wide area of
science, including medicinal chemistry, phar-
macology, natural product chemistry, and syn-
thetic organic chemistry, because of their
distinctive biological and pharmacological
properties as well as their chemical structures
with stereochemical complexity. For example,
norzoanthamine (1), isolated by Uemura et al.
in 1995 (1–3), can suppress the loss of bone
weight and strength in ovariectomized mice and
has been considered a promising candidate for
an antiosteoporotic drug (3, 12), whereas zoan-
thamine (2), isolated by Faulkner et al. (4, 5),
has exhibited potent inhibitory activity toward
phorbol myristate–induced inflammation in ad-
dition to powerful analgesic effects (5, 6). Very
recently, norzoanthamine derivatives were dem-
onstrated to inhibit strongly the growth of P-388

murine leukemia cell lines, in addition to their
potent antiplatelet activities on human platelet ag-
gregation (13). Thus, norzoanthamine (1) has
been studied with keen interest, particularly in
relation to the development of a new type of
antiosteoporotic drug for use in those advanced in
age (3, 12). These distinctive biological properties,
combined with novel chemical structures, make
this family of alkaloids extremely attractive targets
for chemical synthesis (Fig. 1).

However, the chemical synthesis of the
zoanthamine alkaloids has remained as an
unexplored summit, despite great synthetic
efforts (14–27), owing to their densely func-
tionalized complex stereostructures.

Synthetic challenges posed by norzoan-
thamine (1) and zoanthamine (2) include con-
struction of the stereochemically dense C ring
that has three adjacent quaternary asymmetric
carbon atoms at the C-9, C-12, and C-22
positions; stereoselective synthesis of the
ABC carbon framework consisting of the
trans-anti-trans-fused perhydrophenanthren
skeleton; and stereoselective construction of
two novel aminoacetal structures, including a
bridged 	-lactone.
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