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Small metal clusters have been investigated for decades due to their beneficial catalytic activity. It was
found that edges are most reactive and the number of catalytic events increases with the cluster’s size.
However, a direct measurement of chemical reactivity of individual atoms within the clusters has not been
reported yet. We combine the high-resolution capability of CO-terminated tips in scanning probe
microscopy with their ability to probe chemical binding forces on single Fe atoms to study the chemical
reactivity of atom-by-atom assembled Fe clusters from 1 to 15 atoms on the atomic scale. We find that the
chemical reactivity of individual atoms within flat Fe clusters does not depend on the cluster size but on the
coordination number of the investigated atom. Furthermore, we explain the atomic contrast of the
investigated Fe clusters by relating the force spectra of individual atoms with atomic force microscopy
images of the clusters.
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Since the concept of catalytic, highly reactive active sites
on surfaces was introduced [1], many studies have been
conducted to precisely locate them on various catalytic
materials. Observations of the adsorption positions of
reactants and reaction products have shown that step edges
are catalytically most active for, e.g., the Ru(0001) surface
[2], Pt clusters on graphene/Rh(111) [3], and the Pt(111)
surface [4]. Furthermore, it was shown that catalytically
inactive surfaces can be activated by integrating single Pd
atoms in a Cu(111) surface [5] and that the catalytic activity
of Au clusters on a MgO substrate can be enhanced by
locally charging the substrate [6].
Fe is an essential catalytic material, which has the

advantage that it is relatively nontoxic, affordable, abun-
dantly available, and sustainable in contrast to many
transition metals [7,8]. Furthermore, Fe is frequently used
in nature as a biocatalyst and, hence, it is important in, e.g.,
organic synthesis [8,9]. So far, the chemical reactivity of Fe
clusters was only studied as a function of the cluster size
[10] and mainly in the gas phase [11–13]. In essence, it was
found that the rate of chemical reactions increases with the
number of atoms the Fe clusters consist of [10,12,13].
However, these collective studies did not reveal the
chemical reactivity on the atomic scale and, hence, a
localization of the active sites within a cluster is missing.
Terminating the metal tip in noncontact atomic force

microscopy (NCAFM) [14] with a single carbon monoxide
(CO) molecule [15,16] allows resolving small Fe clusters
[17], next to various other sample systems [16,18–22], on
the atomic scale.Moreover, it was recently shown that a CO-
terminated tip (CO tip) can undergo both a physisorbed and a
chemisorbed binding state at two specific distances when
approaching the center of a single Fe adatom on the Cu(111)

surface [23]. It is important to note that CO tips that imageFe
adatoms form medium strength chemical bonds, in stark
contrast to CO tips imaging organic molecules [16,24,25] or
Si [17,23] where Pauli repulsion prevails.
In this Letter, we are combining the ability of NCAFM

with CO tips to assemble small Fe clusters atom by atom in a
controlled fashion [26] with its unprecedented atomic
resolution capability to measure the vertical short-range
force [Fz;SRðz; c�Þ] on manually created Fe clusters of
different sizes (3–15 atoms). Fz;SRðz; c�Þ is a function of
distance z and c�, the reduced coordination number that
refers to the neighboring cluster atoms which can be
expressed by using the atom’s coordination number c via
c� ¼ c − 3 (see Sec. SP1 [27]). Upon approaching the tip,
we observe the formation of a weak physical bond at larger
distances, followed by a chemical bond between the CO tip
and the cluster’s individual atoms at close distances when
the tip is positioned above the center of a cluster atom
(similar to the situation for single Fe adatoms [23]). Here,
we find that the strength of the chemical bond decreases
with the atom’s coordination number. Hence, it is strongest
for a single Fe adatom. This finding agrees with the
identification of step edges as the active sites for various
materials [2–4]. We determine the local chemical reactivity
within a Fe cluster by an atom-by-atom measurement of
chemical bonding strength. Finally, we relate the
Fz;SRðz; c�Þ spectra to NCAFM images acquired in con-
stant-current and constant-height mode to explain the
contrast formation of Fe clusters using CO tips. The
interpretation of our results is supported by accompanying
density-functional theory (DFT).
Figure 1 displays the tip dependence of chemical

reactivity by comparing three short-range force vs distance
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Fz;SRðz; 0Þ curves acquired with three meticulously pre-
pared but still different CO tips above the center of single
Fe adatoms adsorbed on Cu(111) (see SP2 for tip
preparation and experimental details [27]). Hereby, z
indicates the distance to the conductance at point contact
for CO tips on the bare Cu(111) surface [33] (see also SP2
[27]). As CO tip 1 approaches the single Fe adatom, it
reaches a local force minimum of Fz;SR ¼ −8 pN at
zphys ¼ 365pm (green curve in Fig. 1). It was found that
this minimum is the physisorption force minimum
Fz;SRðzphys; 0Þ between the CO tip and the adatom, i.e.,
where pure physical binding and no chemical binding
starts to occur [23]. Reducing the distance z further results
at first in slight repulsion (Pauli respulsion) and, sub-
sequently, in a global force minimum of Fz;SR ¼ −363 pN
at zchem ¼ 194 pm. The global force minimum occurs as
the tip’s CO molecule forms a chemical bond in this
distance regime with the Fe adatom on the surface via
hybridization [23]. Hereafter, the minimum at closer
distances z will be called chemisorption force minimum
Fz;SRðzchem; 0Þ (see also SP1 [27]). Note that the CO tip

remains upright during the acquisition of the Fz;SRðz; 0Þ
spectra (see Ref. [23] and SP2 [27]).
Repeating the experiment with two other CO tips results

in quantitatively different curves. While for CO tip 3 the
physisorption force minimum is more attractive, it flattens
out for CO tip 2. The chemisorption force minimum of CO
tip 2 (3) is more (less) attractive compared to CO tip 1. All
CO tips discussed here consist of a CO molecule bonded to
a monoatomic metal tip’s apex. However, the tip back-
grounds, i.e., the exact shape of the metal tips’ atomic
structure behind the frontmost metallic atom, differ for the
various metal tips (see SP2 [27]). In order to analyze the
differences of the Fz;SRðz; 0Þ curves for the three presented
CO tips, they were subtracted from each other (see inset of
Fig. 1). The differential force curves do not resemble a
monotonic behavior as expected if the differences in the tip
backgrounds would result in a plain additive component to
the Fz;SRðz; 0Þ curves. However, Refs. [21,48] report that
the properties, i.e., the electric field of CO tips, strongly
depend on the tip backgrounds behind the terminating CO
molecule. Hence, we conclude that the bond between the
CO molecule and the metal tip is different for the various
CO tips, although all these metal tips were terminated with
a single metal atom prior to CO functionalization, leading
to quantitatively different Fz;SRðz; 0Þ curves (see Fig. S3 for
two more CO tips [27]).
Next, Fe clusters containing 3–15 atoms are created via

lateral manipulation using CO tips, which allows us to
position each atom with atomic precision [26]. The inset of
Fig. 2(a) shows the atomically resolved frequency shift
Δfðx; yÞ images (acquired in constant-current mode) of the
investigated clusters with CO tip 2. Using the constant-
current mode allows resolving the Fe clusters and the
Cu(111) substrate simultaneously with atomic resolution.
The cluster’s individual atoms appear as tori and adsorb on
fcc positions [17]. The color of the overlaid circles indicates
the reduced coordination number c�, which is equal to the
number of neighboring atoms within the Fe cluster (see SP1
[27]). The Fz;SRðz; c�Þ curves were recorded in the most
attractive (x; y) positions such that the CO tip remains
upright during the acquisition of the spectra (see SP2, SP4,
and Fig. S6 [27]). All Fz;SRðz; c�Þ spectra which were
acquired on the cluster’s individual atoms with various c�
show a double-minima shape [see Fig. 2(a)] similar to the
single Fe adatoms (see Fig. 1). Therefore, we suggest that
the CO tip transitions from the physisorption to chemi-
sorption regime when approaching the center of the
cluster’s individual atoms in the case of c� ¼ 2, 3, 4,
analogous to the single Fe adatom [23]. The central cluster
atom with c� ¼ 6 does not show the chemisorption minima
that are clearly visible for c� ¼ 4, 3, 2, 0, but it displays a
plateau at z ≈ 280 pm and Fz;SR ≈ 65 pN. We did not dare
to approach the tip closer than z ¼ 268 pm to avoid
damage to the tip, but we expect that the plateau would
be followed by Pauli repulsion.

FIG. 1. Short-range force vs distance Fz;SRðz; 0Þ spectra ac-
quired with three different CO tips (CO tips 1–3) above the center
of a single Fe adatom [see Fig. S2 for corresponding energy
ESRðz; 0Þ curves [27] ]. While the green curve (CO tip 1) shows
two pronounced minima [local physisorption force minimum
(−8 pN) and global chemisorption force minimum (−363 pN)
[23] ] separated by a repulsive barrier, CO tip 3 exhibits only a
shallow but more attractive physisorption force minimum
(−26 pN) and a less attractive chemisorption force minimum
(−231 pN) without a repulsive barrier in between. In the case of
CO tip 2, the chemisorption force minimum (−448 pN) is most
attractive, while the physisorption force minimum flattened out
completely. The inset shows the differences of the Fz;SR curves of
CO tip 2 (3) and CO tip 1 for 100 ≤ z ≤ 500pm. Note that all
presented experimental curves within the main text and Supple-
mental Material are acquired with a step size of Δz ¼ 5 pm and
plotted as connected lines for clarity. The discrete data points are
plotted in Fig. S9 [27].
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In the following, the chemisorption force minima
Fz;SRðzchem; c�Þ (i.e., the force minima at smaller z value)
are analyzed quantitatively as a function of c� (the error
sources and error bars of the experimental data are discussed
in SP2 [27]). The depth of the chemisorption force minima
decreases clearlywith reduced coordination number c�, with
Fz;SRðzchem; 0Þ ¼ −448 pN, Fz;SRðzchem; 2Þ ¼ ½−243 pN;
−195 pN�, Fz;SRðzchem; 3Þ ¼ −178 pN, Fz;SRðzchem; 4Þ ¼
f−27 pN; 6 pNg, and Fz;SRðzchem; 6Þ ¼ 65 pN. Repeating
the experiment with two more CO tips results in the same
observations, while the absolute values of the chemisorption
force minima Fz;SRðzchem; c�Þ correlate with the value of the
single adatom Fz;SRðzchem; 0Þ [see Figs. S3(a)–S3(c) [27] ].
This can be attributed to a different binding of the CO

molecule to the various metal tip’s apexes, as explained
above in the case of the adatom Fz;SRðz; 0Þ spectra
(see Fig. 1).
To enable an instructive comparison between the mea-

surements of different CO tips, the Fz;SRðz; c�Þ curves are
normalized, similar to a previous atomic identification
study [49], with respect to the chemisorption force minima
of the single Fe adatoms Fz;SRðzchem; 0Þ [see Figs. S3(d)–
S3(f) [27] ]. Figure 2(b) depicts the extracted normalized
chemisorption force minima values Fz;SRðzchem; c�Þ=
Fz;SRðzchem; 0Þ as a function of the reduced coordination
number c�. The plot shows that the normalized chemi-
sorption force minimum Fz;SRðzchem; c�Þ=Fz;SRðzchem; 0Þ
decreases with the reduced coordination number c�. This
is expected intuitively, as an increasing number of binding
partners reduces the reactivity of the specific atom of the
cluster. We interpret this observation as a direct observation
of local chemical reactivity of Fe clusters. We identify the
Fe cluster’s corner atoms (c� ¼ 2 and c� ¼ 3) as the active
sites followed by the less reactive edge atoms (c� ¼ 4) with
respect to their interaction with the tip’s CO front end.
Moreover, we do not find variations of the chemical
reactivity of the individual atoms with a specific c� within
the cluster for the investigated cluster sizes from 3 to
15 atoms.
Figure 2(c) shows thephysisorption energyminimavalues

ESRðzphys; c�Þ vs reduced coordination number c� extracted
from the corresponding ESRðz;c�Þ¼−

R
Fz;SRðz;c�Þdz

curves [see Figs. S3(g)–S3(i) [27] ]. Here, zphys indicates
the position of the physisorption energy minimum (i.e., the
minima at larger z value). The physisorption strength
ESRðzphys; c�Þ increases with c�. This can be explained by
an increase of the attractive van der Waals interaction with
increasing c�. However, a change in the electrostatic inter-
action is also conceivable. The separation of these two
contributions is not possible in our experiments, but could in
principle be done by locally probing the electric potential of
the clusters using a quantum dot sensor [50,51].
Next, the atomic contrast of Fe clusters in NCAFM is

investigated. For this purpose, an atom-by-atom assembled
15 atom cluster is imaged with AFM in both constant-
height and constant-current mode. The resulting atomic
contrast is linked to Fz;SRðz; c�Þ curves on specific (x; y)
positions on the cluster (see Fig. 3). The closest scan
in constant height was performed at z ¼ 335 pm. The
corresponding deconvoluted [52,53] short-range force
Fz;SRðx; yÞ image [see Fig. 3(b)] shows four atoms with
c� ¼ 6 in the cluster’s center which are imaged as depres-
sions (dark) with repulsion in between them. Comparing
the Fz;SRðz; 6Þ curve on the left center atom (orange curve)
with the Fz;SRðzÞ curve in between the atoms (magenta
curve) at z ¼ 335 pm reveals that the atomic contrast
occurs in between the physisorption minimum and the
local repulsive minimum [see Fig. 3(a)]: The presence of
the second repulsive force minimum results in a decrease of

(a)

(b) (c)

FIG. 2. (a) Fz;SRðz; c�Þ curves above the center of a single
adatom (black curve) and above the center of the individual atoms
of clusters consisting of 3–6 and 10 Fe atoms acquired with CO
tip 2. The atomically resolved frequency shift Δfðx; yÞ images of
the investigated clusters, acquired in constant-current mode, are
shown in the inset. The atomic positions (circles) and the (x; y)
position of the Fz;SRðz; c�Þ spectra (crosses) are overlaid (see
Fig. S4 for nonoverlaid images [27]). Hereby, the circles and
crosses are color coded with respect to the reduced coordination
number c� of each atom (see SP1 [27]). (b) Chemisorption force
minimum Fz;SRðzchem; c�Þ normalized with respect to the chemi-
sorption force minimum of the single adatom Fz;SRðzchem; 0Þ as a
function of c� for CO tips 2–4. (c) Physisorption energy
minimum ESRðzphys; c�Þ as a function of c� for CO tips 2–4
[see Fig. S3 for all corresponding Fz;SRðz; c�Þ and ESRðz; c�Þ
curves [27] ]. The error bars in (b) and (c) indicate the standard
deviation with respect to c�.
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the slope of the Fz;SRðz; 6Þ curve (orange curve) in the
distance regime of 300≤z≤360pm and, hence, is respon-
sible for the appearance of the Fe atoms with c� ¼ 6 as
depressions (dark).
The cluster’s corner and edge atoms (2 ≤ c� ≤ 4) also

appear as depressions (dark) in constant-height mode with
repulsion (bright) in between the atoms [see, e.g., the top
three atoms in Fig. 3(b)]. Comparing the Fz;SRðz; 2Þ curve
on the top corner atom (light blue curve) with the Fz;SRðzÞ
curve acquired in the top triangle’s center (dark blue curve)
shows that the attractive atomic contrast occurs before the
physisorption force minimum is reached [see Fig. 3(a)].
The same holds true when comparing the Fz;SRðz; 3Þ curve
on the cluster’s left corner atom (dark green curve) with the
Fz;SRðzÞ curve in between the atoms (light green curve).

The repulsion in between the atoms is explained by Pauli
repulsion on the CO tip due to an increased charge density
in between the atoms [see DFT-calculated charge density in
Fig. S5(b) and computational details in SP3 [27] ]. Hence,
the atomic contrast on the cluster’s edge is a consequence of
the interplay of van der Waals and electrostatic attraction on
top of the atoms and Pauli repulsion in between the atoms.
In order to simultaneously achieve atomic resolution on

theFe cluster and theCu(111) substrate, the constant-current
mode can be used [17]. By using the constant-current mode,
the tip-sample distance z is reduced besides the Fe cluster to
keep a certain conductance setpoint and, therefore, the CO
tip images the Cu(111) surface in a distance regime
where atomic resolution is achieved (see also Ref. [54]).
Figures 3(c) and 3(d) show theΔfðx; yÞ and the topographic
zðx; yÞ image of the same area as shown in Fig. 3(b),
respectively. Comparing Fig. 3(c) with the constant-height
image shown in Fig. 3(b) leads to two qualitative conclu-
sions. First, imaging the four central atoms (c�¼6) in
constant-current mode (330 ≤ z ≤ 350 pm) also results in
the appearance of the atoms as depressions (dark). Second,
the cluster’s edge and corner atoms (c� ¼ 2, 3, 4) appear as
deformed and partially open tori when imaged in constant-
current mode, which is not the case in constant-height mode
[see white arrow in Figs. 3(b) and 3(c)]. For (x; y) positions
above the repulsive (bright) tori of the edge and corner
atoms [see, e.g., white arrow in Figs. 3(c) and 3(d)],
z lies within 180 ≤ zring appearance ≤ 230 pm and, hence, is
by 105 to 155 pm smaller than in constant-height mode
(z ¼ 335 pm). Checking theFz;SRðz; c�Þ curves which were
acquired on an atom of the top corner (c� ¼ 2) and left
corner (c� ¼ 3) reveals that the appearance as tori in
constant-current mode occurs in a distance regime [gray
region in Fig. 3(a)], where the CO tip moves from the
physisorption to the chemisorption force minimum, similar
to the single adatom [23]. Hence, the tori appearance of the
corner and edge atom is a result of the chemical bond
formation between the CO tip and the cluster’s individual
atoms. In summary, the different appearances of the corner
and edge atoms in constant-height and constant-current
mode is a result of the absence or presence of chemical bond
formation: in constant-height mode the atomic contrast is a
consequence of the interplay of van der Waals, electrostatic,
and Pauli interaction, while in constant-current mode
chemical bonding between the tip’s CO and the Fe atom
is responsible for the atom’s appearance as a torus (see
Fig. S5 [27]).
Our results demonstrate that the CO tip allows selec-

tively probing the chemical reactivity of individual Fe
atoms that compose small Fe clusters. This measurement is
possible as the CO tip, which is in most known cases
chemically inert, transitions from the physisorption to
the chemisorption regime and forms a weak chemical
bond with the individual atoms when positioned above
them, similar to the single Fe adatom. We find that the

(a)

(b) (c) (d)

FIG. 3. (a) Fz;SRðzÞ curves acquired on various positions on an
atom-by-atom assembled 15 atom cluster. Enlargement of the
area indicated by the red square is shown in the inset. (b) Atomi-
cally resolved vertical force image Fz;SRðx; yÞ at z ¼ 335 pm
[corresponding ΔfSRðx; yÞ image and nonoverlaid images are
depicted in Fig. S7 [27] ]. (c),(d) Simultaneously recorded
frequency shift Δfðx; yÞ and topographic zðx; yÞ images of the
same spot as shown in (b) acquired in constant-current mode
using V tip ¼ −1 mV and hIi ¼ 110 pA (the same data without
overlays shown in Fig. S4(j) [27]). The (x; y) positions of the
Fz;SRðz; c�Þ curves (colored crosses) shown in (a), the atomic
positions (colored circles), and the (x; y) location of the ring
appearance (white arrow) of the top atom (c� ¼ 2) in (c) are
overlaid in panels (b)–(d). The z range in which edge atoms
appear as tori in (c) is indicated by zring appearance in (a).
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chemisorption strength between the CO tip and a cluster’s
atom increases inversely with the atom’s reduced co-
ordination number c� and, hence, we identify the cluster’s
corner and edge atoms as the cluster’s active sites.
Additionally, we conclude that the appearance of the Fe
clusters as connected structures of tori in NCAFM images,
when imaged in constant-current mode, is a result of the
local chemical bond formation between the CO tip and the
cluster’s individual atoms.
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