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We present a dynamic scanning force and Kelvin microscopy study of Suzuki precipitates on clean
(001) surfaces of UHV cleaved NaCl : Mg2�. Nanometer sized precipitates with a rectangular shape on
flat terraces and also at steps were found. Images with atomic resolution confirm that the precipitates are
embedded in the NaCl matrix and permit the identification of each type of ion in the unit cell of the Suzuki
structure. Kelvin microscopy images show always a strong bright contrast at the precipitates, which is
probably due to the negative cation vacancies in the Suzuki structure.
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Because of their insulating character, the (001) surfaces
of alkali halide bulk crystals have been frequently used as
substrates for molecules and metal nanoclusters in nano-
technology [1– 4]. In order to engineer such surface sys-
tems, the influence of the surface on the supported nano-
objects must be well known at the atomic scale, which
requires a good knowledge and precise handling of the
properties of the clean surface. It is well known that
impurities in an ionic material can strongly modify the
structure, composition, and charge state of its surfaces [5].
For pure crystals for instance, already a small amount of
impurity ions in the ppm range strongly determines the
charge state of the crystal surfaces due to the surface
double-layer mechanism [6]: because most crystals contain
divalent impurity cations, a net negative surface charge
formed by monovalent cation vacancies at kinks is present
[7,8], which influences the electronic properties of sup-
ported gold nanoclusters [9].

By a controlled choice of the impurity content, the
surface can be tailored in its atomic structure in that it
offers new and interesting properties. For instance, if a
certain threshold of impurity content is exceeded, the
precipitation of additional new phases appears resulting
in a nanostructuring of the surface. One famous phase for
NaCl like crystals is the Suzuki phase, which was already
observed in the 1950s [10] and mainly discussed by Kazuo
Suzuki for NaCl : Cd2� crystals [11]. The main character-
istic of this phase is its cubic structure being twice as large
as the one of NaCl [11–13], the high concentration of
ordered cation vacancies and the inclusion of Suzuki pre-
cipitates in the NaCl matrix [14,15]. The composition is
given by Na6CdCl8, where the NaCl lattice serves as a host
for Cd2� ions and Na� vacancies occupying alternately
Na� corners of the original NaCl unit cell. The anion
sublattice (Cl�) is identical to the one in the NaCl unit
cell, whereas the Na� ions are unchanged at the centers of
the faces. Many Suzuki phases have been studied with
various different types of divalent impurity ions (Cd2�

[11,13,15,16], Mn2� [14,17], Mg2� [12,16,18], Fe2�

[12]). The host lattice must not necessarily be NaCl; the

Suzuki phase was also observed in LiCl�: Mg2�;
V2�;Mn2�� [19], in LiF:Mg2� [20], and even in oxides
(MgO : Mn4� and NiO : Mn4� [10,21]).

Although nanostructured surfaces with Suzuki precipi-
tates might be promising substrates for nano-objects and
although a large amount of work has been devoted to the
Suzuki phase, a microscopy study at atomic scale of these
surfaces is still missing. The latter can be principally done
by dynamic scanning force microscopy (dynamic SFM),
which permits imaging of surfaces with true atomic reso-
lution [22–24]. The microscope can be combined with the
Kelvin modulation technique, which visualizes the electro-
static surface potential at nanometer scale [8,25,26]. In this
Letter, dynamic SFM and Kelvin probe force microscopy
(KPFM) measurements of clean NaCl : Mg2��001� crystal
surfaces with nanometer sized Suzuki precipitates are pre-
sented. Both the atomic structure and the surface charge
state of the Suzuki precipitates are involved.

NaCl crystals were grown in an argon atmosphere by the
Czochralski growth method and were doped with Mg2�

ions (99% NaCl, 1% MgCl2) [15]. The surfaces were
prepared by UHV cleavage at room temperature followed
by annealing in an UHV oven up to 220 �C [26,27]. A
speed not higher than 6 �C=min was used for the annealing
and cooling. Experiments were performed in the low
10�10 mbar pressure range and at room temperature with
a dynamic SFM (Omicron STM/AFM, nanoSurf digital
demodulator). A conductive silicon cantilever from
Nanosensors (p-Si, 0:015 � cm, 318 kHz, 37 N=m) was
used. Because the silicon tip was originally exposed to the
atmosphere, it was covered by an oxide layer. For the
Kelvin microscope, a dc (Udc) and ac voltage (Uac) are
applied in series at the rear side of the sample (tip at
ground) [26]. During scanning, the electrostatic tip-surface
interaction between tip and surface is minimized at each
point on the surface by applying a voltage Udc;0. Images of
the latter voltage represent the electrostatic surface poten-
tial [8,25,26].

In Figs. 1(a) and 1(b) a topography and corresponding
Kelvin image are shown, respectively, which were re-
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corded simultaneously during one KPFM measurement.
The images show the (001) surface of a NaCl : Mg2�

crystal after its preparation. Apart from the double-layer
step in the middle of the topography image [1(a)], small
well-separated patches on the large terraces (e.g., at 1) can
be observed. In order to inspect these patches more in
detail, a Kelvin measurement in the small surface region,
which is marked by the white dotted rectangle in Fig. 1(a),
was performed. The topography and corresponding Kelvin
image are shown in Figs. 1(c) and 1(d), respectively. The
patches seem to be depressions of�80 pm [1(c)], which is
below the smallest possible unit block of NaCl (2.8 Å).
Although the shape of the patches was rectangular, the
patches exhibit, however, a trapezoidal shape in the im-
ages, which was a result of the long image acquisition time
of 35 min (vScan � 0:5 Hz) and the instrumental drift of
the piezoscanner. The patches appear with a density of

4:9� 109 patches=cm2 in this surface region and have
h001i edges with lengths between 25 and 60 nm. In the
vicinity of the double-layer step [1(a)], the same type of
patches can be found forming a fringe with a zig-zag shape
around the step [e.g., at 2 in Fig. 1(a)]. The corresponding
Kelvin image [1(b)] exhibits a strong bright contrast at all
rectangular patches and at the zigzag shaped fringe of the
step. The bright Kelvin contrast belongs to more positive
bias voltages (voltage difference �1:0 V) with respect to
dark regions on the flat terraces and is uniform over the
whole area of each patch as it can be seen in image (d) in
Fig. 1.

The same type of patches with a bright Kelvin contrast
were found at many other positions on the crystal surface,
even after several days. Sometimes large surface regions
with a corresponding bright Kelvin contrast as shown in
Fig. 2 were found. These regions belonged either to com-
plete terraces (1) or were visible on one single terrace,
where the Kelvin contrast changed from black to white at
some position on the terrace (compare 2 with 3). In most
cases, patches could be found especially at steps.

All observations described so far coincide well with the
ones that were made by transmission electron microscopy
(TEM) on the same type of surface [18] and on (001)
surfaces of NaCl : Mn2� [14] and NaCl : Cd2� [15]: The
rectangular patches and the patches at steps are indeed
Suzuki precipitates. The rectangular precipitates with
h001i boundaries in Fig. 1 could obviously appear due to
the small step density in this surface region [15]. In con-
trast, the precipitates at the steps in Fig. 2 were probably
prohibited from forming straight h001i boundaries due to
the high step density in this surface region [15]. As will be
shown below, the surface potential changes above the
precipitates, which produces a bright Kelvin contrast.

FIG. 2 (color online). The same crystal surface as shown in
Fig. 1 at another position. The topography and corresponding
Kelvin signal are shown in (a) and (b), respectively. The steps
(s1) and (s2) have a height of�2 nm, all other steps are single or
double monoatomic high steps. 800� 402 nm2, Ap�p � 23 nm,
�f � �35 Hz, Uac � 1:5 V, fac � 474 Hz.

〈 〉

〈 〉

FIG. 1 (color online). Topography (a) and corresponding
Kelvin image (b) of a (001) surface of a NaCl : Mg2� crystal,
which was cleaved and annealed in UHV. Topography (c) and
Kelvin image (d) of the surface region labeled by the dotted
rectangular in image (a). Ap�p � 23 nm, �f � �32 Hz, Uac �

0:8 V, fac � 474 Hz; (a),(b) 770� 560 nm2; (c),(d) 140�
115 nm2.
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In order to study the Suzuki precipitates at atomic scale
they were imaged with a higher resolution in the constant
height mode without the Kelvin modulation. An image
with atomic resolution is shown in Fig. 3(a), which was
recorded in the surface region marked by the dotted rect-
angular in Fig. 1(c). The corner of the precipitate is on the
left side; the right surface region belongs to pure
NaCl(001). Because both regions exhibit same mean de-
tuning values (same mean color), it can be concluded that
the two regions are almost on the same height level in the z
direction—the depressions in the topography images (a)
and (c) of Fig. 1 were a result of an residual electrostatic
tip-surface interaction that was not completely minimized
in the KPFM measurements. The ionic lattice inside the
precipitate, which is represented by dark spots, is twice as
large as the one on NaCl(001), which is mainly formed by
bright ions. A distance of �4:1	 0:3� �A between bright
ions on NaCl(001) was found, which is in agreement with
the next-neighbor distance of aNaCl=

���

2
p
� 3:96 �A for ions

of the Cl� or Na� sublattice in NaCl. Therefore, the bright
ions are addressed as either Na� or Cl� ions [28]. The right
side of the drawing in Fig. 3(b) shows the NaCl(001)
region and the corresponding Cl� and Na� ions with their
two sublattices (small dashed and dot-dashed squares). On

the left, a corner formed by the h001i edges of the precipi-
tate in its expected Suzuki structure is drawn. The projec-
tion of the unit cell is given by the large gray square, which
has a lattice constant of aSuzuki � 2aNaCl � 11:39 �A being
twice as large as the one of NaCl (small gray square)
[12,13]. A comparison with the experimental image
[3(a)] shows that the dark spots in the experimental image
inside the precipitate can be addressed either to the Mg2�

sublattice (full line square) or to the one of the vacancies
(dotted square).

The detuning image in Fig. 4(a) shows the atomic details
of the precipitate with a higher resolution. Although an
unambiguous identification of the atomic contrast needs a
comparison with theory [23], it can be estimated with good
certainty how the atomic contrast is formed—thanks to the
geometry of the Suzuki phase [29]. The dark spots (e.g., at
1) but also additional bright spots (e.g., at 2) forming a
sublattice, which is parallel to the one of the dark spots but
half as large, can be clearly seen. Because the smallest
possible sublattice of the Suzuki phase is formed by the
Cl� ions [see Fig. 4(b)] and because this lattice coincides
with the one of the bright ions, the bright ions (2) can be
addressed to the chlorine ions. This has the important
consequence, that the tip’s last atom had obviously a
negative potential producing a repulsive interaction with
the Cl� ions [28]. In contrast to the Cl� ions, the divalent
positive Mg2� and monovalent positive Na� ions should
be imaged in a darker contrast [28]. Therefore, it is antici-
pated that the darkest spots (1) belong to the Mg2� ions
because they should exhibit a stronger interaction with the
tip than the Na� ions. The latter Na� ions have to be
always in between two dark Mg2� ions and are surrounded
by four bright Cl� ions. The contrast should be less dark
than at the Mg2� ions but also less bright than at the Cl�

ions [28]. Indeed, between two dark Mg2� ions gray sites
(3) can be found in the experimental image forming the
expected quadratic sublattice as shown in image [4(b)],
which is smaller than the Mg2� lattice but larger than the
Cl� one and rotated by 45� with respect to the Cl� and
Mg2� lattices. The vacancies must be located in the middle
of a Mg2� square, where also a gray contrast can be found
(4) in the experimental image. It can be speculated that this

FIG. 3 (color online). (a) Detuning image with atomic resolu-
tion of the corner of a Suzuki precipitate that was taken in the
surface region marked by the white dotted square in image (c) of
Fig. 1. The rectangular shape of the precipitate appears much
less distorted than in the images of Fig. 1, which was due to the
considerably higher scanning speed of 12 Hz (12� 10 nm2,
Ap�p � 23 nm, �f � �177 Hz). (b) Drawing of the expected
Suzuki phase inside the NaCl matrix.

FIG. 4 (color online). (a) Detuning image with atomic resolu-
tion of a Suzuki precipitate (recorded without Kelvin modula-
tion). 3:3�3:3 nm2, Ap�p�46 nm, �f��24:9 Hz. (b) Draw-
ing explaining the atomic structure of the precipitate.
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contrast is due to the Cl� ions in the second layer below the
vacancies, which distance to the tip is 2.8 Å larger with
respect to ions of the first layer. Because atomic resolution
imaging is based on the short-range chemical tip-surface
interaction with typical tip-surface distances of a few
Ångstroms [23], the interaction of the second layer Cl�

ions with the tip is considerably less strong than in the case
of the Cl� ions of the first layer.

The vacancies play probably an important role in the
Kelvin contrast formation. If the net positive and negative
valences of the ions in the first layer are counted, the same
number of net positive and negative valences is ob-
tained [e.g. in one Mg2� square in Fig. 4(b): 4� Cl� ,
2� Na� � 1�Mg2�]. However, below the vacancies, the
negative Cl� ions in the second layer are present. Because
the Kelvin microscope is sensitive to long-range electro-
static forces (tip-surface distance: 1–3 nm), it can be
assumed that the additional ‘‘unscreened’’ Cl� ions in
the second layer modify the surface potential in that a
bright Kelvin contrast is imaged. A bright Kelvin contrast
belongs indeed to something more negative, which means
that the surface carries a net negative charge being roughly
similar to the case described before [8]. The high density of
vacancies (or second layer Cl� ions) would then explain
the uniform and high Kelvin contrast of 1 V—the tip
integrates the electrostatic interaction over many vacancy
sites of a large surface area, which is comparable to the tip
dimension.

In conclusion, Suzuki precipitates on NaCl : Mg2��001�
surfaces were studied by dynamic SFM for the first time.
Atomically resolved images show the expected atomic
structure but also the inclusion of the precipitates in the
NaCl matrix. Thanks to the special geometry of the Suzuki
phase, each type of ion within the unit cell could be
identified. Kelvin measurements show always a bright
Kelvin contrast above the precipitates which probably
originates from the cation vacancies. We believe that
Suzuki precipitates are suitable to calibrate the potential
of the tip’s last atom, which is important for the atomic
contrast interpretation in general [23]. However, more
importantly we believe that the nanostructured surfaces
are very promising templates for nano-objects like nano-
clusters [15] on which we will concentrate in the future.
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