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Single-atom motion during a lateral STM manipulation
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We report on the numerical implementation of/igtual scanning tunneling microscope which calculates
imaging and manipulation modes and reproducésedback loop signalFLS). Calculating the FLS during a
manipulation serves as a direct diagnostic of the mechanics of the adsorbate under the tip apex because pulling,
sliding, or pushing modes have their own FLS signatures independently of the manipulated species. As an
example, the different FLS are provided for the case of a Xe atom manipulated in the constant current mode.
[S0163-18209)51512-9

The scanning tunneling microsco®TM) has the ability  bilities in the junction prevent a purgiding mode in which
to manipulate individual atoms as first demonstrated by Eithe adsorbate would always be trapped under the tip apex.
gler and Schweizer. Now, atomic scale devices are as- Although thevirtual STM reported in this paper applies well
sembled atom per atortmolecule per molecujeto study to many adsorbate-surface systems, it is presented here for a
electronié and mechanical properties at the nanometer Single Xe atom adsorbed on a @a0 surface.
scale. These very recent developments are supported by a The tunneling current intensity in an STM junction can be
renewed interest isurface science phenomerihey have fitted by the exponential law:
generated a large body of experimental demonstrations of
both atomic and molecular manipulatidh¥ and are accom-
panied by few theoretical studiés!?

All these manipulations require an extremely fine control
of the local interactions between the STM probe tip, the adwhereV,, represents the STM bias voltagge=(Xa,Ya,Za)
sorbate, and the surface. Moreover, they are generally pethe adsorbate position vector relative to the surface referen-
formed in aconstant current modebtained by introducing a tial, R=(X,Y,Z) the tip-apex position vector, arl a local
feedback loop between the tunnel current passing througeffective barrier height. At largeZz, ®=4-5 eV for
the adsorbate and the voltage applied to the STM piezotransaetal’® while at smallZ, ® is significantly modified by
lator. This operating mode prevents the imaging of the adeither the mechanical deformations or the electronic interac-
sorbate during the manipulation sequence, and the final locaions of the adsorbate with the tip ap¥xThe prefactor,
tion of the adsorbate on the surface must be checked back glepends on the detailed electronic structure of the tip apex,
the imaging mode. Recently, it has been propdséthat the  the adsorbate, and the surface, anpresents the scanning
STM feedback loop signalZ(X) recorded during a ma- time of the probe tip.
nipulation is adiagnosticof the mechanics occurring in the  The elastic scattering quantum chemistBSQQ tech-
junction during the lateral motion of the tip along the nique described in previous workss used to describe this
direction. For a variety of atoms and diatomic molecules,structure and to calculate E@L.). This technique, based on a
regular signalsAZ(X) have been observed with different multichannel scattering approachl¢R), allows the full va-
saw-tooth shapesFor polyatomic molecules, despite their lence orbital structure of the junction as well as the band
large number of internal degrees of freedom, a careful analystructure of the surface to be introduced. The parameters that
sis of AZ(X) could also provide important information on enter this description can be standard, as, for example, the
the molecular conformation changes during the motfon.  extended hekel molecular orbital metho¢EHMO), or ex-

We show, in this paper, that the analysis of th&(X) tracted from ab initio or density functional theory
signals requires airtual STM able, in a complete calcula- calculations® The effective Hamiltonian method is then
tion, to integrate the physical phenomena involved in a maused to couple the aperiodic part of the junctiGarmed by
nipulation: (i) the electronic structure of the junctiofii,) the  the adsorbate and the tip-apex subsystaith the bulk in-
molecular dynamical behaviofiji ) the tunnel current inten- terface(composed of the sample and the tip-body environ-
sity, and finally(iv) the STM feedback loop. mend. In the case of a single Xe atom, we choose the me-

The paper is organized as follows. We first detail thetallic surroundings already described in recent van der Waals
three basic equations that govern owirtual STM. This  trap calculations? This geometry consists of a cluster of 14
framework is then applied to the study of the drastic transcopper atom$110] oriented and adsorbed on thELO) sur-
formation of AZ(X) signal when passing from imaging to face of the tip body. The other part of the junction is a
manipulation modes. Finally, it is shown that intrinsic insta- Cu(110 surface supported by its bulk.

L(R(7)=1o(Vp,ra,R(7))exp(—1.020Y22(7)), (1)
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FIG. 1. Schematic electric circuit diagram of a standard STM
junction. The circle schematizes the adsorbée) is the tunnel
current, andv,,; represents the voltage applied to the piezotransla:
tor. The feedback loop is filtered by ttC circuit (corresponding
to aRC time constant of 0.1 s for Xe

Inside this environment, the behavior of the Xe atom car
be treated by the classical mechanics using a molecular d
namics(MD) scheme:

mai:a(t): _Vua(ra ,R,t)— 77ama|:a(t)r (2) — - - - X(A)

wherem, represents the mass of the adsorbate. The param- FIG. 2. (a) Lateral motion of the Xe atom during a complete
etery, (1.4x10° s !in our Xe examplgaccounts for the imaging scan at;=1 nA andV,=10 mV. (b) Variation of the
weak energy damping introduced by the surface phohbns. apparent shape of the atom for a dynamical calculggofid curve
At this point, it is important to stress that thesorbatetime and for a configuration where the adsorbate is kept frozen in its
t differs from the scanning time of the tip motion (<7).  equilibrium site(dashed curve
Actually, the atomic time occurring in Eq2) is sampled ) .
from the atomic relaxation timey; so that the adsorbate €dquationgEgs.(1)—(3)] simultaneously. Nevertheless, for a
can be stabilized in the junction before each new scannin§onstant .. mode of operation and to speed up the numeri-
step. cal procedu_re, itis more (_efflcu_ant to sqlve |t§ratpvely E(s.
The potential energy, can be calculated from different and(2). Beginning with a junction configuratiofr; ,R'}, the
techniques, includingi) standard molecular mechanical and Vvirtual STM first determines the configuratign, ,R’} that
dynamical approaches with pairwise interactibhs;4 (i) ~ corresponds td.¢, thanks to Eq(1). This junction status is
semi-empirical approximationdike the atom superposition then used as initial conditions in E(). After relaxation of
and delocalization techniquéRef. 20 compatible with the the Xe atom, Eq(2) gives back a new configuratidn’, ,R'}
EHMO description or more sophisticated calculations. In theallowing the next numerical step to be performed. The re-
case of a single Xe atom localized in the above-mentionedaxed junction configurationis not identical to thd s con-
metallic junction, a precise many-body self-consistentfigurationi required by the feedback loop. This generates
approaclf was used to recreate the so-called van der Waal@stabilities in the virtual STM feedback loop due to this
trap generated under the tip apex. externall s constraint applied to the adsorbate-tip system.
In an experimental STM setup, a low-pass filter in theAccording to Eq.(3), the junction configuration is numeri-
feedback loop efficiently avoids the mechanical instabilitiescally stabilized by both a low-pass filtering and a sequence
of the junction and the loop oscillations. The feedback loopof current and molecular dynamics computations. Fgf
of our virtual STM (Fig. 1) operates also with such a low- =1 nA and a bias voltag&,=10 mV, an appareniZ

pass filter. Assuming a linear relatich=kV,,;, with the =15 A height of the atom is found in excellent agreement

bias voltageV,,; applied to the piezotranslator, the first-order with the experimental data by Eigler and Schweizatle
differential equation relating( ) andZ(7) is given by observed that, even in the imaging mode—in which the tip
interacts very weakly with the Xe atom in its adsorption

cdz(n) Z(7) site—the competition betwedi) the adsorbate positioim-

(D=1 g T kR et () posed by the reference curreht; and (i) the adsorbate

positioncontrolled by the mechanics, induces a residual mo-
whereRC is the time constant of the low-pass filter ang:  tion of the Xe atom upon imaging. In particular, it produces
the reference current. A numerical STM should be based om significant apparent width enlargemeffig. 2(a)]. A
the numerical solving of these three coupled time-dependertroadening of about 0.8 A in the Xe atom image is deduced
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] ) ) FIG. 4. Simulation of two other saw-tooth patterns with an ini-
FIG. 3. Two feedback loop STM signals illustrating tli& tial configuration defined bjx,=0X=—7 A}. (a) Pulling mode

pushing withl¢;=6.5 nA and(b) pulling with I,¢;=4 NA ma- i 4 reference current fixed at 4 nAb) Sliding-pulling mode
nipulation modes. The insets give a snapshot of the tlp-adsorbat@btamed withl,o;=1.9 nA) in which the atomic motion remains
configuration and the small vertical arrows point to the hollow sitesvery localized under the tip.

along the atomic row of th€l10) surface.
cific to a pure pullingmode. In order to perform a lateral

from the comparison between dynamical and static calculapu”ing of the Xe atom, we have found that the tip must be
tions [Fig. 2b)]. first approached progressively and then retracted in front of

Our Virtual STM prediCtS Only three diﬁ:erent C|.aSSES Ofthe atom. Foi ref:4-0 nA and at a thresh0|d tip-adsorbate
AZ(X): a periodic saw-tooth signal whefeZ(X) is discon-  |ateral distance 0f-5.0 A, the Xe atom is captured by the
tinuous at the end of each period, a quasisinusoidal signa{i,p apex. In this new manipulation mode, the tip always pre-
and a periodic saw-tooth signal where the discontinuitycedes the atom. There is a significant increase of
arises at the beginning of each period. The chemical naturgh(0.45 A) with a concommitant inversion of the saw-
of the adsorbate will only determine the initial approgch oftooth signal with respect to the one of the pushing mode. The
the tip apex and imposk. to reach a particular periodic effective lateral spring constant of the interaction is now
AZ(X) signal. For example, with+=6.5 nA and whenthe softened and the tip apex can manipulate the Xe atom at
tip is approached as indicated in the inset of Fi@),3he tip larger distances than in the pushing mode.
begins a series of regular saw-toathmotions with an am- A full exploration of the stability map associated with
plitude Ah=0.29 A [Fig. 3@)]. The period of these oscil- these various situations, indicates that in the presence of a
lations is commensurate with the surface atomic spacinging|e Xe atom, the junction resistangg, . varies between
along the[110] manipulation direction. ThiaZ(X) signal 10 and 1.6 M) when we are continuously passing from the
is characteristic of pure pushingnode where the adsorbate imaging to the pushing mode. Around a resistance range
is first repelled and then recaptured by the tip apex. Thelose to 2.5 M), we have found a rich variety of pulling
recurrent sharp decrease &% (X) is due to this repulsion modes at the transition between the imaging and the pushing
effect since the tunnel junction resistance increases when thaodes. For example, when the tip apex starts in a pushing
Xe atom is away from the tip apex. In this pushing mode, themode configuration, it can image the atom, pass over it and
Xe atom interacts laterally with the tip apex via an effectivethen reach a pure pulling modEig. 4(a)]. At the threshold
quadratic term with respect to the distance that accounts fasf the imaging mode, we have tried to stabilize a pure sliding
the potential energy. Thah amplitude then yields a direct mode of manipulatichwhere the Xe atom would remain
measurement of the stiffness of this springlike effect. Aexactly trapped under the tip apex during the manipulation,
small Ah indicates a strong back force of the adsorbate toresulting in pure sinusoidaAZ(X). For Rj,n=5.26 MQ,
wards the tip apex. we have found a very interestingulling-sliding mode as a

The second examplé-ig. 3(b)] presents a signature spe- mix between a pulling mode and what would be an ideal
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sliding mode. A quasisinusoidal shape of th&(X) signal fectly plane surface just under the tip in a sliding mode. For
is observed and h reduces drastically to reach a value lower a Pb atom, further detailed studies must confirm whether or
than 0.1 A[Fig. 4(b)]. Nevertheless, whatever the initial tip not the observed sinusoid corresponds to a pure sliding mode
approach may béback, as in a pushing mode, tdmr in  where the atom is trapped under the tip-apex end atom dur-
front, as in a pulling mode a pure sliding manipulation ing the tip motion. Note that pushing motion remains to be
seems not possible. When the atom is trapped just at the tighserved for Pd and Cu atoms. For each manipulation mode,
apex, its mechanical equilibrium near a bridge site of thehe STM junction resistance is larger for Xe than for Cu or
surface is always instable because of the constraint impos&sy pecause of the small density of states introduced at the
by Irer. This explains why even a soft top approach is notperm;j level by Xe compared to Cu or Pb.
sufficient to trap the Xe atom exactly at the tip apex during a | conclusion, ourvirtual STM reproduces successfully
manipulation. -~ , , the macroscopideedback loop signal output of an STM and
Similar AZ(X) signals hf?“’e beer_1 obtained experimentally,g|5tes it to the mechanical events occurring at atemic
by Bartels and coworketsith two different metal atoms. In scale inside the junction. As a first application, we have clas-

particular, a pulling mode is clearly identifiable on the ex- _... ; . . ;
perimentalAZ(X) for both a single Cu and a single Pb atom sified the different manipulation modes of a single Xe atom,

adsorbed on the @R11) surface[cf. Figs. Za) and 2b) in shov'v?ng in_particular 'that a pure inQing 'njode cannqt be
Ref. 9. These data also confirm that the preparation of tabilized. The three dlff_erent classes identified by our virtual
successful pulling mode depends on the chemical nature of | M @re general and independent of the adsorbate under
the adsorbate. The information on this transitory regime iEonsideration. Although, for each class, both threshold and
encoded in the first period of th&Z(X) signal. While for a  resistance ranges depend clearly on the potential ergggy

Xe atom, the preparation of a pulling mode requires a quaexperlenced_ by the adsorbgte, .the global shape of the feed-
sicomplete scan over it with the tip initially positioned at the back loop signatures remains independent of the nature of
left of the Xe[Fig. 4@)], only a partial lateral scan is neces- this potential. These signatures indicate three stable dynamic
sary for a Pb atorficf. Fig. 2b) in Ref. 9]. A sliding motion  behaviors for a tip-apex—adsorbate—surface system under the
with a typical sinuslikeAZ(X) signature has also been re- influence of a macroscopic feedback control. In conse-
corded with a Pb atom adsorbed on a stepped vicinal surfagguence, these new tools can also be used for describing ma-
[cf. Fig. 2c) in Ref. 9]. As mentioned above, it is not pos- nipulation of a large variety of adsorbates provided the po-
sible to achieve a close trapping of the Xe atom on a pertential U, is adapted for each new system.
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