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Abstract

In a combined Scanning Tunnelling Microscopy (STM)and non-contact Atomic Force
Microscopy (nc-AFM) study, we characterize the revesible switching between two
stable states of an organometallic complex, namelpis-dibenzoylmethanato-copper
(Cu(dbm)2) adsorbed on an insulating thin film. The switchimg is due to the transfer of
an electron between the STM tip and the molecule,caompanied by a conformational
change, i.e. a transition from a square-planar to aetrahedral geometry. Evidence is
given by STM topography and spectroscopy and nc-AFM electrostatic force
measurements. Similar experiments conducted on bdibenzoylmethanato-nickel
(Ni(dbm)2) show that this complex does not switch under conapable experimental
conditions. We discuss these findings within the &mework of crystal field theory
stating that the occupation of the d-orbitals detemines the favored coordination
geometry of a complex. Accordingly, only the coppercomplex can undergo a
conformational change that facilitates stable storig of the additional electron.

1. Introduction

Switching single molecules reversibly and in a colléd manner is considered as a major
goal for future nanotechnological applications [1-ecently, a wide variety of molecular
switches have been characterized by different igdes, in particular by STM [5-14]. Most
of the reported work in this field can be coarsmiganized around two families of switchable
molecules [5]. In the first one, the structurelod tholecule changes by isomerization [6]. One
of the most prominent examples in that respectrasiged by photoisomerizable molecules
such as azobenzene and its derivatives [7-9]. énsdtond one, different charge states of a
molecule (coupled to a more or less important con&tion change) are used. Single metallic
atoms adsorbed on a thin insulating film [10] cdot a limiting case of this category.
Organometallic complexes, which basically consfsh gentral metal ion coordinated with a
set of ligands, also belong to this second fandilyey offer the possibility of being stable in
different redox states that are intrinsically cagpto the spatial arrangement of their ligands.
These properties have been studied in great detasbordination chemistry, mostly for
molecules in solution [15].

In this paper, we characterize two such coordimatompounds by STM and nc-AFM. One
of them exhibits perfect reversible switching bebainduced by the capture or the release of
an electron, whereas the other one does not. Inaditafive way, these findings can be
understood by applying crystal field theoay the single molecule level. This theory,
developed by Hans Bethe and John Hasbrouck vankMiecthe 1930s, could explain
magnetic and spectroscopic properties of transitietal complexes. Therein, symmetry
arguments are used to simplify the quantum mechhproblem of a central transition metal
ion located in the non-spherical electrostaticdfiereated by a set of ligands [16]. As a
consequence of the reduced symmetry of the ligeshd, degenerate d orbitals of the isolated
ion split up in energy causing a loss of degenerdeyce, a given spatial arrangement of the
ligands is associated with a characteristic spttpattern that determines the electronic
properties of the complex.



When molecules are deposited on surfaces, as snsthidy, their properties may change
drastically. Especially on metal surfaces, it §iclilt to relate the electronic properties of the
adsorbed molecule to those of the gas phase meldmdause of the molecular levels
broadening and splitting due to their coupling wilie electrons of the metal. However, these
effects can be limited by using an ultrathin ingalka film adsorbed on a metal surface to
decouple the molecules from the surface. This daewy not only allows the application of
STM, but also simplifies its interpretation. Thestinetical concepts developed for isolated
molecules can then be taken as a basis for measnt@malysis. Recently, we have reported
on the reversible transfer of a single electroa ©u(ll) complex allowing the control of the
charge state and the conformation of this molecwleich can be then considered as a
molecular switch [14]. In the present work, firstihe results and main conclusion on the
Cu(Il) complex are discussed in more details. TB&M measurements obtained on another
complex, where Cu has been replaced by Ni are piex$eThe results for both molecules are
compared and discussed within the framework oftalyeeld theory.

2. Experimental details

The samples were prepared and characterized ahigtr-vacuum with a base pressure below
10 mbar. The Cu(111) and Ag(111) single crystal waarmed by several cycles of Aipn
sputtering (600 eV) and subsequent annealing &t&00nce the surfaces were clean, NaCl
bilayers covering approximately 20 percent of thdace were grown onto the substrate held
at 50°C. Afterwards, the molecules were thermadipasbited directly onto the cooled samples
in the LT STM, a modified Omicron STM equippedth a tuning fork of the gPlus sensor
type allowing non-contact atomic force microscopy aleteostatic force measurements. The
resonance frequency of the tuning forks used is $hidy was on the order of 25 kHz and
their quality factor was in the range 10000-2000bey were equipped with a glued
electrochemically etched tungsten tip allowing siraultaneously measurements of tunneling
currents and frequency shifts. Control electrordee provided by SPECS. All images,
spectra, and manipulation experiments were perfdrab@ temperature of 5K.

The independence between force and current measatenm combined STM and AFM
studies has been questioned recently [17,18]. Tmmeling current can influence the
measurement of the force for two different typesedsons: (1) the instrument can suffer
from material limitations. The gPlus sensor beingueely electrical sensor, capacitive cross-
talk between the tunneling current and the forgediis very difficult to eliminate totally, as
discussed in ref. 17. (2) A fundamental limitateppears on resistive samples. The current-
induced potential drop in the sample generatedentrestatic "phantom” force, as analyzed
in ref. 18. In both cases, these couplings appebr for large and/or fast varying tunneling
currents. In the work reported here, only very limnneling current were used, below 1 pA
when imaging on NaCl bilayers and below 60 pA foe spectroscopic measurements. In
addition, rapid bias voltage changes were avoidedhey induce capacitive currents that can
perturb the force measurements. For instancejrtieedcale for the spectra displayed in figure
4 was on the order of 1 minute. Finally, these dogpeffects are expected to make rf¢V)
spectrum deviate from their expected parabolic behawhich is not the case as will be



underlined below. For these reasons, we consiggrdir measurements are free from any
tunneling current-force coupling.

Another critical aspect of the experiments repoiiede concerns the tip characterization.
Before performing the spectroscopic measuremengsjnaured that the following criteria
were met. The tip was prepared on a Cu(111) areheo$ubstrate until it displayed a good
molecular resolution and an (V) spectrum showingtatic behavior (finite conductance
around 0 bias). We also required that the constamentAf map showed sharp features on
molecules, without shadow images due to multiglesffects.

The syntheses of the two coordination complexediestiuhere are described elsewhere [19,
20]. Unlike Cu(dbny, Ni(dbm) crystal was found by X ray diffraction experimetdashave a
distorted octahedral geometry due to the integnatibthe solvent tetrahydrofuran (THF) in
the molecular structure. Nevertheless, thermogratrimanalysis showed that the two THF
ligands detach at a temperature considerably |dkager the sublimation temperature. Hence,
pure Ni(dbmj) can be evaporated after degassing procedureffiatesuly high temperatures.

3. Cu(dbm)2 — a single molecular redox switch
3.1 Switching by STM

In a recent study, we introduced the reversibleemdhr redox switch Cu(dbm)14]. The
molecule consists of a central Luion coordinated with two negatively charged
dibenzolylmethane (dbm) ligands. Our results showed the molecule can be reversibly
switched between two stable states from a neufuere planar (SP) to a negatively charged
tetrahedral (Td) staf@4] as sketched in figure 1.

o

ﬂ\:ﬁi&

Figure 1. Molecular models of Cu(dbm)n its neutral and charged configuration.

After thermal evaporation, the molecules adsorlthgir neutral state in the SP geometry.
Since surface diffusion is sufficiently low at 5Kjolecules are present both on the NaCl
bilayer and on the metallic support. An STM imadeCoi(dbm) molecules on Cu(111) is
shown in figure 2. The twofold symmetry correspogdio the model in figure 1 can be
identified. Some molecules exhibit also a slighstalition of their ligands that can be
attributed to an enhanced interaction with spedaiies of the metal substrate in contrast to
the adsorption on NaCl where no such distortedispere found.



Figure 2. Constant-current STM image of Cu(dbmjolecules adsorbed on Cu(111).
lt= 5pA, U =200 mV.

A typical STM manipulation experiment demonstratthg switch is presented as a series of
STM images in figure 3. Four Cu(dbamiolecules adsorbed on a bilayer of NaCl on Cu(111)
are labeled in figure 3(a.). One by one, the mdéscare switched from the SP to the Td state
by applying a voltage pulse of +2V above the cenfeihe molecule (figure 3(e)). A single
molecule can be precisely addressed with the SPMviihout disturbing its neighbors as it
can be seen by the switching events in figure 8(c3(e). In figure 3(c), the STM tip was
located above the center of molecule 3 and a wli@gse was applied resulting in the
switching of molecule 3 while molecule 4, locatezty close remains unaffected. Only when
performing the switching procedure above the ceoftenolecule 4, is the transition achieved,
as shown in figure 3(e).

The reversibility of the switches is demonstratedigure 3(e)-(i). Here, applying a voltage
pulse of opposite sign on the top of each moledide;2 V, restores their initial SP state, as
shown in figure 3(i). Note that the remarkable gpatelectivity of the SP to Td transition is
maintained for the reverse Td to SP transitiondexaonstrated in figure 3(g)-(i). Comparing
figure 3(a) with figure 3(i), it can be seen thablectules 1 and 3 have undergone a small
rotation. Moreover, similar experiments were parfed on a 2-monolayer thick NaCl film
deposited on Ag(111l) with the Cu(ll) complex yieldi comparable results, and thus,
indicating that the metal substrate does not havemagor influence on the switching
mechanism.

3.2 Charge detection by nc-AFM

Information on the charge state of a species addodn a thin insulating film can be
extracted from STM measurements [10,11,13,21]. 8wtoredirect method, based on the
measurement of the tip-sample electrostatic fascerovided by nc-AFM [22,23].

Tip-sample electrostatic forces can be distingusfrem other forces (van der Waals or
chemical forces for instance) by their quadratipet®lence on the applied bias voltage. The
bias voltage for which the electrostatic force isiimal gives the local contact potential
difference (LCPD), the quantity that is mapped wKlelvin Force Probe Microscopy
(KPFM), a technique that was implemented with ARNte 1991 [24].



Figure 3. Series of STM images showing the controlled svimghransition of the Cu(dbm)
complex from SP to Td state (from a to e) and éwersible transition from Td to SP state
(fromftoi). k =400 fA, U=100 mV. Z scale = 0.28 nm.

In nc-AFM, this quadratic dependence is maintaifegdhe contribution of the electrostatic
forces to the resonance frequency shfftHence, a constant-height measurememfads a
function of the bias voltage V should give a patabblote that this is true only if changes in
the structure of the system, such as moleculaka#ta or change of conformation do not
happen while V is varied. In a simple model, thec#bstatic force in the presence of a charge
g in the tunnelling junction includes three terriy: A purely capacitive term proportional to
(V-Vcpd? and independent of g. HerepYis the bias voltage that minimizes the electrastat
force (and consequently maximiza$) when the tip is positioned on the NaCl/Cu(111)
substrate, far from any molecule or defect. (2)efnt proportional to gthat describes the
interaction of g with its surroundings in the abseof bias. (3) A term proportional to q(V-
Vcpd) that originates from the interaction of g wittetblectric field associated with the bias V
[25,26]. It is this last term that is used to digtiish the sign of the charge q in our
measurements as it is responsible for the latdni#tl af the maximum of the parabola in a
direction that depends on the sign of g. In practis has been established that a negative
charge induces a shift towards higher voltage 5,2

Three sets ofAf(V) curves acquired on the NaCl substrate, a S& anld species, are
displayed in figure 4. For each of the curves,tthevas positionned in one of the positions
indicated in figure 4(a) while in the constant taliing current mode. The distance-controlled
loop was then disabled and the tip vertically dispd by the amoumz, where positive
values ofAz correspond to an increased distance. The biaas/swept from -1V to +1V
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Figure 4. (a) STM image of two SP and one Td molecules.ddts indicate the positions
where theAf(V) spectra displayed in (b) for the NaCl subsran (c) for the SP and in (d) for
the Td species have been acquired.100 fA, 4 = 400 mV. The values &z are indicated
on the right of each spectrum. The fitting parab@ee drawn in black and the positions of the
maxima of the parabola in red, related by red ligesValues of the voltages V*
corresponding to maxima of the parabolas as aifumof Az for the NaCl substrate, the SP
and the Td species. Oscillation amplitude A =240 p

(forward direction) first, and then from +1V to -1¥ackward direction). For the curves of
figure 4(b) and (d), the forward and backward carwere identical except for the frequency
noise, which is on the order of 100 mpsiin these measurement conditions. This indicates
that the measurements were not affected by spdtitil or irreversible changes in the
molecule-substrate system. Consequently, only tteeage curves are shown in these two
figures. In contrast, small but significant diffeces can be observed between the forward and
backward curves that are shown in figure 4(c). €reee observed for biases in the 0.6-0.8 V
interval (see for instance the circles drawn in. fgc)). They are associated with a
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conformation change of the molecule whose natustilisunder study. In the present work,
only the left parts of these curves, for which tbevard and backward curves are identical
except for the frequency noise, were considered.

With these precautions, the curves were unambidyadentified as parabolas and could be
precisely fitted to determine their maxima (seeltes and the red dots in figure 4(b), (c) and
(d)). The values of the voltages V* correspondinghtese maxima are plotted in figure 4 (e)
as a function oAz for the NaCl substrate, the SP and the Td spetlesAz scale of this
graph has been corrected for the SP and the Tdespeg adding to it their height measured
on the image of figure 4 (a) (0.085 nm for SP ar&®2® nm for Td). In this way, thez scale
becomes a common z scale relative to the substrate.

The first observation that can be made on figus) & that V* stays approximately constant
on NaCl. This behaviour is expected, since on foumi homogeneous substrate V* gives the
LCPD, wich does not depend on the distancesp\Mollows approximately the same
behaviour, meaning that SP is neutral. In conttéistie is a significant shift towards higher
bias for Td, as compared to the bare NaCl substatk SP when the tip is approached to the
surface. According to previous reports, this obaton indicates that Td is negatively
charged. Therefore, we conclude that SP can beidedas a neutral molecule [Cu(ll)dEfh
and Td as a negative ion [Cu(l)dgm

We remark that the shift towards higher bias ofr¢&ches very high values (more than 1V
relative to NaCl). Nevertheless, it is comparablghwthe maximal value reported for
negatively charged Au on NaCl/Cu(111), which isrhe@.5 V. In any case, the values and
distance dependence are related to the detailectste of the tip and cannot be explained by
simple models. More realistic calculations are ekt interpret them [27].

The frequency shifisf*= Af(V*) is plotted in figure 5 for the three speciekaracterized in
figure 4 as a function okz. For this bias, the electrostatic force is mizied, and only the
term that is proportional to?gcontributes, in addition to the ever-present van \Waals
interaction. Af* remains similar for NaCl and the SP moleculef beviates significantly
toward large negative values for the Td ion, remgathe presence of a large attractive force.
Even if it is not possible to determine the respectontributions of these forces without
precise calculations, this observation is consisigti the Td species being charged.
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Figure 5. Frequency shift at the maximum of the parabolfagofre 4 (b), (c), and (d) as a
function ofAz.

3. Ni(dbm)2 — comparison of the two complexes

For an in-depth understanding of the switching pss¢ STM measurements were performed
on a similar complex, where the Cu ion was repldmgd Ni ion. Similarily to Cu(dbm)
Ni(dbm), was deposited on a bilayer of NaCl on Cu(111) at temperature. The molecular
structures are identical, differing only by the eheal nature of the central metal ion. For
both, the Cu(ll) and Ni(ll) ions are coordinatedwiour oxygen atoms bridging four phenyl
rings as depicted in the model (figure 1). Using pinocedure described above, attempts were
carried out to switch the molecules but withoutcass. Applying bias voltages higher than
2V did not change the square-planar appearandeaholecule (figure 6).

Figure 6. STM image of Ni(dbmy)molecules adsorbed on NaCl/Cu(118400 fA, U=600
mV.

I(V) curves were recorded on the three speciesaaidhnamely, the neutral SP Cu(ll)
complex, the charged Td Cu(l) complex and the &P Ni(ll) complex as shown in figure
7. The spectra on the copper complexes (figure &i(d) (b)) show that the switch i.e. the
capture (figure 7(a)) or the loss (figure 7(b)}tloé additional electron is related to a jump in
the tunneling current at a bias voltage locateithérange where the SOMO (Singly Occupied
Molecular Orbital) of the complex contributes, wih onset at about +1.8 V. At this energy
just below the switching bias, the molecule app&arSTM images suddenly blown up, as
could be seen in figure 8(a). These features coaldttributed to molecular ion resonances as



mentioned in [28,29]. Further on, a sudden droghétunneling current takes place indicating
the transition to the Td state as STM images reaéial this event. In the negative range
(figure 7(a)), no jump corresponding to a resonasaketected, i.e. when imaging with STM,
the molecule keeps its SP four lobes aspect. larallpl way, the curves recorded on the Td
charged copper complex present a similar charattershown in figure 7(b). From 2 V to -
1.4 V, the curves are monotone until a conductgmeak located at -1.7 V, whose onset is at
about -1.4 V is met. At this energy, the molecwppear as blown up in STM corresponding
to the resonance and then a sudden drop (absdlite)\vof the tunneling current indicating
the transition back to the SP state. For comparittwa [(V) curve recorded on the nickel
complex shows a smoother increase of the tunnelingent above 1 V which is not followed
by an abrupt drop as for Cu(dbm)which is the signature of the electron transfer
accompanied by the molecular conformational chaMgeover, even when increasing the
bias to more than 2.5 V, no drop of the tunnelingent is observed. For energies higher than
2.5 V, the molecules start to move on the surfawk reo proper spectrum or stable image
could be recorded. Figure 8 shows STM images aitab8 V for both molecules displaying
the molecular orbitals.
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Figure 7. Spectroscopic I(V) curves recorded on (a) Cu(Hk, (b) Cu(l)(dbm) and (c)
Ni(Il)(dbm)2 complexes.

To some extent, a qualitative comparison of the kMrves with cyclic voltammetry (CV)
curves (not shown) can be made. Indeed, the Cugdbon)plex in electrochemistry exhibits
a partial irreversibility due to the rearrangemehtits coordination sphere from planar to
tetrahedral during the reduction process [30,3h¢ Gurve shows that oxidation does not take
place until after the corresponding reduction hikeady occurred, which means that the
Cu(ll) ion is first reduced into Cu(l) before beingidized again into Cu(ll). On the other
hand, the CV curve of the Ni(dbpromplex is flat without any feature under the same
experimental conditions as for the copper complex.
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Figure 8. STM images showing the molecular orbitals recomieda) a single Cu(dbmat
U=1.85V, {=400 fA and on (b) a single Ni(dbamholecule at 1.8V, 800 fA both adsorbed on
a NaCl bilayer grown on Cu(111). Both images aré Ant in size.

4. A model based on crystal field theory

Qualitatively, crystal field theory helps to undersd the switching of Cu(dbm)it has been
successfully applied to characterize the physicapgrties of organometallic complexes by
taking into account the electronic d levels of thetal ion. Whereas for an isolated metal ion
the five d levels are degenerate, these leveld gpliinto characteristic patterns in the
inhomogeneous electrostatic field of a lattice sriraour case, of the ligands. The d level
splitting diagram of a transition metal ion in dradedral and a square-planar ligand field
shown in figure 9, is a standard textbook examp®&J3] . Since for a neutral copper atom
the d-shell is completely filled with 10 electroffiar]3d°4sh), the electronic configuration of
the metallic ionin the Cu(ll) complex is [Ar]3¥ It is then immediately clear from the
diagrams of figure 9 that the square-planar symmstould be favored relative to the
tetrahedral one, mainly because of the large engayy due to the presence of an electron
hole in the very energetically unfavorable..@ orbital. In the negatively charged Cu(l)
complex, the metal is [Ar]3§, the d orbitals are fully occupied and, accordim@FT, there

Is no crystal-field stabilization energy preferericeany coordination symmetry. In fact, the
structure is then governed by inter-ligands stand electrostatic effects, which are not taken
into account in CFT, and a tetrahedral geometryadspted to minimize the repulsive
interaction between the ligands.

The same arguments applied to(dbim) (Ni: [Ar]3d®4s’) show that the Ni(ll) complex
([Ar]3d®) and a hypothetical negatively charged Ni(l) coexp{[Ar]3d®) should remain in the
SP conformation because of the stabilizing effdcore or two holes in thexgy, orbital.
Then, it can be concluded that charging the Ni demgvould not induce a change in the
ligand symmetry. Nevertheless, a charging eventldvba detected in our experiments, even
in this situation, especially on the spectroscdf# curves, since it should be accompanied
by major changes in the electronic structure ofdbmplex. As the curve presented in figure
7 for the Ni complex does not present any featuhnéchv could be associated with such a
change, we conclude that chargingddm) is not possible in our experimental situation.
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Figure 9. Splitting diagrams of the d levels in a tetrahédral a square planar ligand field.
The central copper ion has a formal charge'afRich means that there are nine electrons to
be distributed over the d-levels. Summing up thergies for nine electrons for both the Td
and the SP splitting diagram shows that the crymtlal energy of the SP state is lower than

that of the Td state.

Note that CFT does not permit prediction of thd#itst of neutral species with respect to the
charged ones. dding or removing a charge to the complex involresti-electronic effects
that are not included in this model. The key quesis whether an energy barrier between the
neutral and the charged species exists. This @usked in [34] for Au and Ag adsorbed on
NaCl/Cu(111). The discussion involves the electfimity of the neutral species A, the work
functiono, the electronic and ionic relaxation energiegandAion, WhereAe is associated to
the electronic response of NaCl and the metalgdirticular it includes the image charge
potential) and\ion includes the relaxation energy associated withsthgc dielectric constant
of NaCl. In the case of the copper complex, thaxation energy associated with the ligands
should also be taken into accountAw.. Refined calculations are necessary to answer this
question. Nevertheless, it is clear that the regement of the ligands around the central
copper ion plays a major role in the charge stadtiion. In contrast for the Ni complex, the
absence of an important conformation change isrlglealated to the fact that it does not
accept an extra electron. Other hints towards thmseclusions are brought from the
electrochemistry experiments already mentioned, #ed fact that there exist numerous
organometallic complexes of Cu(l), Cu(ll) and ofINibut very few of Ni(l).

5. Conclusions

In summary, we presented the reversible switchiaeggvben two stable states of a copper
complex adsorbed on a bilayer of NaCl on Cu(111) Ag(111). This transition is triggered
by the capture or release of an electron from tbkecule. STM topography and spectroscopy
and nc-AFM electrostatic force measurements wer®peed to characterize conformational
and charge state. Replacing Cu by Ni in these cexeagl renders the switching impossible.
This finding is in agreement with what is knownrfrahe studies of these complexes in
solution. It is also in line with the qualitativegaments provided by crystal field theory. The
fact that these molecular properties survive adsorwn a solid substrate is a consequence of
the electronic decoupling from the metallic sulisttzrought by the NaCl bilayer. This is also
the case for “molecular orbital” imaging where ireagclosely related to the electronic
distribution in the frontier orbitals of the moldewcould be obtained due to this decoupling

12



effect [28,29]. Nevertheless, it should be stresbatithe role played by the NaCl layer is less
important in the present case than when investigatine switching behavior of an atom
adsorbed on the same substrate (NaCl bilayer/Cl\A$lperformed recently for Au [10,22].
In these studies, the NaCl layer not only electralhy decouples the species from the metallic
substrate, but its ionic relaxation also plays gomeole in the charge trapping. In a way, it
assumes the role played by the ligands in the mt@ecomplexes that are under study here.
We expect that these conclusions will be confirnibgddetailed calculations, which are
obviously needed to reach a full understandindne$é systems.

Acknowledgements

This work was in part supported by World Premieteinational Research Center (WPI)
Initiative on Materials Nanoarchitectonics, MEXTBp&n and by the European Commission
within the project ARTIST (Contract No. 343421).SA.gratefully acknowledges financial
support from the NSF Chemistry REU program. Thegesahave been processed with the
WSXM software [35].

References

[1] C .Joachim, J. Gimzewski and A. AviraMature 408 541 (2000).

[2] J. E.Green, J. W. Choi, A. Boukai, Y. Bunimdvj&E. Johnston-Halperin, E. Delonno, Y.
Luo, B. A. Sheriff, .K Xu, Y. S. Shin, H.-R. Tsendj,F. Stoddart and J. R. Hed\ature 445,
414 (2007).

[3] C. P. Collier, E. W. Wong, M. Belohradsky, F. Maymo, J. F. Stoddart, P. J. Kuekes, R.
S. Williams, J. R. Heatlgcience 285 391 (1999).

[4] A. Livoreil, C. O. Dietrich-Buchecker and J.-Bauvage,). Am. Chem. Soc. 116, 9399
(1994).

[5] S. Jan van der Molden and P. LiljeradhPhys.: Condens. Matter 22, 133001 (2010).

[6] K. MorgensternProg. Surf. Science 86, 115 (2011).

[7] B.-Y. Choi,S.-J. Kahng, S. Kim, H. Kim, H. W. Kim, Y. J. Song, J. Inm, and Y.

Kuk, Phys. Rev. Lett. 96, 156106 (2006).

[8] C. Dri, M. V. Peters, J. Schwarz, S. Hecht anérill, Nature Nanotech. 3, 649 (2008).

[9] A. Safiei, J. Henzl and K. Morgenstefhys. Rev. Lett. 104, 216102 (2010).

[10] J. Repp, G. Meyer, F. E. Olsson, M. Pers&orence 305 493 (2004).

[11] G. Mikaelian, N. Ogawa, X. W. Tu and W. Hb,Chem. Phys. 125 131101 (2006).

[12] F. Mohn, J. Repp, L. Gross, G. Meyer, M. Sehyand M. Perssoihys. Rev. Lett. 105
266102 (2010).

[13] I. Swart, T. Sonnleiter and J. Repano Lett.11, 1580 (2011).

13



[14] T. Leoni, O. Guillermet, H. Walch, V. Langlai8. Scheuermann, J. Bonvoisin and S.
Gauthier,Phys. Rev. Lett. 106, 216103 (2011).

[15] D. B. RorabacheChem. Rev. 104, 651 (2004).

[16] H. Bethe Ann. Phys. 5, 133 (1929).

[17] Z. Majzik, M. Setvin, A. Bettac, A. Feltz, V\Chab and P JelinelBeilstein J.
Nanotechnol. 3 249 (2012).

[18] A. J.Weymouth, T. Wutscher, J. Welker, T. Hofmann and.FsiessiblPhys. Rev. Lett.
106, 226801(2011).

[19] B.-Q. Ma, S. Gao, Z.-M. Wang, C.-S. Liao, C.-¥hn and G.-X. Xul. Chem. Cryst. 29,
793 (1999)

[20] V. Soldatov, A. T. Henegouwen, G. D. Enright, I. Ratcliffe and J. A. Ripmeester,
Inorg. Chem. 40, 1626 (2001).

[21] J. Repp, G. Meyer, S. Paavilainen, F. E. Qlsab. PerssonPhys. Rev. Lett. 95, 225503
(2005).

[22] L. Gross, F. Mohn, P. Liljeroth, J. Repp, FGlessibl, G. Meyer Gcience 324, 1428
(2009).

[23] T. Konig T et al.,J. Am. Chem. Soc. 131, 17544 (2009).

[24] M. Nonnenmacher, O. M. P. Boyle and H. K. WankasingheAppl. Phys. Lett. 58,
2921 (1991).

[25] R. Stomp, Y. Miyahara, S. Schaer, Q. Sun, Ho&. Grutter, S. Studenikin, P. Poole,
and A. Sachrajd&hys. Rev. Lett. 94, 056802 (2005).

[26] Y. Azuma, M. Kanehara, T. Teranishi, Y. Majinkys. Rev. Lett. 96, 016108 (2006).
[27] F. Bocquet, L. Nony and C. Loppachihys. Rev. B 83035411 (2011).

[28] J. Repp, G. Meyer, S. Stojkovic’, A. GourdamdaC. JoachimPhys. Rev. Lett. 94,
026803 (2005).

[29] C. V. Villagomez, T. Zambelli, S. Gauthier, &ourdon, C. Barthes, S. Stojkovic” and
C. JoachimChem. Phys. Lett. 450, 107 (2007).

[30] V. Amendola, L. Fabbrizzi, L. Linati, C. Manga, P. Pallavicini, V. Pedrazzini V and
M. Zema,Chem. Eur. J. 5, 3679-88 (1999).

[31] J. R. Bradbury, J. L. Hampton, D. P. Martomal &A. W. Maverick,Inorg. Chem. 28,
2392 (1989).

[32] R. Krishnamurthy and W. B. SchaapChem. Educ. 46, 799 (1969).

[33] J. J. Zuckermard. Chem. Educ. 42, 315 (1965).

14



[34] F. E. Olsson, S. Paavilainen, M. Perssongpprand G. MeyeFRhys. Rev. Lett. 98,
176803 (2007).

[35] I. Horcas, R. Fernandez, J. M. GOmez-RodrigdeZolchero, J. Gbmez-Herrero and A.
M. Baro,Rev. Si. Instrum. 78, 013705 (2007).

15



