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Abstract

By means of scanning probe microscopy we
demonstrate that Au+ on NaCl films adsorbs
in an embedded, slightly off-centered Cl–Cl
bridge position and can be switched between
two equivalent mirror-symmetric configurations
using the attractive force exerted by a scan-
ning probe tip. Density functional theory cal-
culations demonstrate that the displacement of
the Au atom from the centered position of the
bridge bond is accompanied by a large lifting
of the closest Cl atom leading to significant
changes in the local electrostatic field. Our find-
ings suggest that Au+ can be used to toggle the
local electrostatic field.

Keywords

Atomic Switch, Atomic Manipulation, Scan-
ning Probe Microscopy, Density Functional
Theory, Insulating Films, Au adatom

Since the first atomic switch demonstrated
by Eigler,1 atomic and molecular switches have
been identified for a plethora of adsorbate–
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substrate systems.2–18 Interest in these switches
arises primarily from their potential applica-
tions in molecular electronics as data storage
and processing. However, one could also envi-
sion using atomic switches to control bond for-
mation, e.g., between a molecule and a metal
atom.19 A possible route to achieve such func-
tionality may be found in switches that are ca-
pable of changing the local electric potential,
which has been shown to play a decisive role
in the chemistry of a molecule.17,20 Here, we
present a single atom switch that could en-
able such applications by changing the electric
field locally. The switch is formed by a single
Au+ that adsorbs in two equivalent off-centered
bridge configurations on multilayer NaCl films.
The Au+ forms a linear complex with its two
nearest Cl anions, essentially embedding the
Au atom into the NaCl film. This complex is
strongly tilted and leads to a the formation of
an anisotropic electrostatic field. The tilt and
thereby the electrostatic field can be reversibly
(and repeatedly) toggled by the scanning probe
tip.

The Au+ switch was realized on 2–11 mono-
layers (ML) thick NaCl films, supported by
either Cu(111) or Cu(100) single crystal sub-
strates. The adsorption properties of Au+, as
well as the switching mechanism, were found
not to depend on the film thickness and the
orientation of the Cu substrate. Therefore,
we will primarily present and discuss the re-
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Figure 1: Topographical STM images
of stepwise switching of two Au+ on a
NaCl(2ML)/Cu(111) (a–c). The red crosses
indicate the lateral tip position in the switching
process. The dash-dotted lines indicate the
switching axes. The circles serve as a guide to
the eye. The arrows in (a) indicate the NaCl
lattice directions. Imaging details: constant
current feedback (I = 2 pA, V = 0.2 V), Xe
tip.

sults obtained on NaCl bilayer on Cu(111)
[NaCl(2ML)/Cu(111)]. The experiments were
performed in a low-temperature scanning tun-
neling microscope (STM)/atomic force micro-
scope (AFM) based on a qPlus tuning fork
sensor design21 at 5 K. The (bias) voltage was
applied to the sample. NaCl films were de-
posited from a molecular beam evaporator onto
a Cu(111) substrate at 270 K. The single crys-
tal substrate was cleaned by repeated cycles
of Ne+ sputtering and short annealing peri-
ods at 900 K prior to film preparation. Au
atoms were deposited by vacuum sublimation
onto the sample at 10 K, leading to neutral
adatoms. All data presented here has been
acquired with Xe-terminated tips (Xe tips) to
enhance the resolution in STM and AFM, al-
though this was not crucial to trigger the Au+

switch. Therefore, co-adsorbed Xe atoms have
been picked up with a clean metal tip.22

Au+ atoms could be formed one at a time on
NaCl(2ML)/Cu(111) from neutral Au adatoms
by detaching an electron (typically, at V =
−2.5 V).23 On a NaCl bilayer this voltage had
to be reduced after Au+ formation as quickly as
possible to suppress other current-induced pro-
cesses, such as NaCl film damage or segregation
of Au+ into the NaCl film.24 This issue was less
problematic on 3 and 4 ML thick films and was
absent on thicker films (≥5 ML).

As shown in Figure 1, the STM images of the
two formed Au+ atoms have an asymmetric ap-
pearance comprising a protrusion (bright con-
trast) next to a depression (dark contrast).23 As
we will see later, these two Au+ atoms adopt
equivalent bridge sites that are rotated by 90◦

with respect to each other. Here, ’bridge site’
refers to the Cl–Cl bridge site, which is also
a Na–Na bridge site or a hollow site, but not
a Na–Cl bridge site. After image acquisition
of Figure 1a, the tip was moved to the lat-
eral position indicated by the red cross and
the tip–sample distance was decreased until a
sudden jump in the frequency shift ∆f was ob-
served. The subsequently recorded image (Fig-
ure 1b), showed that the respective Au+ ap-
peared mirror-reflected about a switching axis
(indicated by the dash-dotted line). Note, the
other Au+ was switched in a similar manner, as
depicted in Figure 1b,c. Note that the voltage
was zero during the switching event.

The observation of a strong dependence on
the tip position of the switching events dur-
ing AFM imaging in the constant-height mode
sheds more light on the mechanism behind the
Au+ switch, as shown in Figure 2. Au+ ap-
peared as an oval depression surrounding an off-
centered protrusion in the ∆f channel. Atomic
resolution was obtained on the NaCl lattice
with bright and dark contrast on the Na and
Cl sites, respectively.25 From this we can assign
the adsorption site of Au+ to be on a line con-
necting two neighboring Cl sites. Furthermore,
the switching occurred about the bridge site.
When the fast scan direction was oriented per-
pendicular to the switching axis (Figure 2a,b),
repeated bidirectional switching between the
left (’L’) and right (’R’) states was observed
for Au+ within the center part of one image.
In contrast, only a single switching event dur-
ing one image was observed when the fast scan
axis was aligned parallel to the switching axis
(Figure 2c,d).

The influence of the tip–sample distance on
the switching was analyzed by carrying out
∆f line scans in forward and backward direc-
tions for different height offsets above the NaCl
film. The locations of the line scans are indi-
cated by red and blue arrows in Figure 2a,b.
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Figure 2: Switching triggered during AFM im-
age acquisition. Fast scan directions (big black
arrows) perpendicular (a,b) and parallel (c,d) to
the switching axis (dash-dotted line). Slow scan
direction is indicated by small black arrows.
The bridge site is marked by white crosses in
all images. Imaging details: ∆f map recorded
at constant height, sample bias V = 0 V, height
offset z = 2.1 Å. (e) ∆f line profiles recorded at
different z values at the position indicated by
the red and blue arrows in (a). Data recorded
with a Xe tip.

Only a selection of the data is shown in Fig-
ure 2e for the sake of clarity. Au+ was ini-
tially in the ’L’ state. The top three curves,
which were recorded at the largest tip–sample
distances, show a featureless depression at a lat-
eral distance of -3 Å with respect to the symme-
try axis. At a height set point comparable to
the one in Figure 2a–d, z = 2.1 Å, a hillock
appears in the center of the depression. Tip
heights are given with respect to a tunneling
set point of (I = 2 pA, V = 0.2 V) above
NaCl. Furthermore, reversible switching be-

tween ’L’ and ’R’ states was observed in the
forward and backward traces. Note that the
switching from ’L’ to ’R’ states occurred almost
precisely where the protrusion of the ’R’ state
was located, and vice versa. The same lateral
switching positions were observed for all tip–
sample distances between z = 1.6 Å and 2.1 Å
(not shown here). The Sader–Jarvis formal-
ism,26 was used to extract the attractive ver-
tical force,27 Fz = −200 ± 40 pN that was re-
quired to actuate the Au+ switch with this par-
ticular tip that was Xe terminated.

The Au+ switch was also investigated by
measuring the local contact potential difference
(LCPD) between the tip and the sample by
Kelvin probe force microscopy (KPFM).28 A
map of the measured LCPD of the ’R’ state
is shown in Figure 3a. One can recognize an
LCPD decrease on the left (blueish contrast)
and an LCPD increase on the right (reddish
contrast), indicative of a positive and negative
local charge, respectively. Line scans of LCPD
and ∆f at compensated LCPD (∆f ∗) across
the Au+ switching axis at different heights are
plotted in Figure 3b and 3c, respectively. For
the ’R’ state, the LCPD is increased to the
right, where ∆f ∗ is most attractive. This at-
tractive force is explained by the electrostatic
interaction between the negative local charge
of the sample and the positively charged Xe
tip.25 After switching from the ’R’- to ’L’-state
(Figure 3e,f), the LCPD contrast is essentially
reversed and the attractive part is now to the
left. Furthermore, the features with most pos-
itive LCPD in Figure 3 emerge at the position
of the bright protrusion of the respective state
shown in Figure 2. Note that the LCPD con-
trast above the positive charge decays faster
than the one above the negative charge with
increasing tip height, which we ascribe to a to-
pographic effect as discussed below.

The atomistic nature of the Au+ switch was
revealed from density functional theory (DFT)
calculations using a recently developed method
that is able to handle different charged adsor-
bate states on insulating films supported by
a metal substrate in a controlled manner.29,30

This method has been implemented in the VASP
code31,32 and is based on a perfect conductor
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Figure 3: (a) Local contact potential difference (LCPD) map (z = 0 Å, image size: 15×15 Å2).
(b,c) LCPD and corresponding ∆f at compensated LCPD (∆f ∗) line scans at different heights.
(d) Calculated electric field at a distance of 5 Å above the top NaCl layer by DFT. The switching
axis is indicated by a dash-dotted line. The position of the Au atom is indicated by the dot. In
(a–d) Au+ is in the ’R’ state. (e,f) LCPD and ∆f ∗ line scans at different heights, with Au+ in the
’L’ state. The measurements were recorded with a Xe tip.

(PC) model to approximate the electrostatic re-
sponse of the metal substrate, while the film
and the adsorbate are both treated fully within
DFT. The remaining interactions between the
metal substrate and the film in the PC ap-
proximation were modeled by a simple force
field with parameters obtained from DFT cal-
culations of the film and the substrate. The
commensurate p(3×3) NaCl bilayer on Cu(100)
was represented by a slab geometry in a su-
percell, where each NaCl layer is composed of
16 Na and 16 Cl atoms. The vacuum region
was 23 Å. The plane wave cutoff energy was
400 eV. The surface Brillouin zone was sam-
pled with 2×2 k-points and the structural re-
laxations were carried out until the forces were
less than 0.02 eV/Å. The exchange-correlation
effects were treated using the optB86b ver-
sion of the van der Waals (vdW) density func-
tional.33–36 The Au+ state was obtained by con-
straining the Au adatom and the NaCl bilayer
to be positively charged. One meta-stable cen-
tered bridge configuration and two equivalent

off-centered configurations for Au+ were identi-
fied in the calculations, as schematically shown
in Figure 4. The latter configurations were
found to be slightly more stable than the former
configuration by 40 meV. Another possibility
would be adsorption on top of a Na atom, but
this configuration was found to be less stable
than the off-centered configuration by 300 meV.

As shown in Figure 4, Au+ forms essentially
a linear complex, (AuCl2)

−, with two Cl anions
in both the centered and off-centered configu-
ration. In the centered configuration, the lin-
ear complex is parallel to the surface, whereas
in the off-centered configuration, it is tilted
by about 10◦. This complex is very similar
to the AuCl2 quasi-molecule on a chlorinated
Au(111) surface as identified by DFT calcu-
lations and STM imaging.37 Furthermore, the
Au+ complex resembles the Ag+ complex on
NaCl(2ML)/Cu(111)38 but in the latter case
the complex is bent and only a centered con-
figuration was identified. The formation of
the tilted (AuCl2)

− complex gives rise to large
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Figure 4: Geometric structure of the Au+

switch, as obtained from DFT calculations,
showing the metastable centered bridge config-
uration and the ’L’-state of the two equivalent
off-centered bridge configurations. Some key in-
teratomic distances and displacements are also
indicated.

charge rearrangements as illustrated by the as-
sociated large electric field in a plane 5 Å above
the top NaCl layer, shown in Figure 3d.

Based on our experimental results and DFT
calculations, we relate the protruding features
of the Au+ complex in the STM images shown
in Figure 1 and the corresponding protrusions
in the AFM images in Figure 2 to the strongly
lifted Cl anions of the off-centered and tilted
complex. The negative local charge at the po-
sition of the bright protrusions in Figure 2a–d,
as revealed by the LCPD and ∆f ∗ measure-
ments in Figure 3, supports this assignment.
The presence of negative charge on this pro-
truding Cl anion results in the negative electric
field in this region shown in Figure 3d. The
measured distance of ∼ 6 Å between the protru-
sions of the ’L’ and the ’R’ states in Figure 2a,b
is in agreement with the corresponding calcu-
lated distance of 5.8 Å. Finally, note that the
two orthogonal orientations of the Au+ switch,
(see Figure 1), are imposed by the bridge ad-
sorption site and the four-fold axial symmetry
of the NaCl film.

In addition to the two off-center configura-
tions of Au+, Au+ with a symmetric appear-
ance were also observed and are attributed to
the center configuration predicted by theory. In
particular, this configuration was observed on
thicker NaCl films (> 5 ML) and usually right
after Au+ formation. An example of a symmet-
ric Au+ on NaCl(10ML)/Cu(111) is shown in
Ref. 23. In agreement with theory, the symmet-
ric configuration was observed to be metastable.
Once the off-center configuration had been trig-
gered by the tip, the centered configuration
could only be restored by intermediately neu-
tralizing the Au adatom. Note that the orien-
tation of the Au+ switch could be changed in a
non-deterministic manner between the two or-
thogonal orientations, using the charge manip-
ulation sequence: Au+ → Au0 → Au+ in which
the Au0 adatom resides in an on-top Cl site.23

The atomistic insight into the nature of the
Au+ complex gained from our experiments
and DFT calculations suggests a force-actuated
switching mechanism. According to Figure 2,
the switching occurred always at the position
of the lower-lying Cl anion in the tilted, linear
(AuCl2)

− complex. The attractive force exerted
by the tip ’pulled’ this Cl anion atom upwards
and forced the other Cl atom to move down, in
analogy to a rocker switch. As a consequence,
two bright protrusions shown in Figure 2a,b,
which are mirrored about the switching axis,
correspond to the lifted Cl atoms in both con-
formations of the switch. Switching induced by
tunneling electrons can be excluded since the
switching occurred at zero voltage applied. The
Au+ switch is thus an example of a purely force-
actuated atom switch.

Actuation of the Au+ switch causes the
LCPD to change locally by several tens of meV
according to Figure 3a. Note that the mag-
nitude of this change is tip and height depen-
dent. The DFT calculations (Figure 3d) show
that this actuation results in a change of the
local electric field by a few 100 meV/nm at a
height of 5 Å in the vicinity of the complex.
Recent work has shown that properties of sin-
gle molecules and molecular ensembles can be
influenced by changing their local chemical en-
vironment.12,17,20,39 For example, the orbital se-
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quence of single Cu-phthalocyanine molecules
could be controlled by changing the distance
between Au and Ag atoms placed in the prox-
imity of the molecule.17 In a similar fashion,
the intramolecular hydrogen-transfer reactions
in single porphycene molecules on a Cu(110)
surface could be controlled by placing a Cu
atom nearby.20 These examples indicate that
the Au+ switch could be used to control the
properties of single molecules through its elec-
trostatic field. Importantly, the (AuCl2)

− com-
plex that is formed is embedded in the NaCl
film, which makes this switch especially robust
against external perturbations.

In conclusion, we have presented a two-state
embedded adatom switch realized with a single
Au+ adsorbed on multilayer NaCl films sup-
ported by Cu substrates. The two states are
formed by energetically equivalent off-center
positions of Au+ at the bridge site, which can
repeatedly, directed and reversibly be switched
by the attractive force exerted by the tip of a
scanning probe microscope. Measurements of
the LCPD show that switching between these
two states changes the local electrostatic field
and thus the chemical environment. Finally,
the purely force-induced actuation of the switch
ensures its application also on thick insulating
NaCl films.
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