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Atomic scale modification of surfaces may trigger off dynamical processes. This is shown here
by using the tip of a scanning tunneling microscope to extract an individual atom in a controlled
manner from a predefined site of the reconstructed Ge(d@8) surface. By thermally activated
hopping of neighboring adatoms to the vacant site, the produced single-atom vacancy diffuses on
the surface. From statistical analysis of the adatom configurations observed around the vacancy, we
determine tiny €0.15 eV) differences in free energy between the configurations. A linear increase of
the configuration free energy with the number of adatoms located at meta%iabites is reported.
[S0031-9007(98)05608-7]

PACS numbers: 68.35.Fx, 07.79.Cz, 61.72.Ji, 68.35.Md

Matter can be manipulated atom by atom [1-7] withtip (an electrochemically etched polycrystalline tungsten
the scanning tunneling microscope (STM) [8]. However,wire) undergoes a sequence of four events to extract an
modifying a surface structure at the atomic level does noatom. (1) The tip is positioned over the chosen adatom;
necessarily result in a stable configuration at the temperas indicated by the arrow in Fig. 1(a). (2) The feedback
ture at which the modification has been performed. Onoop is opened, and the tip approached towards the adatom
the contrary, it may induce a dynamical process, whose=2 A stepwise overR5 ms. (3) The sample-to-tip volt-
evolution in time can be traced by imaging with the age,Vy, is increased from the topographic value o
STM. Ideally, one could take advantage of the combinedo +4 V and kept constant during 10 ms. (¥%) is reset
use of the STM as an atomic manipulator to create & +1 V, and then, the tip is withdrawn from the surface
desired arrangement of atoms and as an atomic viewer wver25 ms stepwise as for the approach.
monitor the dynamics which result. This could provide By this procedure, we can create SAV’s in a repro-
outstanding insights on the magnitudes of the physicatlucible way. However, the structure and chemistry of
properties of interest, like the differences in free energyhe apex of the tip or microtip [15] responsible for elec-
between the different atomic configurations observedron tunneling becomes a parameter of extreme impor-
during the dynamical process. tance in our experiment when quantifying the probability

Here we report such an experiment using the STM tipof producing a SAV for the same tip-approach length and
to extract an individual germanium (Ge) adatom from avoltage-pulse duration and magnitude. A precise determi-
predefined site of the top layer of the Ge(11{2<8) nation of the extraction probabilities as a function of the
reconstructed crystal surface [9,10]. The resulting singlevarious parameters will be presented elsewhere. We men-
atom vacancy (SAV) moves on the surface by thermallytion here, however, that all analyzed images were taken
activated hopping of the neighboring atoms to the vacanith microtips which display, foivV, = 1 V, a corruga-
site. The motion of the vacancy is sampled by recordingdion contrast between ad- and rest atoms larger than 1 A
a series of STM topographs of the surface. By analyzin@s shown in Fig. 1. This corrugation is not typically ob-
statistically the STM snapshots of the SAV diffusion, wetained afterin situ Ar™ sputtering [16] or tip annealing
obtain the differences in free energy between the observeay ¢~ bombardment, which produce, for the saine to-
configurations. Note that adatom dynamics following thepographs where both the ad- and rest atoms appear with
single-adatom extractions reported here may significantlgomparable €0.1 A) corrugation. We switch from the
differ from the dynamical processes which occur on thdatter conditions, achieved after tip annealing, to the huge
same surface when increasing the temperature [11] arorrugation differences between adatoms and rest atoms
after deposition of submonolayer amounts of lead [12] otin Figs. 1 and 2 by performing the process mentioned
indium [13]. above for atomic extraction. This indicates that the apex

Regular Ge(111){(2%8) surfaces, like the one shown of the tip is likely to be ended by a Ge atom. Such mi-
in Fig. 1(a), are routinely prepared in UHV by Ar- crotips let us perform several extractions before changes
sputtering £veam = 500 €V) while holding the surface at in the corrugation or in thé(z) curves are perceptible.
640°C using resistive heating [14]. In order to produce Naturally occurring defects, as the feature appearing
with the STM a SAV in the surface as in Fig. 1(b), we at the top right corner of Figs. 1(a) and 1(b) do not
use a method somewhat similar to that used to extrachove at room temperature and, thus, can be used,
atoms from silicon [3—5] and MgS[6] surfaces. The unmistakably, as reference points during the experiment
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t=797s

FIG. 2. STM topographic images of the same<a® A2 area

FIG. 1. A 115¢<115 & STM topograph of the Ge(111)- of the Ge(111)e(2x8) surface (with+1 V and 1 nA) which
c(2x8) surface ¥, = +1V and, = 1 nA). (a) The nat- Map out the diffusion of an STM-produced vacancy. While

urally occurring defect in the top right corner acts as a! = 0. 46, 94, 141, 187, 234, and 281 s are consecutive
reference point. The arrow indicates the germanium atom oghapshots of the surface= 797 and 1036 s have been chosen
top of which the tip is positioned for atom extraction. (b) The @mong later topographs to show configurations with three and
result of the tip action showing the creation of a single-atomSix @datoms at metastabig sites, respectively.
vacancy (SAV). Horizontal and vertical axes are parallel to the
[112] and [110] directions, respectively.
often, the adatoms also appear in the four [17] nonequiva-
lent configurationg:, d, e, andf displayed in Fig. 3 [see,

because of their=0.5 A lower corrugation. Vacancy for example, Fig. 2 = 234 and 287 s)]. There, one
displacement is monitored by scanning-d50x150 A*>  adatom stays at a metastaldlg site, empty in the pris-
large region, typically, at~40 s/frame. Between two tine Ge(111)¢(2x8). For these configurations the va-
successive topographs, the net vacancy displacement éancy splits over two nearest-neighbor stabjesites. If
the result of a series of elementary adatom jumps whiclmore than one single metastalflesite is occupied at the
correspond to atom hopping from occupied to emfity same time—as in Fig. 2 (= 141, 797, and 1036 s)—the
sites. The vacancy motion is not induced by the STMvacancy extends over more than two stable sites along
tip itself since the number of STM snapshots showingthe [110] direction. The more adatoms there are at
adatom motion during the scanning process is similar tanetastablel, sites, the less often we observe such a con-
the number expected given the time required to scan afiguration. In fact, no configuration involving more than
adatom. six adatoms as in Fig. 2 & 1036 s) has been seen, and

Figure 2 ¢ = 0, 46, 94, and 187 s) shows the mostonly those up to 4 atoms shown in Figs. 3(g)—3(l) ap-
observed adatom arrangements for a vacancy; all thpear sufficiently often to be included in the data analysis.
adatoms are sitting at the stallg sites, i.e., the occupied In agreement with calculations [10,18,19], we have never
positions in an intact Ge(11Lf2x8) surface. The two observed adatoms sitting at the very unstatesites; for
nonequivalent configurations for these atomic arrangeexample, at the site midway between the vacancy loca-
ments are depicted in Figs. 3(a) and 3(b). Although lessions in Figs. 3(a) and 3(b). Note that we distinguished,
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%) g69%¢e "-ee®S. g) energy. This corresponds to the difference in electronic
202%¢0 *0%g0e ®

charge transferred from the adatom to the surrounding 3
or 4 rest atoms as has been shownafyinitio calcula-
tions [10]. Not surprisingly, the free energies for con-
figurationsa and b also differ since configuratiom is
about twice more probable than (see Table I). Less
frequently observed configurations correspond to distribu-
tions of adatoms at metastaldlg sites (configurations

to [ shown in Fig. 3), whose free energies must lie higher

e)o.o.o:‘j:,.o.o f)o.o.ogi:f,.o.o k)o.o.o.":‘;.o.o than those for configurationsandb.
00aa00 002200 000200 It could be argued that there are some other configu-
002200 -00%%¢0 000200 -00% , : :
00020 o.°.°:>..°.° 000208 00 ece rations of comparable free energies which have not been

Pl P> < > 0% 2 ; . . .
00gg00 005500 00ge00 004500 observed because of the high activation-energy barriers
separating them from the observed ones. Fortunately, the

FIG. 3. Schematic representation of the nonequivalent adato ovalent nature of bonding in Ge reduces the possible
arrangements at an STM-produced vacancy. In (a) and (b) a . .
ocations for Ge adatoms to tHE, and H; sites only.

the adatoms stay at stablg sites, whereas for the remaining > : A
configurations, a single adatom [(c) to (f)] or several [(g) to AS mentioned, calculations have shown tltat sites are

()] occupy metastablé&, sites. Filled circles correspond to the largely unfavored energetically. Therefore, the observed
adatoms and smaller open ones to the unsaturated atoms at 4§cancies visit all the relevant configurations in phase
second atom layer or rest atoms [9,10]. space. Thus, the system can be reasonably assumed to

be in thermodynamic equilibrium. With this assumption,

we extract the differences in free energy (which includes
from one another, the configuratioasand b, ¢ andd,  the binding energy and the vibrational entropy contribu-
etc., by imaging at negative sample bias [14,16]. tion) between configurations. In Fig. 4 we display the

The motion of the STM-generated vacancies ends wheftee energy at 27C for each configuration as a function

the vacancy merges with a naturally produced island opf its number of adatoms at metastalilg sites along
vacancies, which increases its number of empty sites bjtom rows,n. As expected, the free energy increases
one. Vacancies can also get trapped, probably by undeygith ». Within the error bars, the increase is constant:
lying substitutional atomic defects [14]. Diffusion series 14 + 5 meV per each new adatom at a metastable site.
with extremely long mean times between consecutive vVagyrthermore, this slope is independent of the side of the
cancy displacements or where vacancies hardly move aigit cell where the vacancy is located. The extrapolation
not considered in this analysis. From four series of im-of the linear behavior of the free energy towards= 0

ages recorded at40 s/frame over elapsed times of 4237, does not coincide with the free energies of the nonsplit
3000, 1399, and 738 s, we estimate the probabilifigs,

(see Table I) of observing one of the 12 different config-
urations shown in Fig. 3. The probability of observing a
local adatom distribution depends on the free energy for
the occupied adatom sites. The lower the free energy of a
configuration, the more frequently this configuration is ob-
served. The fact that the two emgfy atomic sites (con-
figurationsa andb displayed in Fig. 3) are surrounded by

3 and 4 rest atoms, respectively, implies that an adatom
at these two sites does not have exactly the same binding

100 ]

50 [ 1

Free energy difference (meV)

TABLE I. Measured probabilities (in %) of observing one of
the 12 adatom configurations in Fig. 3 during the diffusion of a
single-adatom vacancy purposely created with the STM tip on _%_
the Ge(111)(2X8). 0

0 1 2 3 4

a b g h Number of adatoms at metastable sites along rows
443 41 288 33 38 £ 12 0.86 = 0.57  FIG. 4. Free energy for the adatom configurations observed
c d i j at an STM-produced single-atom vacancy as a function of the
78 + 1.7 33+ 1.1 200 + 088 077 + 0.54 number of adatoms located at metastable sites along].[1

Assuming thermodynamical equilibrium we have converted the
e f k l probabilities in Table | to free energies, for each configuration.
46+ 13 25+ 1.0 0.87 = 0.57 0.4 + 0.4) Squares and circles correspond to the configurations g, i,

k andb, f, h, j, I shown in Fig. 3, respectively.
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vacancies (configuratiorssandb). Indeed, the difference polished Ge(111) samples used in this study, and the Di-
between the extrapolated values and the actual free eneccié General de Recerca of the Generalitat de Catalunya
ergies forn =0 should be caused by the change of the(Catalan Government) for financial support.

vacancy boundaries when the vacancy splits in two. Con-

sistently with our picture, when the number of adatoms at

metastable sites;, is larger than 1, the two boundaries

of the two half-vacancies do not change significantly by

varying n and, therefore, the configuration free energy is Gif sur Yvette, Cedex. France.

driven malnly byn. . . . . Electronic address: molinas@srmpl1.saclay.cea.fr
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