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Moving atoms on surfaces: Impact of external parameters on required lateral force
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Combining scanning tunneling microscopy and atomic force spectroscopy the dependence of the lateral force
to move single adsorbed atoms on surfaces on the temperature is explored. A decrease of the force with increasing
temperature is observed for all atoms and surfaces investigated and may be captured in a simple model. Crossing
the critical temperature as well as surmounting the critical magnetic field of a superconductor does not lead to
discriminable changes in the lateral force.
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I. INTRODUCTION

Manipulating matter atom by atom is undoubtedly one
of the most fascinating capabilities of a scanning tunneling
microscope (STM) and an atomic force microscope (AFM).
The last three decades have witnessed a tremendous evolution
in the fabrication of artificial assemblies, initiated by first ob-
servations of atom manipulation [1] and the controlled move-
ment of single atoms [2], proceeding with the identification
of different manipulation methods [3] and the construction of
atom corrals [4–6], the realization of molecule cascades [7],
atomic chains [8,9], and magnetic atom assemblies [10–14] to
the autonomous assembly of nanostructures [15]. Many more
works are summarized in excellent review articles [16–20].

The intriguing question concerning the force that is needed
to move single atoms and molecules on surfaces was first
answered in a seminal work for Co and CO on Pt(111) and
Cu(111) [21]. The basic findings of this work revealed that
forces strongly depend on the actual atom-surface combina-
tion and may differ by more than an order of magnitude.
Forces during the displacement of more complex molecules
were likewise reported [22–24].

The impetus to the work presented here arises from several
aspects. First, the powerful method introduced in Ref. [21]
should be applied to a variety of atom-surface combinations in
order to rely on an increased data base. Second, experiments
that have been reported so far were carried out at a single
or at most at two temperatures. Therefore, the temperature
dependence of the threshold force has not been explored in
detail to date. In particular, for superconductors an effect in
the threshold force may be expected for temperatures below
and above the critical temperature (Tc) of the superconduc-
tor. Third, the superconducting state may be influenced by
an external magnetic field and it is interesting to compare
possible changes in the lateral force with those obtained in
temperature-dependent experiments.

By applying the method of Ref. [21], the lateral thresh-
old force to move single adsorbed atoms (adatoms), Pb on
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Pb(111), Co and Au atoms on Au(111), Co and Cu atoms on
Cu(111), and its temperature dependence was studied in the
work presented here. A simple model reproduces the behavior
and unravels the interplay between the periodic surface po-
tential, the tip-induced potential, and the lateral tip velocity.
For Pb(111), an effect of the temperature below and above
Tc as well as of an external magnetic field below and above
the critical field (Bc) on the threshold force stays below the
detection limit.

II. EXPERIMENT

The experiments were performed with a combined STM
and AFM operated at low temperature (5.8 K) and in ultra-
high vacuum (10−9 Pa). Tips were fabricated from chemically
etched PtIr wire that was further prepared by field emis-
sion in the vacuum recipient. The force probe is a tuning
fork with stiffness k = 1800 N/m, resonance frequency f0 =
29.9 kHz, quality factor Q = 24 000 at 5.8 K, and a zero-to-
peak amplitude of A = 30 pm. Clean and single-crystalline
(111) surfaces of Pb, Au, Cu were obtained after repeated
cycles of Ar+ bombardment and annealing. While Pb (Au,
Cu) atoms on Pb(111) [Au(111), Cu(111)] were transferred
from the tip to the surface [25–28], Co atoms were deposited
on Au(111) and Cu(111) at low temperature using an elec-
tron beam evaporator. The force spectroscopy experiments
require the tip approach toward the adatom until manipulation
distances are reached. For reliable and reproducible data
acquisition care was taken to retain an invariant tip structure.
Averages over 5 to 10 individual measurements for each
adatom-surface combination are presented here. STM images
were recorded at constant current with the bias voltage applied
to the sample. Spectra of the differential conductance (dI/dV)
were recorded by sinusoidally modulating the bias voltage
(0.15 mVrms, 4.1 kHz) and measuring the first harmonic of
the current response with a lock-in amplifier. Temperature-
dependent data were recorded by heating the cold sample by
passing a current across a Zener diode operated in reverse
direction. The magnetic field is obtained by passing a current
through a superconducting coil. It is oriented along the surface
normal.
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FIG. 1. (a) Atomically resolved STM image of Pb(111) that
was obtained by dragging a single Pb atom with the tip across
the surface (bias voltage V = 1 mV, tunneling current I = 3 nA).
The different contrast is due to on-top (◦), hcp (�), and fcc (�)
lattice sites. The 〈112̄〉 direction is indicated. (b) Sketch of first two
Pb(111) lattice planes with indication of on-top, hcp, and fcc sites.
(c) Illustration of the experimental setup that determines vertical
(Fz) and lateral (Fx) forces. The distance between tip and surface
is set by V and I . Fz is extracted from changes �f in the reso-
nance frequency f0 of the oscillating tuning fork. (d) Conductance
G = I/V as the tip is scanned across a Pb adatom on Pb(111) at
constant height (100 mV, 5.8 K). Prior to scanning the tip height
was set at 100 mV, 56 nA. Subsequently the tip was approached by
195 pm. (e) �f , simultaneously recorded with G in (d). The abrupt
changes in (d) and (e) at x ≈ 0.11 nm indicate the displacement
of the adatom. The maxima (minima) of G (�f ) are separated
by ≈0.20 nm (horizontal bar), which corresponds to the distance
between hcp and fcc sites on Pb(111).

III. RESULTS AND DISCUSSION

In the force spectroscopy experiments to be discussed be-
low the adatom is dragged between adjacent hexagonal close-
packed (hcp) and face-centered cubic (fcc) surface lattice
sites, which corresponds to the 〈112̄〉 direction. The hcp-fcc
direction may readily be determined from atomically resolved
STM images [Fig. 1(a)]. Such data are routinely obtained
by dragging adsorbed species across the surface [29,30]. The
contrast in these topographic data reflects the propensity of the
dragged atom to reside at on-top, hcp, and fcc sites [Fig. 1(b)].
In the course of dragging, the adatom tends to avoid on-top
sites and jumps to adjacent hcp and fcc sites. Therefore,
to maintain a constant current the tip-surface distance is
decreased leading to a depression in the image at on-top sites
[circle in Fig. 1(a)]. Moreover, a recent STM study showed
by atomically resolved contact measurements that hcp sites

exhibit the largest conductance followed closely by fcc sites,
while on-top sites yield the lowest conductance [31]. These
data are in line with the observations in Fig. 1(a). Similar data
are available for the other investigated surfaces, Au(111) and
Cu(111) [32].

In order to access the lateral force F̂x that is required to
move the adatom between adjacent hcp and fcc sites a previ-
ously introduced method [21] is used. The basic procedure
is illustrated in Fig. 1(c). The tip-surface distance (�z) is
gradually decreased. At each distance, the adatom is imaged in
the constant-height mode along the hcp-fcc direction and the
spatial variation in the conductance (G = I/V, I : current, V :
bias voltage) as well as changes in the resonance frequency
(�f ) of the tuning fork are measured. An example of G

and �f is depicted in Figs. 1(d) and 1(e), respectively, for
the threshold tip height, at which the adatom hops between
adjacent hcp and fcc sites. The abrupt changes in G and
�f at x ≈ 0.11 nm signal the displacement of the adatom.
The distance between the maxima (minima) of G (�f ) is
≈0.20 nm, which matches well the hcp-fcc separation on
Pb(111).

The resonance frequency change �f is a measure of the
vertical stiffness of the junction and may be converted into the
vertical force Fz [Fig. 1(c)] [33]. To access the sought lateral
force Fx , the vertical force has to be extracted from �f (x, z)
for each lateral x and vertical z. It is then possible to obtain
the interaction energy E = − ∫

Fz dz and Fx = −∂E/∂x for
each x and z. These data are depicted in Fig. 2 for a Pb adatom
on Pb(111) [32]. Particular care was taken to leave the tip
apex invariant during a complete set of experiments since the
actual tip termination was previously demonstrated to lead to
different forces [21,24]. Figure 2(a) shows a set of �f (x, z)
data acquired at 5.8 K with decreasing (top to bottom) tip-
surface distance. The bottom curve abruptly stops at x ≈
−0.22 nm and indicates the displacement of the adatom. The
resulting vertical force is depicted in Fig. 2(b). At 5.8 K, its
average value for moving the atom is F̂z = −0.35 ± 0.15 nN.
After integration of Fz the interaction energy E is obtained
[Fig. 2(c)] from which Fx may be determined [Fig. 2(d)].
Its average value for displacing the adatom is F̂x = 11.2 ±
1.5 pN. F̂z was found to depend on the actual tip shape, while
F̂x stayed essentially invariant [32], which is in accordance
with previous findings [21].

Table I summarizes F̂z and F̂x for all investigated adatoms
and surfaces. F̂x obtained for Co on Cu(111) at 6.7 K,

TABLE I. Summary of vertical (F̂z) and lateral (F̂x) threshold
forces obtained for adatoms on diverse surfaces at the indicated
temperatures. The forces and their uncertainty margins denote the,
respectively, arithmetic mean and root-mean-square deviation of
several measurements.

Adatom-substrate F̂z (nN) F̂x (pN) T (K)

Pb-Pb(111) −0.35 ± 0.15 11.2 ± 1.5 5.8
Au-Au(111) −0.51 ± 0.11 34.0 ± 4.6 6.1
Co-Au(111) −0.97 ± 0.27 30.7 ± 3.8 6.1
Cu-Cu(111) −0.43 ± 0.16 38.2 ± 3.7 6.0
Co-Cu(111) −0.26 ± 0.01 13.6 ± 0.3 6.7
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FIG. 2. AFM data of a single Pb adatom on Pb(111) as a function of the tip-surface distance (�z) and the lateral position (x) acquired
at 5.8 K. Vertical distance �z = 0 pm is defined by feedback loop parameters 100 mV and 56 pA. The tip-surface distance decreases for
−1000 pm � �z � 195 pm. The adatom is located at x = 0 nm. (a) Resonance frequency variation �f and (b) resulting vertical force Fz

upon decreasing (from top to bottom) the tip-surface distance. (c) Interaction energy E = − ∫
Fz dz and (d) lateral force Fx = −∂E/∂x.

Symbols in (a) depict raw data. For evaluating Fz, E, Fx smoothed �f data were used. In all panels, black lines are additional data, which
are not displayed as symbols for clarity.

13.6 ± 0.3 pN, is in good agreement with previous re-
sults [21]. Moreover, for moving a single Pb adatom on
Pb(111) a force is required that is more than three times lower
than observed for Au adatoms on Au(111) and Cu adatoms
on Cu(111). This striking observation reflects the different
bonding characters. Bonding of Pb atoms to Pb(111) occurs
primarily via weak sp3 bonds [34] while the Au-Au(111) and
Cu-Cu(111) bonding is dominated by robust s-d hybridiza-
tion [35]. A possibly lower F̂x for Au-Au(111) compared to
Cu-Cu(111) may be rationalized in terms of the higher elas-
ticity of Au atom chains [25,27], which is due to relativistic
corrections for 5d elements [36]. The larger F̂x for moving a
single Co atom on Au(111) than on Cu(111) may be explained
by calculated binding energies. Co residing at hcp and fcc sites
of Au(111) exhibits a binding energy of ≈4.1 eV [37], while
it is only ≈3.2 eV for Co on Cu(111) [38].

In a next step the temperature dependence of F̂x was
explored in a range 5.8 K � T � 10 K; that is, data sets of
Fig. 2 were acquired at different temperatures. The results are
presented in Fig. 3. The approximate average slope ranges
from ≈−2 pN/K to ≈−3 pN/K and matches observations
reported for CO molecules on Cu(111) on the basis of two
temperatures, −1.7 pN/K [24]. Within the uncertainty margin
all adatoms on all surfaces exhibit a decrease of F̂x with
increasing T . Superconducting and normal-metal state of
Pb(111) are best visualized by, respectively, the presence
and absence of the Bardeen-Cooper-Schrieffer (BCS) energy

gap [39] in dI/dV spectroscopy. The inset to Fig. 3 shows
representative dI/dV spectra obtained for T < Tc and T > Tc.

To describe the temperature behavior of F̂x we are led
by the idea that thermal activation assists the adatom in
moving from one lattice site to the other and, concomitantly,
reduces the lateral force F̂x with increasing T . The rate of
changing the adsorption site obeys an Arrhenius law [40,41],
ν = ν0 · exp(−βEb) with ν the transition rate, ν0 the attempt
rate, Eb the energy barrier, and 1/β = kBT (kB: Boltzmann
constant). For Eb, the total energy landscape, E = Es + Et,
has to be considered, where Es = −Es,0/2 · cos(2πx/a) is
the periodic surface energy with spatial period a, and Et =
−Et,0 · exp[−(x − xt )2/w2] denotes the tip-adatom interac-
tion energy modeled as a Gaussian with maximum at the tip
position xt and width w.

According to the illustration in Fig. 4(a), Eb is the energy
barrier between the adsorption site and the energetically most
favorable site below the tip apex. The tip is moved across
the adatom with a velocity vx ; that is, in the spatial interval
�x the tip stays a time �t = �x/vx . This time may be
compared with the mean time between two hopping events of
the adatom, �t̃ = 1/ν = 1/ν0 · exp(βEb). The tip will drag
the adatom if �t̃ � �t . For �t̃ = �t the minimum energy
barrier to be overcome is defined as E0

b = ln(ν0�t )/β, which
serves as a temperature-dependent threshold barrier in the
model. To determine the lateral force required to drag the
adatom the algorithm proceeds as follows.
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FIG. 3. Temperature dependence of F̂x for the indicated adatom-
surface combinations. The solid lines represent fits of a simple
model to the data (see text). The vertical dashed line indicates the
critical temperature of Pb(111), Tc = 7.2 K. Inset: dI/dV spectra at
T = 5.9 K (circles) and T = 8.0 K (crosses). The feedback loop was
disabled at 10 mV and 120 pA (circles), 100 pA (crosses).

With a given Et,0 and xt < 0 the tip is moved laterally
towards the adatom at x = 0 in steps of �x [42]. At each
tip position E and Eb are evaluated. If Eb > E0

b then the tip
is further approached laterally to the adatom until Eb � E0

b
or xt � 0. If the energy barrier Eb remains larger than E0

b
for all xt then the tip is moved back to its initial position
where a new and larger Et,0 is set, which in the experiments
corresponds to a lowering of the tip-surface distance. Once
Eb � E0

b the algorithm stops and evaluates the lateral force
as F̂x = −∂Et(x ≈ 0)/∂x [43]. This algorithm was repeated
for different temperatures in the range 5.8 K � T � 10 K
and the least-squares fit results are plotted as solid lines in
Fig. 3 [32]. Obviously, the experimentally observed behavior
is reasonably well reproduced. In particular, the previously
suggested behavior of the maximum lateral force in a sinu-
soidal lattice potential at 0 K [top curve in Fig. 4(b)] [24] is
virtually identical with the results of the proposed model. We
therefore conclude that the increased temperature thermally
assists the adatom hopping and concomitantly reduces the
lateral force to move the adatom.

Previously, quantum tunneling was identified as a contribu-
tion to the movement of adsorbed atoms and molecules on sur-
faces [7,44–49]. Its characteristic property is the temperature
independence of the adsorbate hopping rate below a specific
temperature, thereby deviating from the Arrhenius-type be-
havior. This temperature depends on the mass of the adsorbate
and on the corrugation of the lattice potential [50,51]. For the
experiments described here, adatom quantum tunneling is not
significant since F̂x does not level off below a specific temper-
ature in the probed range. Rather, it increases monotonically
with decreasing temperature (Fig. 3).

The F̂x (T ) data obtained for Pb(111) deserve particular
attention since the probed temperature range contains Tc of
Pb (vertical dashed line in Fig. 3). The data do not hint at
an effect of the transition between the superconducting and

FIG. 4. (a) Ingredients of the model. The tip moves with velocity
vx across the surface and interacts with the adatom via the energy
Et. The adatom at x = 0 is subject to the superposition of Et and
the periodic lattice potential Es. The adatom hops into the global
minimum of Et + Es if the barrier Eb is surmounted. The lateral
force to move the adatom is obtained from F̂x = −∂Et (x ≈ 0)/∂x.
(b) Lateral force F̂x calculated within the model as a function of
the lattice constant a and evaluated at the indicated temperatures.
For T = 0 K the behavior is virtually identical with the variation
previously suggested for the maximum lateral force in a sinusoidal
lattice potential (top curve) [24].

normal-metal state neither on F̂x nor on F̂z and dissipation
signals [32]. To further corroborate this result, the supercon-
ducting state of Pb(111) was influenced by an external mag-
netic field at constant temperature T < Tc. Figure 5 shows that
within the uncertainty margins F̂x remains virtually invariant
below and above the critical field (dashed line). The suppres-
sion of the superconducting state above the critical field Bc

is confirmed by the absence of the superconducting energy
gap in dI/dV spectroscopy (inset to Fig. 5). F̂z as well as
the dissipation signal are unaffected, too [32]. Therefore, the

FIG. 5. F̂x as a function of an external magnetic field applied
to Pb(111) at 5.8 K. The vertical dashed line indicates the critical
field at 5.8 K (Bc = 25 mT) above which the superconducting state
collapses. Inset: dI/dV spectra of the BCS energy gap at external
magnetic fields B = 0 T (circles) and B = 46 mT > Bc (crosses).
The feedback loop was disabled at 9.5 mV and 100 pA (circles),
120 pA (crosses).
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transition between superconducting and normal-metal phases
induced by an external magnetic field is not reflected by force
and dissipation data.

How do these findings compare with previous results? Us-
ing a quartz crystal microbalance different dissipation signals
were reported for adsorbates on Pb(111) upon crossing Tc

(Ref. [52]) and Bc (Ref. [53]). These changes were attributed
to differences in the electronic contribution to friction. In
quartz crystal microbalance experiments an entire adsorbed
film exerts a drag force on the electrons of the substrate,
which gives rise to an electric current and ohmic losses for
T > Tc. For T < Tc, the electronic friction vanishes since in
the superconducting phase no electric field is present in the
substrate.

In more recent pendulum AFM experiments the suppres-
sion of electronic friction on Nb films was reported upon
reaching the superconducting state [54]. To observe clear
signatures in the friction coefficient a cantilever with spring
constant k = 30 mN/m was used. The interpretation of the
experimental observations differs from Refs. [52,53]. Rather
than inducing electric currents in the substrate [52,53], the
oscillating cantilever was suggested to excite longitudinal
acoustic surface waves [54]. Their attenuation due to cou-
pling to normal-state electrons is reduced upon decreasing
the temperature below Tc, which reflects the concomitantly
decreasing normal-electron population.

In the aforementioned experiments [52–54], entire adsor-
bate films and substrate regions are involved in the measured
dissipation signal, which represents a major difference to
the experimental situation of moving a single atom from
one lattice site to the other, as reported here. Moreover, in
the pendulum AFM work [54] the cantilever spring constant
was more than four orders of magnitude lower than in our
tuning fork experiments. While such a low spring constant is

susceptible to subtle changes in forces it would be detri-
mental to our approach due to the propensity of a snap to
contact. Therefore, in the single-atom approach reported here,
a possible effect of the transition between superconducting
and normal-metal phases on the forces (F̂x, F̂z) and the
dissipation signal is most likely too small to be detected with
the current setup. Changes in the sliding friction force at Tc

were estimated to be less than 1% [55], which is clearly below
the uncertainty margins of the presented data (Figs. 3 and 5).
A similar conclusion was drawn in another AFM experiment
where changes of the vertical force around Tc measured by a
tuning fork with a Cu tip on a Nb(110) sample were below the
accuracy of the measurements [56].

IV. CONCLUSION

With state-of-the-art AFM, lateral threshold forces re-
quired to move single atoms on surfaces can be determined
depending on the atom-surface combination and on external
parameters. Increasing temperature thermally assists the ma-
nipulation process by reducing the threshold force. A possi-
ble effect of the superconducting and normal-metal state of
Pb(111) on the threshold force to displace single Pb atoms
stays below the detection limit. It will be interesting to see
the potential impact of other condensed-matter phenomena,
e.g., charge density waves and Kondo effect, or magnetic
interactions on the lateral threshold force.
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