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V
acancies are known to exist in all
sorts of materials, and they already
have been widely investigated rang-

ing from atomic vacancies to vacancy
islands for various metal, semiconductor,
and insulator surfaces. Color and lumines-
cence can be induced in insulators by creat-
ing atomic vacancies.1 Vacancies are also
known to strongly affect doping processes
in semiconductors, which is in particular
the case for oxide semiconductors such as
ZnO.2 Vacancies are also important for sur-
face reactivity. Oxygen vacancies in metal
oxide surfaces play, for example, an impor-
tant role in promoting the rate of surface
electrochemical incorporation reactions.3

Vacancies in surfaces can also affect dif-
fusion of adsorbed particles. Vacancies in
insulating surfaces have been used for trap-
ping molecules4 and nanoclusters.5 Vacan-
cies can also trap different amounts of
electrons and hence can have different
charge states.6,7 It has been demonstrated
that when a supported Au cluster binds to a
charged O vacancy on a MgO surface, it can
become chemically active due to electron
transfer from the vacancy to the adsorbed

cluster.8,9 On the other hand, large vacancy
aggregates such as vacancy islands in metal
surfaces have been investigated, revealing
quantum size effects due to surface state
confinement in the vacancy islands.10,11

Vacancies can be investigated reliably
at the atomic level using scanning tunnel-
ing microscopy (STM) and spectroscopy
(STS).10,12 Moreover, these techniques also
allow locally creating atomic vacancies with
the STM tip. It has been demonstrated that
Cl vacancies can be created in thin NaCl
films either by electron-stimulated desorp-
tion13 or by bringing the STM tip into con-
tact with the NaCl surface.14 The latter
method results in a single Cl vacancy at
the location of the tip approach and at the
same time in a chemically functionalized
STM tip14 that is very well suited for atom-
ic-resolution investigation of nanoparti-
cles.15 Yet, this approach is less optimal for
STM tip manipulation experiments and
spectroscopy investigations due to the
limited stability. The former method typi-
cally produces one up to a few atomic Cl
vacancies near the location of the electron-
stimulated desorption and leaves the bare
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ABSTRACT During the last 20 years, using scanning tunneling

microscopy (STM) and atomic force microscopy, scientists have

successfully achieved vertical and lateral repositioning of individual

atoms on and in different types of surfaces. Such atom manipulation

allows the bottom-up assembly of novel nanostructures that can

otherwise not be fabricated. It is therefore surprising that controlled

repositioning of virtual atoms, i.e., atomic vacancies, across atomic

lattices has not yet been achieved experimentally. Here we use STM at liquid helium temperature (4.5 K) to create individual Cl vacancies and subsequently

to laterally manipulate them across the surface of ultrathin sodium chloride films. This allows monitoring the interactions between two neighboring

vacancies with different separations. Our findings are corroborated by density functional theory calculations and STM image simulations. The lateral

manipulation of atomic vacancies opens up a new playground for the investigation of fundamental physical properties of vacancy nanostructures of any

size and shape and their coupling with the supporting substrate, and of the interaction of various deposits with charged vacancies.

KEYWORDS: lateral vacancy manipulation . scanning tunneling microscope . density functional theory .
vacancy�vacancy interaction . ultrathin insulating films
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metal STM tip unaffected. Cl vacancies in NaCl films on
Cu substrates have previously been studied as an
interesting model system for investigating the strong
electron�phonon (e�ph) coupling between a locali-
zed vacancy state (VS) and the optical phonons in a
polar insulator,16 while the positive charge of the Cl
vacancy is confirmed by observation of interface-state
localization (ISL) at the vacancy site. Recently, it has
been reported that the local thickness of thin NaCl
insulating films grown on Cu(111) can be determined
by measuring the lifetime of the VS of single Cl
vacancies.17

Since vacancies play a key role in the local properties
of a material, controlled manipulation of these virtual
atoms is of great interest, as it allows repositioning
them to a desired location or allows them to form
artificial functional vacancy aggregates. For example,
atomic patterns of dangling bonds induced by H
vacancies on semiconducting surfaces can be control-
lably created by desorption of the H atoms.18,19 These
structured dangling bonds can be promising candi-
dates for charge qubits20 and can also be used for
chemisorption of molecules such as I2

21 and HCl.22

Controllable manipulation of adatoms, molecules,
nanoclusters, and dopants has already been achieved
on/in surfaces of metals, semiconductors, and insu-
lators.5,23�29 However, while controlled lateral manip-
ulation of individual vacancies across a surface lattice
has been predicted theoretically to be possible using
an atomic forcemicroscope,30 it has not been achieved
experimentally.
Here we demonstrate for the first time that Cl

vacancies created in atomically thin NaCl films on
Au(111) can be laterally moved with the STM tip. By
combining STM/STS measurements and DFT calcula-
tions, we elucidate that the Cl vacancies are positively
charged (Fþ center). The VS and the localized interface
state (IS), which are associated with the vacancy, are
both found to shift toward lower energy upon the
formation of a vacancy dimer. Mutual interaction
between two neighboring vacancies leads to the for-
mation of a symmetric and an antisymmetric VS in the

vacancy dimer.Moreover, the coupling between the VS
and the optical phonons in the NaCl film is shown to
be reduced for the vacancy dimer compared to the
individual vacancy.

RESULTS

Creation and Lateral Manipulation of Cl Vacancies in 2L
NaCl. Figure 1a presents a typical STM topography
image of several atomic vacancies that are created by
electron-stimulated desorption. This is achieved by
retracting the tip away from the surface and applying
a voltage pulse, typically in the range from 8 to 8.5 V.
The voltage pulsemust bewell above the energy of the
bottom of the conduction band of the NaCl film, such
that electrons can effectively tunnel into the NaCl film
(rather than tunneling through it to the Au(111)
substrate) and thereby stimulate the Na and Cl ions.
To avoid excessive surface damageby the high-voltage
pulse (typically above 8.5 V), the tip is initially retracted
as far as 3 nm, and next the tip�sample distance is
gradually reduced until a vacancy can be created by a
voltage pulse. Note that the precise distance varies
from tip to tip, since the shape of the tip determines the
effective electric field experienced by the surface. Since
only the Cl ions are imaged as protrusions in the STM
topography images when using a metallic STM tip,31

the created vacancies in Figure 1a can be assigned as Cl
vacancies. In STM topography images the Cl vacancy
appears as a missing protrusion where the four
nearest-neighbor Cl ions are slightly elevated. Similar
observations have been reported before for single Cl
vacancies in NaCl films on copper surfaces.13,16

By retracting the STM tip around 2 nm from the
surface and applying a positive voltage pulse around
7.5 V (i.e., below the voltage used for vacancy creation)
near an already created Cl vacancy, the vacancy can be
moved to its neighboring Cl site, away from the loca-
tion where the voltage pulse was applied. The vacancy
can be considered a virtual atom that has a positive
charge, as will be discussed below. When the STM tip
applies a positive voltage pulse near the virtual atom,
the virtual atom experiences a repulsive force that can

Figure 1. Lateral manipulation of previously created Cl vacancies in 2L NaCl/Au(111) by locally applying a voltage pulse with
the STM tip. (a�d) 6.5 � 6.5 nm2 atomic-resolution STM topography images of Cl vacancies in 2L NaCl recorded at V = 1 V,
I=0.2nA. Theblack dotted ellipse indicates the vacancies that are involved in thedimer formation. Note thatwhen comparing
(b) to (a), the vacancy in the bottom-left corner in (a) is also moved because an additional intentional manipulation step is
performed for this vacancy. The blue crosses in (a)�(c) indicate the locations where voltage pulses are applied tomanipulate
the vacancies.
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move the vacancy away from the tip. In the migration
process of a Cl vacancy, a nearest-neighbor Cl ion
jumps into the original vacant site, leaving a new
vacancy behind. As illustrated in Figure 1a�c, when
applying a voltage pulse at the blue cross on the left-
hand side of the vacancy within the dotted ellipse, the
vacancy moves to the right. Alternatively, this corre-
sponds to a Cl ion that moves to the left. Since the Cl
ion has a negative charge and the applied voltage is
positive, the applied voltage pulse on the left-hand
side of a vacancy attracts another nearest-neighbor Cl
ion, thereby annihilating the target vacancy site and
leaving a vacancy on the right. As a result, the vacancy
moves to the right. This way, the two Cl vacancies
indicated by the black dotted ellipse in Figure 1a can
bemoved closer to each other step by step (Figure 1b),
allowing the formation of so-called vacancy dimers
with separation distances of 0.89( 0.02 nm (Figure 1c,
hereafter referred to as dimer I) and 0.80 ( 0.02 nm
(Figure 1d, hereafter referred to as dimer II). The
distance between two vacancies is determined based
on our experimentally measured nearest-neighbor
Cl�Cl distance of 0.40 ( 0.02 nm of the NaCl film on
Au(111). In our experiments it was not possible to form
a vacancy dimer where the two constituting vacancies
are not separated by at least one Cl ion, which implies
that either such vacancy dimers are not stable or their
formation involves a higher energy barrier. Larger
vacancy nanostructures consisting of up to three and
four atomic Cl vacancies were created as well and
are presented in Figure S1 in the Supporting Informa-
tion (SI). The vacancies in these larger nanostructures
are all separated by at least one Cl ion.

We note that in our manipulation approach the tip
is retracted relatively far away from the surface, which
implies that the applied voltage pulse to the target
vacancy has an intrinsic finite “spatial extent” (typically
within a radius of about 1.2 nm) and hence can also
affect the vacancies that are located nearby (see, e.g.,
Figure S1b and the corresponding discussions in the SI).
The presence of nearby vacancies does not affect the
tunneling settings required to move the targeted
vacancy. We here must emphasize that the unintended
movement of vacancies near the target vacancy is a very
local effect. In particular, when the vacancies are further
separated from each other, i.e., typically more than
about 1.2 nm, there are no unintended movements.

The thickness of the NaCl film appears to be crucial
for successful Cl vacancy creation and manipulation.
For 3L NaCl Cl vacancies can be created by electron-
stimulated desorption using a smaller voltage pulse
(typically above 6 V) when compared to 2L NaCl, while
it is also possible to damage the 3L NaCl surface when
the voltage pulses exceed 6 V. On the other hand, for
1L NaCl vacancies cannot be created by electron-
stimulated desorption using voltage pulses as large
as 10 V. This indicates that the NaCl film becomes less

resistant against vacancy formation with increasing
film thickness: 1L NaCl seems to be not affected by
the high-voltage pulse, while 3L NaCl is too sensitive to
the high-voltage pulse. For both 1L and 3L NaCl we
have not been able to move the vacancies using the
approach described above. Therefore, in the following
we focus on the Cl vacancies in 2L NaCl on Au(111).

Energy Barrier for Cl Vacancy Migration. The transition
state for Cl vacancymigration (Cl diffusion) was searched
for by first-principles calculations using constrained
optimization and the dimer method, a procedure
designed for automatic search for transition states.32

First, an initial Cl vacancy is created by removing a neu-
tral Cl atom from the 2L NaCl/Au(111) (see Figure 2a). On
an unsupported 2L NaCl slab this would result in a
neutral F0 paramagnetic center with one electron
trapped in the cavity. On the 2L NaCl/Au(111) surface
the electron trapped in the vacancy is unstable and is
transferred to the Au(111) support, formally resulting in
a Fþ center with no electrons trapped in the vacancy.

Cl vacancy migration is accomplished by moving a
nearest-neighbor Cl atom to the Cl vacancy position. In
the transition state (TS) (see Figure 2b) the diffusing Cl
atom is found to be 0.11 nm above the NaCl surface
and equidistant from the two vacancies. Both the
constrained optimization and the dimer method pre-
dict an energy barrier of 0.58 eV. Unfortunately it is not
possible to derive a meaningful energy barrier value
from our experiments that can be directly compared to
the calculated energy barrier. It is however obvious
that the applied voltage pulse induces an energy gain
for the Cl ions below the STM tip apex. Since the electric
field under an STM tip crucially depends on the precise
shape of the tip apex33 (which is not known in our
experiment), we consider a simple electrostatics-based

Figure 2. Computed structures of (a) the initial state and
(b) the transition state (TS) of a Cl vacancy migrating in a 2L
NaCl/Au(111) film. Violet, green, and gold spheres refer to
Na, Cl, and Au atoms, respectively. The arrow in (a) indicates
this Cl atom moves to the TS in (b). The Cl atom and the
vacancy move in opposite directions. The dashed circle and
half circles in (a) and (b), respectively, indicate the position
of the Cl vacancies.
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approximation, i.e., treating the tip�sample junction as
two parallel plates: the potential energy U = qV, where
q is the charge of the tunneling electrons. Assuming
q = 1e, V = 0.58 V is needed to reach the TS. The tip
height for an experimental voltage pulse of 7.5 V
should be (7.5 eV/0.58 eV � 0.11 nm =) 1.4 nm, which
is consistent with retracting the STM tip by 2 nm from
the surface in the experiment. We note that this very
simple electrostatics-based model is only one of the
possible rationales.

DISCUSSION

Vacancy State Interactions. Figure 3a, c, and e present
STM topography images of an individual vacancy
(Fþ center) and of two vacancy dimers (M2þ centers,
i.e., dimer I and dimer II) with different separation
distances that are formed by lateral manipulation in
2L NaCl(100)/Au(111) as described above.

While an individual Cl vacancy is observed as a
depression (missing protrusion) at low voltages
(Figure 3a), it is revealed as a bright protrusion
(Figure 3b) at the high unoccupied state level. This
remarkable change of appearance can be related to
the presence of the VS. The VS appears as a pro-
nounced unoccupied state around 3.35 eV in the
dI/dV spectrum taken on an individual Cl vacancy
(black squares in Figure 3g). For comparison we also
present a reference spectrum of the bare 2L NaCl
film (black dotted line in Figure 3g). This reference
spectrum reveals two resonances around 3.7 eV
(shoulder peak) and 4.4 eV (main peak), which are

related to the Au bulk band gap edge34 and the first
image-potential state (IPS) of the 2L NaCl film,35

respectively. Following the recent work reported in
ref 36, the onset of the conduction band of the 2L NaCl
is likely to be hidden in the IPS resonances. Within the
accuracy of our experiments, the peak position of the
VS in the dI/dV spectra in Figure 3 is the same for
all single vacancies, i.e., independent of the surface
reconstruction of the underlying Au(111) surface.

Upon moving the two vacancies toward each other
with the STM tip, we find that the VS shifts toward
lower energies. For dimer I (Figure 3c) the VS is located
at a lower energy around3.3 eV (red circles in Figure 3g).
For dimer II the main resonance is shifted further
downward to 3.15 eV. Interestingly, a shoulder peak
can be observed around 3.57 eV, indicative of splitting
of the VS. These observed shifts and splitting of the VS
can be related to the interactions between the con-
stituting vacancies. The spatially extended wave func-
tions of the VSs start to overlap with each other if the
two vacancies are brought close together, which
allows their interaction. Figure 4 presents the spectra
taken along another vacancy dimer II. In the center of
the two vacancies there appears only one state in the
dI/dV spectra, while on the two ends of the dimer two
states are observed (Figure 4b). The spatially resolved
dI/dV spectra (Figure 4a) reveal that the two VSs form a
symmetric (indicated by the solid ellipse) and an
antisymmetric state (indicated by the dotted ellipses)
due to the interaction between the two vacancies,
which is also confirmed by the DFT calculations as
described below.While the vacancy dimers are imaged
as two missing protrusions (Figure 3c and e) at low
voltages, they appear as one pronounced ellipsoidal
protrusion (Figure 3d and f) at high voltages near the
VS energy rather than as two separate protrusions.

Figure 3. (a andb) 2.2� 2.2 nm2 STM topography images of
a single Cl vacancy in 2LNaCl recorded at V= 1.00 and 3.35V,
respectively. (c) and (d) 3.0 � 3.0 nm2 STM topography
images of dimer I in 2L NaCl recorded at V = 1.00 and 3.30 V,
respectively. (e and f) 2.2� 2.2 nm2 STM topography images
of dimer II in 2L NaCl recorded at V = 1.00 and 3.15 V,
respectively. (g) dI/dV spectra taken on bare 2L NaCl (black
dotted line), an individual Cl vacancy (black squares), one of
the vacancies of dimer I (red circles), and one of the
vacancies of dimer II (blue triangles). The recorded locations
are indicated in (b), (d), and (f). (h) Background-corrected
dI/dV spectra of the VSs in (g), fitted to Gaussian line shapes
(solid lines). The spectra are corrected by subtracting the
spectrum of bare 2L NaCl.

Figure 4. (a) 5 V � 5 nm color visualization of (dI/dV)(V)
spectra taken along the black dotted lines in the inset of (b).
The solid and dotted white ellipses indicate symmetric and
antisymmetric states, respectively. (b) Single-point dI/dV
spectra taken in the center (solid blue curve) and on one
of the vacancies (dotted blue curve), respectively, of the
vacancy dimer II.
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Height profiles of the two vacancy dimers and a single
vacancy are presented in Figure S2 in the SI.

To elucidate the different appearances of the
vacancy at different voltages and the role of the VS
therein, we performed DFT calculations and simula-
tions of STM images. Figure 5 presents the simulated
projected (PDOS) and local density of states (LDOS) of
a Fþ center and a M2þ center (dimer II) as well as the
simulated STM image of a Fþ center in a 2L NaCl/
Au(111) film at low and high voltage.

For the Fþ center the PDOS in Figure 5a reveals that
an empty state arises around 2.46 eV in the band gap of
the 2L NaCl. This state can be assigned as the VS of the
Fþ center (the low value when compared to the experi-
ment is due to anunderestimation of theNaCl band gap
in DFT calculations). A plot of the LDOS at the vacancy
site (inset in Figure 5a) reveals that the peak at 2.46 eV
indeed stems from the Fþ center. This is visualized in the
partial charge density map at 2.46 eV in Figure S3b,
which shows that the chargedensity is localized at theCl
vacancy site. The localized character of the VS is also
evidenced in simulated STM topography images. More-
over, the simulated images confirm that the VS makes
the vacancy appear as a protrusion in the STM image at
high voltage (Figure 5d), while the vacancy appears as a
missing protrusion at low voltage (Figure 5c), in agree-
ment with the experiments (Figure 3a and b).

For the M2þ center (dimer II) the DFT calculation
gives two empty states at 2.13 and 2.39 eV in the PDOS
(Figure 5b). The LDOS (inset in Figure 5b) and the
localized charge density at the Cl vacancy site for the
two states (Figure S3d) confirm that these two states
can be interpreted as VSs. The splitting of the single

state of the Fþ center in two states for the M2þ center
originates from the interaction of the two vacancies.
The separation of the symmetric and antisymmetric
states by 0.26 eV is in good agreement with our
experimental observations (Figure 4). The shift of the
two VSs toward lower energy for theM2þ centers when
compared to the VS of the Fþ center is also consistent
with the experimental observations (Figure 3g and h)
and indicates that the potential created by the dimer
vacancy is more attractive than for a single vacancy.
Note that for dimer I, in the experiments (Figure 3c) we
observe only one peak in the dI/dV spectra (Figure 3g),
while the simulation reveals two states with a smaller
separation (data not shown) than dimer II. This dis-
crepancy can be attributed to the strong e�ph inter-
action that broadens the peaks in experimental dI/dV
spectra (as discussed below). Consequently, for dimer I
it is experimentally not possible to resolve the relatively
small energy separation between the two states that
are revealed in the simulation.

Figure 3h presents the vacancy dI/dV spectra of
Figure 3g after subtracting the background dI/dV
spectrum of the bare NaCl. These background-
corrected spectra can be fitted well by a Gaussian line
shape. The strong e�ph coupling in the tunneling
through the VS gives rise to a significant broadening
of spectroscopic features.16,37 The full width at half-
maximum (fwhm) of the spectra has been previously
shown to be proportional to the strength of the e�ph
coupling.16 From the fits in Figure 3h, we find that the
fwhm for the vacancies in dimer I and dimer II is smaller
than that for an individual vacancy, which indicates
that the e�ph coupling is reduced by the interaction

Figure 5. Projected DOS (PDOS) of a Cl vacancy (VCl) for (a) NaCl1�x/Au(111) (F
þ center) and (b) NaCl1�2x/Au(111) (M

2þ center,
vacancy dimer II). The insets in (a) and (b) are the local DOS (LDOS) for the Fþ andM2þ center, respectively. (c and d) Simulated
STM images with electron density of 8 � 10�5 |e|/Å3 of a Fþ center: (c) at low positive energy range (0�0.6 eV), (d) at high
positive energy range (2.3�2.6 eV). In (c) and (d) the values of the abscissa and ordinate give the dimension (in Å), and the
intensity bar at the right indicates the height (in Å) at which the electron density equals 8 � 10�5 |e|/Å3 (the bottom of the
model is set as 0 Å). Violet and green spheres in the superimposed lattices refer to Na and Cl atoms, respectively.
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between two neighboring vacancies. Our findings
illustrate that lateral manipulation of vacancies allows
monitoring the modified VS as well as the coupling
between the VS and the optical phonons in the NaCl
film, which contains specific vacancy nanostructures.

Localized Interface-State Interactions. Upon adsorption
of the NaCl layer, the Au(111) Shockley surface state
becomes an interface state at the NaCl/Au(111) inter-
face. The IS maximum in the dI/dV spectra varies for
different Au(111) surface reconstruction regions, i.e.,hcp
and fcc regions that are separated by the herringbones.
Specifically, dI/dV spectra taken on the fcc regions show
the maximum position around �150 meV, while the
spectra on both hcp and herringbone regions show the
maximumaround�200meV.38 Belowwe focuson theva-
cancies in the hcp and herringbone regions, since the
observations for vacancies in fcc regions are qualita-
tively the same. In addition to the VS that exists at high
energies, the Cl vacancies are also found to induce a
pronounced localization of the 2L NaCl/Au(111) IS at
lower energies near the Fermi level.

For an individual vacancy (in the herringbone
region) (Figure 6a) and two vacancy dimers (in the
hcp region) (Figure 6b and c) in 2LNaCl/Au(111), spatial
distributions of the IS are presented in Figure 6d�f. The
peak position (around �200 meV) of the IS dI/dV
spectra on defect-free hcp and herringbone regions
is indicated by a white dashed line. We find that an
individual vacancy localizes the IS around �220 meV
(Figure 6d). The existence of interface-state localization

below the band bottom of the IS indicates that the Cl
vacancies are positively charged, in agreement with
our DFT calculations described above. The attractive
potential resulting from the creation of the vacancy
gives rise to a localized state that is split off from the IS
band. Localization of surface states is also awell-known
phenomenon for adatoms onbaremetal surfaces.39�41

Unlike the VS in Figure 3, the ISL effect is not visible
in the STM topography images; that is, the vacancy
still appears as a missing protrusion at �220 meV
(Figure 6a). After moving another vacancy nearby
with the STM tip, the IS is found to be localized around
�300 meV for the vacancy dimer I (Figure 6e) and
around �310 mV for dimer II (Figure 6f). The localized
IS is thus shifted toward lower energies by 80 or 90 mV
for the vacancy dimers relative to the localized IS for a
single vacancy. Since the Cl vacancies are positively
chargedaswehave foundabove, theobserveddifferent
energy shift of the localized IS toward lower energies
may be related to an increase of the charge potential
when two charged vacancies become closer to each
other. A smaller ISL shift of 50mV to lower energy on 2L
NaCl/Cu(111) has been reported for a Cl vacancy dimer
with a larger separation distance of 1.17 nm (formed by
random creation of Cl vacancies via electron-simulated
desorption),42 in line with the here observed trend. Our
well-controllable lateral manipulation technique pro-
vides novel opportunities to monitor the coupling of
IS with the attractive potential associated with the
vacancy during the formation of dimers with different
separation distances.

CONCLUSIONS

In conclusion, using scanning tunneling microscopy
we demonstrate lateral manipulation of Cl vacancies in
bilayer NaCl on Au(111), allowing the formation of
vacancy dimers as well as larger nanostructures con-
sisting of multiple vacancies. We find that the coupling
of the interface state with an individual Cl vacancy, as
well as the coupling of the vacancy state of the
individual Cl vacancy to the optical phonons in the
NaCl film, can be modified by bringing a second
vacancy nearby, thereby creating a vacancy dimer.
The lateral repositioning of atomic vacancies opens
up a new playground for investigation of fundamental
physical properties of vacancy nanostructures of any
desired size and shape and their coupling with the
supporting substrate, as well as the interaction of
various deposits with charged vacancies. The control
of the density and the nature of vacancies may provide
a means for tailoring the surface reactivity.43,44

METHODS

NaCl layers are grownusing vapor deposition at 800 K in the pre-
paration chamber of an STM setup (Oxford Instruments�Omicron

NanoScience) under ultrahigh vacuum (UHV) conditions. 1L, 2L,
and 3L NaCl(100) islands are prepared as described in refs 38
and 45. (dI/dV)(V) curves andmaps are acquired with an open or
closed feedback loop by lock-in detection using a modulation

Figure 6. STM topography images of (a) an individual Cl
vacancy, (b) a vacancy dimer I, and (c) a vacancy dimer II in
2L NaCl/Au(111). (d�f) 1.2 V � 4.2 nm color visualization of
(dI/dV)(V) spectra taken along the black dotted lines in
(a�c), respectively. The white dashed lines in (d�f) indicate
the maximum position of the peak/step in the IS dI/dV
spectra in the hcp and herringbone regions on the defect-
free 2L NaCl/Au(111) surface.
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amplitude of 10 mV at 888 Hz. All STM measurements are
performed in UHV (10�11 mbar) and at low temperature
(Tsample = 4.5 K). Image processing is performed by Nanotec
WSxM.46 All voltages refer to the sample bias with respect to the
STM tip.
Spin-polarized DFT calculations were performed using the

generalized gradient approximation (PBE functional)47 and the
plane waves code VASP.48,49 The interaction between the ions
and the valence electrons is described by the projector augmen-
ted wave (PAW) method.50 The NaCl(100) films on the Au(111)
substrate have been modeled by a coincidence structure,
obtained by superposing a (4 � 4) NaCl(100) unit cell on a

1 3
3 1

 !
superstructure of the Au(111) surface.51,52 The metal

support is modeled by a five-layer slab. Fourteen angstroms of
empty space is included to avoid spurious interactions between
the replicas of the slab model. The Γ point is used for the
reciprocal space sampling. Dispersion interactions are included
bymeans of the pairwise force field as implemented by Grimme
(DFT-D2).53 STM images are simulated using the Tersoff�
Hamann approximation.54 Concerning the location of transition
states, the use of constrained optimization and of the dimer
method32 are applied. For the former a Cl atom is placed above
the surface (0.5�2.0 Å) between two nearest-neighbor
Cl vacancies and the geometries are optimized while fixing
the Cl atom above the surface. The dimer method is based
on the first derivative of the potential energy and drives
the geometry optimization to convergence to a saddle point
instead of to a minimum.
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