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Mechanics of (Xe), atomic chains under STM manipulation
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The mechanical behavior of short atomic chains under the action of a scanning tunneling mict83ddpe
tip is investigated from computerized simulations. The calculation of the constrained atomic positions is
performed with a molecular-dynamics approach. The system studied consi{defN<5) xenon atoms
located in the C(L10)-surface/tetragonal Cu-tip interface. The tunneling current calculation is based on the
elastic scattering quantum chemistry meth®be combination of these two descriptidegectric and mechani-
cal) allows the behavior of the adsorbates to be described precisely. In particular, when working in the
operational constant current mode, our numerical scheme behaves as a redlistlcSTM that allows an
accurate prediction of the intrinsic mechanisms involved in similar experiments. In a first stage, for a single
atom we present a diagram summarizing the different possible mechanisms versus the different initial condi-
tions. By adding a second adsorbate, we establish a relation between the adsorbate spacing and the evolution
of the tip trajectory{the so-called feedback loop sigr&LS)]. Finally, we present a discussion on the shape
of such FLS signals when a linear chain composed of five Xe atoms is laterally pushed by the tip. The
extraction of quantitative information on the adsorbate configurations during the manipulation is also ad-
dressed.
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[. INTRODUCTION havior of an adsorbate trapped under a tip apex remains
quantum:! but the slow motion of the tip associated with the
Individual atoms or molecules adsorbed on surfaces dwery small bandwidth of the STM feedback does not allow
not behave as classical objects. Their time-dependent avethe quantum dynamics to be measured.
age motiongx(t)) verify the Ehrenfest mechanical theorem In order to explore further how a classical description of
but not the classical dynamic lawmd?(x)/dt?= the dyr_1amical behavior of an adso_rbate during a STM ma-
—VwV((x)), whereV represents the adsorbate-surface in-nipulation sequence can be generalized to more complex sys-
teraction potential energy. Formally, a state of translatiorféms, we have designed a series of numerical experiments. In
can always be constructed with the quantized states of tH&iS paper we investigate the mechanical behavior of short
adsorbate mixed with those of the surface. In this manner, wghains of Xe atoms moving under the action of a STM tip.
can prepare, at least theoretically, a semiclassical state suér study is based on computerized simulations based on the
that the quantum average positipr(t)) follows a quasiclas- numerical implementation of a virtual STM. This tool, de-
sical trajectory’ Nowadays, experimental control of such Scribed in a previous papét;s able to reproduce thieed-
mechanical behaviors as translational or rotational motions i8ack loop signalsisually recorded with experimental setups.

a real challeng¥' because, in practice, such a preparation isT his information appears to be a genuine signature of semi-
not very easy to achievi classical mechanical effects such as occur at an atomic scale,

considered a powerful imaging instrument, can also pdwumerical study showed manipulation signatures of a single
viewed as a tool to modify the state of an adsorbate thanks t&llver atom on a silicon surface at a constant-force mode with
the external force field generated by its tip apeBuring a ~ an atomic force mmroscoﬁé.. _

STM manipulation sequence, the adsorbate appears to be- In this paper, emphasis is placed on the change in the
have semiclassically because it seems to follow the tip moteedback loop signalas a function of the number of manipu-
tion gently® This feature was attributed to the mechanicallated atoms. In addition, complementary data on the manipu-
adsorbate interaction with the STM tip apex, which is noth-lation of a single atom are reported in Sec. Ill. In particular,
ing but the very end of a macroscopic object. Recently, adWe present a diagram of the different possible manipulation
ditonal evidence has reinforced this interpretafidfindeed, ~Mechanisms versus the experimental conditions chosen at the
after a comparison of the experimental feedback-loop signalBegining of a manipulation sequence.

(FLS’s) recorded during a manipulation sequehaith those
calculated with a pure classical mechanics sch¥&hne, sig-
nificant differences were observed. A simple molecular me-
chanics approach satisfactorily reproduces the experimental The feedback-loop signals recorded during the lateral ma-
signals'® Nevertheless, in spite of these agreements, the beripulation of a (Xe), chain can be predicted from a numeri-

II. DESCRIPTION OF THE NUMERICAL METHOD
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cal STM(Ref. 10 able to account for the dynamics of the Xe
atoms in the chain. In the four following subsections, we kY pas
describe the physical basis of this methodology.

A. Main features of the virtual STM code

The implementation of the numerical STM is based on the . ---r-
combination of three different mechanisms. o 0
(i) The tunnel current, calculated by taking into account _=0V,Xt)
the chemical specificity of the adsorbates, of the surface and Yzo Kfzt(t)
of the probe tip, respectively. In addition to simulating the 1) 7
constant current modehe whole numerical procedure must }
supply tip-surface distances corresponding to any configura- R[] C
tion of the adsorbates inside the junction. The elastic-
scattering quantum chemist(#SQQ technique, already de- N N
tailed in previous Worké? is well suited to the realization of FIG. 1. Schematic electric circuit of a standard STM junction.

the:f,_e two requwer_nents. ) . . The circle schematizes the adsorbéaf{e) is the tunnel current, and
(ii) The adsorption state of the atomic chains described by, represents the voltage applied to the piezotranslator. Depend-

. . p
a molecular-dynamics approach. After each displacement Gfg on the output of the comparator elemeny,, acts on the lateral

the tip, the adsorbates are free to move under the interactiag} on the vertical position of the tip. The feedback loop is filtered by
field generated by the tip, the surface, and the adsorbatesrc circuit.

themselves.

(iii) The interdependence between the tunneling Currer\;ery slow compared to the atomic motions, the complex ge-

gltenslnythang the po?t(ljog ?I] ﬂt].e atodq} mﬂ:he éunctt;otn. gmetry of the junction reveals many local minima, and an
early, the force exerted by the tip modilies the adsor "’}esenergy optimization procedure does not allow one to find the
positions, which in turn changes the current in the junction

o ) : , . correct location of the adsorbates unambiguously.
and thus modifies the tip-surface distance. The tip trajectory 9 y

that results from this self-consistent process is stabilized by
the STM feedback loop system. | Datal

A realistic description of the global process needs an ac-
curate representation of the above-mentioned intrinsic Y

1 ref

mechanisms. In addition, we emphasize the care that must be | EsQc-sT™
devoted to the simulation of the STM regulation loop which | rp—2z,
is the only physical link between the atomic and macroscopic
worlds. Consequently, as already mentioned in our previ- +
ously published paperé;’® a standard total-energy calcula- @ MD
tion of the elements that interact inside a STM junctfais Y
not sufficient to compare simulations with experimental re- - +
sults. Translal.tlon
of the tip ESQC-STM @
B. Computational algorithm 1 e Zntl

The computational method is illustrated in Figs. 1 and 2,

where the schematic STM set(ipig. 1) and the main stages

of the numerical algorithm can be comparédg. 2). After
setting up the initial tip apex and atom positions, the veloci-
ties of the adsorbates, the tunnel current of referdnge

and the bias voltag¥, , the ESQC-STM program calculates
the vertical position of the probe that corresponds to the
current condition for the tip-adsorbate configuration. The ad-
sorbates are then left free to relax inside the interface during
a predefined timéalways chosen much greater than the in-
trinsic vibrational times inside the junctiprThis mechanism FIG. 2. Schematic algorithm describing the numerical procedure
is treated from a standard Verlet algorithm, in which a phe,geq to simulate the atomic manipulation at constant tunneling cur-
nomenological dissipative term allows the mechanical adsofrent, The three important elements are the stages of molecular dy-
bate damping to be accounted for. We have adopted a dyramics(MD) calculation, of tunneling current evaluatigSTM-
namical treatment to find the final adsorbate positionsESQQ, and the autocoherent procedure. Each component of the
because the adsorbates evolve along complex pathways théiégram in Fig. 1 finds correspondence in this algorithm. The scan-
cannot be described with a simple molecular mechanics praiing time ist, and = represents the real time of the numerical ex-
cedure. Moreover, even if the tip motion is adiabatic, i.e.,periment.
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FIG. 4. The imaging process with and without the low-pass filter
introduced in the MD stage of the simulation. Without filter, the
tip position oscillates between two values, and the loop is blocked
in a flipflop mechanism.

’ . . ‘ D. Simulating the experimental feedback loop

) ) ) The STM feedback loogFig. 2) is controlled by a com-
FIG. 3. Partial representation of the STM t|p-adsorbate-surfac%arator device that acts on the vertical displacement of the
junction. The dark circles symbolize some (Ci0) surface atoms, tip_20,21 In our case, the successive vertical positions of the
and the empty Cirde.i$ the last copper atom endi_ng the ) tip tip are compared té) a given threshold. If the variations are
structure at the positioR=(X,Y,Z). The other tip and surface less than 0.5 pm, the tip is then displaced laterally; otherwise

atoms are not depicted for clarity. The global discrete system con-

sists of 14 and 2890 atoms for the tip apex and the substrate, réhe self-consistent procedure runs on. The procedure is re-

spectively. The grey circle represents the Xe atom=afx,y,z) in pea_ted untll t_he t'.p regches Its fmalpo_sﬂmn. In order to

the surface frame. The surface parametersagrea/(2 and ay a:VOId'OSCI"a'[Ing ;ltuathns Where th.e tlp.and the adsorbates
—a, with a=3.61 A. find different configurations with an identical tunnel current,
we have introduced a numerical filter in the feedback loop to
remove high-frequency oscillations. This numerical filter be-
haves like the low-pass RC filters used in an STM feedback

) ) loop system. In our simulation, it is introduced in the dy-
The calculation of the forces acting on the adsorbates ifamjcal resolution of the adsorbate motions. Figure 4 illus-

based on four different potential energies describing, respegrates the effect of such a filtering on the STM scanlines of a
tively, the interactions with the surface, with the atoms of thesingle xenon atom for,.=1 nA andV,=10 mV. When the
tip apex, with the tip body, and between the adsorbates themyumerical filter is switched off, the tip height oscillates per-
selves. Let us note that for current intensity and the biapetually between two distinct values. In the second ¢tse
voltage used during a manipulation, the effect of the electribell-shaped curve in Fig.)4the numerical filter allows the
field can be neglected. imaging process to be operated. The length of the apparent

The system under study is partially represented in Fig. 3plateaux reveals the greater or lesser difficulty of the feed-
It is composed of 14 copper atoms that constitute the tigack loop to find convergence in particular positions. We
apex. This pyramidal cluster is supported by a semi-infiniterecover a corrugation akZ~1.5 A for the xenon atom, in
copper tip body of 20 planes facing a @a0) surface. This excellent agreement with the experimental datathe same
surface is represented by a discrete slab with ten planes af@anner, the experimental setups also have an intrinsic dump-
289 atoms per plane. Tha10 surface parameters agg  INg coming from the piezoceramics response and external
=2.55 A anda,=3.61 A, which create diffusion channels low-pass filters acting on the vertical position of the tip.
along the surface atomic rows. This physical configuration Our numerical STM relies on 3three characteristic times.
represents a model system, relevant to a general discussidii€ intérnal time of the MD (10s), the timer between
of the atomic manipulation mechanisms involving phys-each MD ru[\l(l.e., the guratlon of the_ MD_stage, typically
isorbed particles. between 10-* and 1_(7 s), and th_e_ time mtervz_aAT bg-

The details of the energetical contributions have beeﬁyveen two consecutive lateral positions of the tip. This last

given in previous works for the Xe atom and for molecular "™ duration furnishes a timeproportional to7: t=a7.
518 ) . : . The coefficient is related to the rapidity of the convergence
systems>18 For a physisorbed atom, the dipolar dispersion

energy between the adsorbate and the discrete tip was detgrr_ocedure to find the current threshold.

mined in the framework of the coupled modes by solving a
sequence of Dyson equatiots-®> This method permits us to

include many-body contributions associated with van der With a single adsorbate, it is possible to distinguish un-
Waals effects. ambiguously the manipulation mechanism by examining the

C. Geometry and interaction potentials

IIl. MANIPULATION OF A SINGLE XE ATOM
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FIG. 5. Diagram showing different modes of STM use accord- FIG. 6. Feedback-loop signals characteristic of a pushing mode

ing to the initial position of the tip and the tunnel current. The biasOf one adsorbate. The signatures exhibit a quasisinusoidal shape for

voltage is 10 mV. The horizontally dashed zone represents the imlow tunnel resistances: full lineR=83 k{}; dashed line,R

aging mode, the light gray zone is the pulling-sliding mode, the=125 k.

medium grey zone accounts for the pulling mode, and the dark grey

zones show the pushing process. Finally, no successful manipulda the hollow site atx~—5 A (x~5 A). It is then pulled

tion has been observed in the oblique-dashed zones. (pushed when the tip begins to be displaced. Moreover, the
asymmetry of the diagram with respect to te 0 position

shape of the FLS’s, as demonstrated experimentally on thig due to the choice of the tip displacement direction. The

Cu/Cu211),° Pb/Cy211),° Ag/Ag(110,2% Cu/Cu11D),**  two zones with unsuccesful manipulation can be explained

co/Cu211,’ Ni/MoS,,* Br/Cu(001),%° and by a high repulsive force when the STM finds the current

CeH4l2/Cu(111)(Ref. 27 systems. In the Xe/Qu10) case, threshold aX=0 A, and by energy accumulated during the

we have already demonstrated that our virtual STM was abléinal approach at 25X=<3 A and a sudden release when

to simulate manipulations by scanning the tip along thethe tip begins to be displaced laterally.

atomic rows of the surface sampféErom the feedback loop The tuning of the tunnel current and the initial position of

signals, we can conclude if we are dealing with a pure pullthe tip with respect to the adatom positions allow control of

ing, a pure pushing, or a pulling-sliding manipulation mode.the atomic motion. Recent experiments on the B(Da)

system showed a similar behavfSr.
A. Analysis of manipulation modes

Figure 5 shows a diagram summarizing the different con- B. Some particular features

figurations of a STM used for a scan along f1€i0] direc- At the threshold of the imaging mode, we have tried to
tion. The tip is initially positioned on th& axis; then the  stabilize a pure sliding mode where the Xe atom would re-
tunnel current is increased by a step of 0.5 nA or 1 nA, untilmain exactly trapped under the tip apex during the manipu-
the fixed current threshold is achieved. This constitutes theation, resulting in a pure sinusoidal FLS. Such a mode has
approach stage. Afterwards, the tip is moved along theot been found, but a quasisymmetrical signal is observed
[110] direction to positiveX values with the virtual STM when the probe pushes the adatom with a low tip-surface
procedure. In this way, the different manipulation modes cardistance, i.e., at high current. Figure 6 illustrates this kind of
be determined according to the initiAl pOSitiOl’l of the tlp signature_ This Signa| reveals the Corrugation in [tﬂ]EO]
and to the reference current;. direction of the surface, enhanced by the presence of a Xe
(1) For I e/<1 nA and whatever the tip position, the vir- atom close to the tip. At a low tunnel resistanc® (
tual STM operates in the imaging mode. =125 K) andR=83 kQ), the Xe atom is adsorbed close to
(2) For 1=<I,r=3.5 nA, the STM works in the pulling- a facet of the tip, and is displaced without disturbance from
sliding mode, i.e., in a soft attractive regime. the surface. In this case, the tunnel current mainly originates
(3) For I ¢=4 nA, the Xe atom is manipulated in the from the direct tip-surface coupling. The second lateral chan-

pulling or pushing modes, depending on the current valugiel opened by the adsorbate amplifies the apparent surface
and the initial tip position. corrugation.

The horizonal stripes appearing for a fixed tip position are
a consequence of the approach stage. In fact, when the tip- o . . .
surface distance is slowly decreased, the adsorbate stays in a C. Partial imaging during atomic motion
limited area during the transient regime before the manipu- Within a narrow distance range, we can pass from a pure
lation. The type of mechanism is determined by the relativamaging mode to a situation in which the atom is partially
location of the tip, i.e., above a hollow site or a bridge site onimaged by the tip of the STME-2326:28-33 fact, after hav-
the surface. For example, witt=—2 A (or +2 A), the Xe ing located a particular adsorbate on the surface with soft
atom, placed at the origin of the franiEig. 3), is attracted imaging, scanning in a direction perpendicular to the ex-
by the probe during the approach and finds a stable positiopected manipulation direction can induce a repositioning of
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FIG. 7. (a) Representation of the apparent image obtained When(b)
the adsorbate is pulled along tixedirection from the left to the
right of the image, and during the scanning of the tip along¥he
direction.(b) Calculated image of a Xe atom when it is manipulated
atl,.=1.9 nA. The initial position of the adsorbate is at the origin
of the frame. The grey scale ranges from 0.0 to 1.31 A, Add
represents the variation of the tip-surface distance.

FIG. 8. (a) Idealized representation of a pushing scanning mode
manipulation.(b) Atomic manipulation atl ;= 210.0 nA during a
scanning along th& direction, and from the left to the right of the
image. The initial position of the adsorbate is at the origin of the
frame. The grey scale ranges from 0.0 to 0.73 A, Addrepresents
the variation of the tip-surface distance.

the adspecies by tuning the tunnel current to a favorableg naA, we now obtain a mix of pulling and pushing modes.
value. Liet al** studied such a scanning mode manipulationas illustrated in Fig. &), the orientation of the half-moon
with silver atoms on A¢110), and their work is at the basis sjgnal is changed when the tip pushes the adsorbate. Here we
of the following discussion. Figures 7 and 8 show imagegee in Fig. &) that some signatures of such a pushing
simulations for a physisorbed system obtained by scanninghechanism appear, but they are confused with pulling signa-
the probe line by line from the bottom to the top of the imageyres. In fact, the hopping barrier between two consecutive
[the tip displacement increment along the rapid scanning dichannels of thé110) surface is low and so the xenon atom is
rection(Y) and the slow on€X) is 0.2 A]. First, when the i pylled in theY direction and pushed in thédirection. These
laterally approaches the adsorbate during the scanning @ko actions generate a complicated image where two kinds
lier=1.9 NA[Fig. 7(b)], the Xe atom is attracted, and jumps of signatures are present. With the physisorbed system con-
two surface unit cells along th¥ direction (110]). Then sidered here, we have not succeed in reproducing a perfect
the tip images the top of the Xe atom and pulls it after eactpushing mode by scanning perpendicularly to the manipula-
scan in theY direction ([001]). We obtain a succession of tion direction. Moreover, contrary to what is observed ex-
bumps revealing the manipulation process between holloywerimentally with silver atoms, atomic displacements along
sites in a direction perpendicular to the scanning directionthe [111] direction are not found with the system studied
The shape of the image shows a convex half moon orientefere. The diffusion barrier along thgo01] direction is
along the[110] direction, as sketched in Fig(& and as smaller than along this diagonal directithand an exchange
demonstrated experimentafly,which determines the ma- mechanism between an adatom and a native surface
nipulation mechanism. By increasing the reference current tatont?>3° is not possible with the Xe/Cu system. These
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' ' ' ' ' ' without significant sawtooths, and have periods correspond-
ing to the distance between two hollow sites. Nevertheless,
F the FLS shapes of the pulling and pushing mechanisms de-
scribed below retain the same tendencies as those observed
k with one adsorbate, that is, a signature with a succession of
slow and rapid slope¥.

05

04 r

AZ (A)

02 8 A. Adatom-adatom potential

scribed by an accurate pairwise contribution developed by
00 - ' - ' ' . ] Koutseloset al.°

o ) @ The interaction potential between two xenon atoms is de-

f(r),

Cs C
0.04 T T T T T T V(r):UO(Aear/p_Bebr/p)_(_66+_88
0.035 r r
0.03 with
0.025

0.02

f e (L2Ry /=17 if r<128R,
r =
(0=1, if r>1.26R,,.

AZ (A)

0.015
The interatomic distance is and the coefficients have the

following values in atomic units: Cg=301.00, Cgq
0.005 =9965.60,v,=2.911, p=1.123,R,,=8.19, A=170.80,B
00 s s . s s s =68.51,a=1.6203, and=1.5143. The minimum potential
){’(A) energy isVmin=—24.397 meV at a distance,=4.331 A.
The spring constant is found to be equal to,
FIG. 9. Feedback-loop signals characteristi¢afpushing(full =(d?v/dr?)|r,=103.914 meV A2,
line) and pulling(dotted ling, and(b) a push-pulling mode of a Xe
dimer with |=7 nA. The spring constants arek;
=103.914 meV R&. For the pushing mode, the lateral tip displace-
ment begins aX=—8 A and the two adsorbates are initially at ~ For two adsorbates to be displaced by the STM tip, the
x=—a, andx=a, in the [110] row. For the pulling mode, the FLS’s exhibit more regular and continuous structufes.
lateral tip displacement begins Xt=—4.5 A, and the two adsor- 9)- The full line in Fig. 9a) is the FLS of the following
bates are initially ak= — 4a, andx= —2a, in the[110] row. For  Procedure. The tip-surface distance is slightly decreased by
the push-pulling mode, the lateral tip displacement begins atncreasing the current up to 7 nA. The lateral position of the
X=0 A, and the two adsorbates are initially &t —a, andx  tip is X=—8 A in theY=0 A row. The initial positions of
=a, in the[110] row. the two Xe atomglabeled (Xe) and (Xe)] arex;=—a,,
X,=a,, andy,;=Yy,=0, i.e., they are adsorbed in two hol-
simulations suggest that, in the case of physisorbed specid@W sites. When the tip laterally approaches the adsorbates, it
the transverse scanning manipulation modescribed here attracts the dimer and pushes it along the surface channel. By
turns to be less efficient than a direct pulling or pushing ofcomparison with a pushing FLS of one Xe atéhwe do not

0.01

B. STM signatures

the adsorbate. observe a sawtooth with abrupt slopes when the adatoms
pass over a bridge site during the manipulation. Here the two
IV. MANIPULATION OF TWO XE ATOMS Xe atoms are trapped by the tip, and the motion of one Xe is

constrained by the presence of the second one. The dotted
When manipulating a pair of Xe atoms, the resultingline in Fig. 9a) describes the pulling process. The two ad-
(Xe), dimer adds a new degree of freedom to the systemsorbates are initially placed in hollow sites at4a, and
With a weak interaction compared to the metalli®®b), —2a,, and the tip begins its approachXt —4.5 A. The
(Ref. 9] or chemical[ (CO), (Refs. 37 and 38 bondings, dimer is then pulled during the displacement of the probe.
this system allows us to test if the internal mechanics show$he amplitude of the oscillating signal is about 0.18 A at the
up on the FLS because of the relatively low frequency of itssame order of magnitude as in the pushing mode
vibration modes. The purpose of this section is to study(~0.25 A). Finally, we consider the case where the tip is
whether it is possible to extract this additional dynamicalplaced just between the two xenon atoms in Figh)9
information from the signature. As discussed in Sec. |, due tX=0 A, x,=—a,, andx,=a,. Here the tip pulls the first
the macroscopic character of the tip interaction with ({e) Xe atom and simultaneously pushes the second Xe in the
these mechanics must be mainly semiclassical. same surface row. Such a push-pulling mechanism exhibits a
For a dimer, Bartelgt al® showed that (Pl)on Cu211)  periodic signal with a low amplitude~0.03 A). This can
can be pulled with repeated hops, which is revealed by @asily be explained by noting that the tip-surface distance is
discontinuous FLS. For (Xg)on Cu110), the FLS's appear higher in this case, and that the adsorbates are trapped by a
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TABLE |. Different values of the spring constant between two xenon atoms, and the corresponding
binding energies.

k(mevVA 2 2821 77.82 103.91 26431 403.85 501.31 606.54 806.41 1048.93

Vin (MeV) —7.25 —17.92 —2440 —-62.27 —93.11 —113.72 —135.28 —174.53 —395.93

probe with a similar conformation, thus limiting their lateral age values come from the relative interaction with the sub-
movements. The sinuslike signature is similar to the signastrate. The manipulation signatures corresponding tckhe

expected for a pure sliding process of one adsorbate. value are represented in Fig. 10 for the pushing, pulling, and
push-pulling modes.
C. Modification of the Xe-Xe interaction 027 . . . .

To understand how the bonding between the two xenon 026 T
atoms distorts the FLS, we hawatificially modified the 025 1 ]
Xe-Xe potential by changing the spring constant while keep- o2} .
ing ry constant(see Table | for the modified interaction pa- 023 .

rameters In particular, with Cz=10001.00 and g 022
a=1.389615, the spring constant reaches the valye N ox
=1048.89 meV A2, with V,=—395.93 meV. In this
case, the dimer bond is almost rigid. During a pushing ma-
nipulation, its mean length only varies by 0.010 A around a
value 4.337 A. In the pulling mode, it stabilizes around
4.332 A with a variation of 0.010 A. With the original
spring constank,, these values were (4.4%D.154) A and
(4.438+-0.151) A, respectively. The differences in the aver-
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TABLE II. Coordinates &; ;z;) of the (Xe) atom belonging to the chain witR adsorbates along tr[dTO] row (y;=0 A).

(Xe), (Xe), (Xe)s (Xe), (Xe)s
N=2 (—4.8461;2.7897) £0.2578;2.7895)
N=3 (—4.7795;2.7984) (0.0006;2.773p (4.7862;2.7978
N=5 (—4.7905;2.7966) £0.0413;2.7737) (5.1053;2.7731L (10.2515;2.773y7 (14.9993;2.796P
1. Pulling and pushing modes (stiffness constank,). Actually, the first spatial frequency
_1 . . .

For pulling or pushing modes simulated with thevalue _(0.39 Ah (_:orresponds to an |nter5|te_d|stance of 2.56 A_,

[solid and dotted lines, respectively, in Fig.(aq, the sig- I-€., the period of the surface corrugation along the atomic

nals now exhibit a continuous, periodic, and asymmetridows of the C110 surface. This component is present in
shape. The orientation of the asymmetry allows one to detefoth the soft and rigid cases.

mine the manipulation mode as for the case of a single Xe To understand the origin of the new harmonic occurring
atom® The FLS's occurring during a manipulation sequenceat 1.56 A1, we have analyzed the trajectory of the dimer
of a single Xe atont? and those calculated for a rigid dimer during a manipulation sequence in the rigid case. It appears
as presented in Fig. 18, are very similar. The tunnel path- that the rigid dimer is dragged across the surface following a
ways through the (Xg)dimer mainly involve the orbitals of seesawlike behavior. Alternatively, one Xe atom is closer to
the Xe atom located near the tip. Therefore, the FLS is onlyhe tip (Z=3.0 A) than the otherZ=2.8 A). Because of
sensitive to the movement of the nearest atom. The stronghe strong stiffness between the two atoms, when one Xe
stiffness constantintroduced for the sake of the demonstra- atom finds a stable position on the surface, the other is forced
tion) forbids any other movement of the second atom. TheRg pe out of registry with respect to the surface. The unex-
the FLS signal reports the manipulation signal of a Xe atoMyected harmonic at 1.56 & could originate from this spa-
weighted by the other adatom whose dynamics would not bg| mismatch on the surface. Such an alternate contribution
active. As a direct consequence, the residual irregularitie); o<\ rable from the ELS because the in-between position

observed on the FLS signal in Fig@are due to the move- of the tip apex maintains the tunnel pathway through the two

ment of the second atom, whose dynamics is not CompletEIXenon atoms. In the nonrigid case, the two atoms refind their

governed by the first one. Since the Xe-Xe interatomic dis:-r spective sites during the manipulation, and this harmonic
tance is quite large, those signature irregularities represen? P 9 P !

the motion perturbation of the active atom by the other atom‘.’aniSheS‘ This analysis demonstrates that, by an appropriate

In other words, this contribution does not originate from theChoice Of the tip-apex position, the FLS is very sensitive to

tip-apex/Xe-Xe/surface tunnel pathway, contrary to whatthe internal degrees of freedom of the manipulated species.

happens when two adatoms are placed close to the tip, such
as in the push-pulling mode or in a vertical configurafigr’ 3. Consequence of the stiffness constant modification
and sometimes for admolecuf&s* This interpretation will

be confirmed by increasing the number of manipulated Xe There are additional contributions to the Xe-Xe potential
atoms in the chaittsee Sec. Y/ interactions when a (Xg)dimer is adsorbed on a surface.

For example, the Xe-Xe dispersive interaction is somewhat
modified by the small charge transfer toward the surface.
This results in a dressed spring constant which is different
In the rigid casestiffness constark,), to bring out the from that of the isolated dimer. As previously shown after
influence of the movement of the two Xe atoms from thecomparison of Figs. @) and 1@a), the FLS amplitude is so
FLS the manipulation must be performed in the push-pullsensitive to this spring constant that the amplitude of the
mode, in which the tip apex is positioned in between the twgphenomenon can be used to evaluate the effective spring
adsorbatefFig. 10b)]. In this case, the FLS is very irregular constant. In order to clarify this important point, we have
compared to the FLS of Fig.([9), with a smaller amplitude. calculated the FLS amplitude as a function of the Xe-Xe
A Fourier spectral analysis of the FLS reveals a frequencyond spring constant for the three manipulation maéégs.
component at about 0.39 &, and an important harmonic at 11). In fact, this amplitude does not vary monotonically as a
1.56 A~1 that does not occur in the signature of Figb)9 function of the spring constant value, but exhibits a reso-

2. Push-pulling mode

TABLE Ill. In each cell of the table, the left and right numbers represent the interatomic distance (A) and
the interaction energgmeV) between the (Xg)and (Xe) atoms of the chain witiN adsorbates.

(Xe)1-(Xe), (Xe),-(Xe)s (Xe)s-(Xe)s (Xe)s-(Xe)s
N=2 4.5883;-22.051
N=3 4.7801,—18.907 4.7856;-18.813
N=5 4.7492,—19.434 5.1466;-13.035 5.1462;-13.042 4.7479;-19.457
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FIG. 12. () Scanline of three Xe atom image. The imaging  F|G, 13. (a) Different signatures obtained by pushing a (Xe)
conditions arel =1 nA and Vy,=10 mV. The full line corre-  chain with1,,=10 nA. The tip begins its lateral approachXt
sponds to calculation with adatoms fixed in their equilibrium sites._ 12 A and theN atoms of a (Xe) chain are located at;= (2i
Tr;e df(i;)hﬁ_d line rgpresenths t)r(me)imzlage of fthtrheet);]enon 3t°mb5 Iree 104)a, . The successive traces are displaced by a small drift along
relax. rajectories in the X-z) plane of the three adsorbates i ; e ~_ _ _
during imaging.Ax=x;(t) —x{, with x{ is the relaxed equilibrium L?;e);eﬁlscgg{ncslgg: (b) Variation of 62=(AZmax~ AZnin) for
position of (Xe) atom along thex axis. The dots indicate the initial
position, and the displacement directions of the atoms are shown by
the thick arrows followed by the thin ones. The tip scans from thenO registry between these two structures because of the in-
left to the right. compatibility between their atomic equilibrium distances. As

a consequence, because of the weak bonding energy between
nance whose location depends on the manipulation modéwo consecutive xenon atonabout 24 meYV, the chain will
This resonance can be interpreted as a signature of the dimtand to adapt its geometry to the surface geometry. For the
dynamics excited by the tip apex. In the case of the pushingame reason, chains of xenon atoms will remain liflear,
mode[Fig. 11(a)], the resonance appears for a value of thealigned within Cu atomic rows, contrary to what happens
spring constant smaller than the natural one. A reversal bewith metallic adsorbates, which tend to coale$t@he de-
havior is observed with the pulling mod€&ig. 11(b)]. The tails of the chain geometry and the interatomic energies are
maximum is less pronounced in the push-pulling mféig.  given in Tables Il and IIl as functions of the number of
11(c)]. Therefore, we can conclude that the pushing mode istomsN. Compared to the free dimer interatomic distance,
more appropriate to detecting low spring constants, while théhe (Xe)y chain relaxation is rather important. For example,
pulling mode should be used for more rigid dimers. Finally,the dimer remains parallel to the surface, but end effects
a comparison of the experimental FLS amplitude with theoccur with the trimer and the pentamer. These effects appear
calculated one should allow an effective Xe-Xe interactionwith an increase of the distances between the end atoms and

spring constant to be estimated. the surface, or with a narrowing of the interatomic distances.
Similar extremity effects were observed experimentally on
V. MANIPULATING (Xe), CHAINS the Ni(110 surface with (Xe} and (Xe), chains® Neverthe-

less, the value of the interatomic distances measured with the
We now consider the manipulation of linear xenon chainssTM must be taken with care, because of the effect of tip
(Xe)y. In this section, all simulations have been performedadsorbate interaction during the image recording. For ex-
with the natural spring constakf associated with a pair of ample, a STM scan along a trimer is presented in Figa)12
xenon atoms. As already mentioned in previous sections, @hen the chain is frozen in its equilibrium position and when
linear xenon chain is not commensurate with {H€l0] the adsorbates are left free to relax under the influence of the
atomic rows of the C(110) surface. More precisely, there is tip. The three independent trajectories, followed by the three
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atoms of the trimer during the image acquisition, are given irto be exclusively sensitive to local conformations of the at-
Fig. 12b). Relaxation phenomena enlarge the apparent trioms located in the immediate vicinity of the tip.
mer length of about 0.6 A.

In order to succeed in manipulating longer (}xehains, VI. CONCLUSION

the reference current of the virtual STM was chosen to be The lateral manipulation of short atomic chains under the
equal to 10 nA. This current decreases the mean tip-apex . U . . .
ction of a STM tip displays a rich panel of interesting fea-

surface distance of about 1 A with respect to the one used tgures. We have demonstrated that a careful analysis of the

image the trimei(Fig. 12. As showr] In Fig. 1@)’ we ob- FLS allows a real identification of many different manipula-
serve(whateverN) a sudden retraction of the tip during the _. . : - !
tion processespulling, pushing, sliding, and push pullipng

initial lateral approach. This effect is due to the attraction byExtensive simulations performed on the dimer case allowed
the tip of the closest atom of the chain, while the other atoms P

remain located around their equilibrium positions. We have.> to conclude that the pushing mode is more appropriate for
o . L detecting low spring constant, while the pulling mode should
also verified that only the pushing mode efficiently moves

xenon chain withN>3. Beyond three atoms, the pulling e useq for the study of more rigid dlme_rs. In "’.‘dd't'on’ a
. : comparison of the experimental FLS amplitude with the cal-
mode becomes completely ineffective.

; . ; . . culated ones should allow an effective atom-atom interaction
In the pushing mode of manipulation, the trajectories of

o . : spring constant to be estimated. In the case of longer chains,
the adsorbates possesscatch-and-releaséke behavior. t?e amplitude of the FLS decreases with respect to the num-

tl;zst;;:wsi ;h?r I]lrest( ;‘g))rrl ;Z?rl:ltsoltlze r?tgogrrf;s'v?hceonmiﬁrcisa:\f:s%er of atoms. This effect can be inferred to be the result of
: P gy the increasing number of degrees of freedom that occurs

gnt|l the front_al atom overpasses thg surfaqe dlffuspn bar\'/vhen increasing the chain length.
rier. Meanwhile, the FLS signal remains mainly sensitive to
the physical presence of the first atom. Therefore, the FLS
amplitude[Fig. 13b)] decreases with respect to the chain
length, only because the motion of the first atom is damped The authors would like to thank Dr. Gerhard Meyer and
by the numerous degrees of freedom introduced by the othdédr. Laurent Pizzagalli for fruitful discussions. X.B. acknowl-
atoms of the chain. This phenomenon can prevent any exedges Professor JeantRtigneron for access to the Namur—
traction of further dynamical information related to the fron- Scientific Computing Facility of the Universitdotre Dame
tal atoms by a simple analysis of the FLS. The FLS appearde la Paix(FUNDP).
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