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Dynamics of Adatom Motion under the Influence of Mutual Interactions: O/Ru(0001)
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The diffusive motion of O atoms adsorbed on Ru(0001) was observed on the atomic scale by scanning
tunneling microscopy with temporal resolution ef10 ms at room temperature. From statistical
analysis of the changes of the atom configurations in sequences of more than 1000 images, mean
residence times of oxygen atoms in the neighborhood of other oxygen atoms were extracted. The
residence times vary by more than 1 order of magnitude over distances of three lattice constants,
indicating the necessity of including the lateral interaction in modeling collective phenomena such as
surface diffusion or reactions. [S0031-9007(99)09081-X]

PACS numbers: 68.35.Fx, 82.65.Dp

The motion of adsorbed particles governs many imporparticle on a lattice site has to be of the order of several
tant surface processes, such as catalytic reactions, cryseconds to minutes to allow its observation. With a
tal growth, or epitaxy. All of these processes involvespecial fast STM system, we were able to study atoms
nonzero coverages, and the particles are known to intewith much shorter residence times10 ms) and to record
act considerably with each other (as evident, e.g., froomuch larger data sets within reasonable times. By a
the observation of island formation or the variation of thedetailed statistical analysis of the hopping events, we
adsorption energy with coverage). Thus, it has to be coneould quantify variations of the residence time under the
cluded that also their motions are not independent of eacimfluence of interactions. Near a second oxygen atom
other. Although this problem (which is reflected, for ex- residence times are affected over distances up to three
ample, by the coverage dependence of miecroscopic lattice constants and vary by up to 1 order of magnitude.
diffusion coefficient) has been recognized for many year§hese effects are, hence, of importance already at very
[1], direct microscopicstudies on the effects of mutual low coverages.
interactions on the dynamics of adatom motion are still The experiments were performed in a UHV cham-
lacking except for a few special cases. ber with a base pressure 6fx 10~!'! mbar equipped

Interactions between adsorbed metal atoms have beavith the fast STM and facilities for sample preparation
studied extensively by field ion microscopy (FIM) [2,3]. and characterization [8]. STM image sequences were
These (static) experiments measured effects on the poterecorded at room temperature at frequencies of 8 to
tial energy minima at the adsorption sites that determin@0 imagegs. Each sequence typically consists of sev-
the equilibrium distribution of the atoms, and revealed in-eral hundred to some thousand images. As an example,
teresting results about long range effects [4]. The motiorFig. 1 shows two successive images from a sequence of
of the particles is, however, governed also by the poten=2200 images, taken at a frequency t§ s! on a sur-
tial maxima (in principle by the complete potential causedface with an oxygen coverage of 0.014 monolayers (ML).
by the interaction with the substrate and neighboring adThe oxygen atoms are imaged as bright dots, as described
sorbates). Conclusions about the dynamics were so fareviously [8].
focused on the question of “long jumps” [3]. Recently, Although the Ru substrate lattice was not resolved in
the motion of particles could be followed by scanning tun-these data, it could be reconstructed from the positions of
neling microscopy (STM), providing data on the motion
of individual particles and also on long or double jumps
[5]. Results on mutual effects of neighboring particles
on thedynamicsexist only for the special case of motion
in one dimension [6,7], whereas the general 2D case wa
not treated. Since here all hopping events into the variou
directions can be affected by the presence of another ac
particle, the evaluation of statistically significant numbers
requires enormous data sets that have not been availak
so far.

In this Letter, we present results for the 2D motion of
adsorbed patrticles under the |anL_Jen_ce of their n_e|gr_1bor Fom a sequence of more than 2200 imagds & —0.23 V,
for the system @Ru(0001). Quantitative data of this kind Ir = 10 nA); the letters A mark the atoms of a dimer with
could, so far, not be obtained by STM with conventionalan initial distance of2a,, both of which moved between the
scanning speed because the residence time of an adsorbatages, resulting in a distance 4.

IG. 1. Two successive tunneling imagd3s A x 55 A)
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the oxygen atoms. This is justified by the previous obsernearest-neighbor sites, it is possible to give exact analytic
vation [8] that all O atoms occupy the same (hcp) site ofexpressions for the probability that a particle is displaced
the Ru(0001) surface. With the knowledge of fhex 1) by a given lattice vector after time [10]. The only
lattice, the displacement vectors of the single atoms beadjustable parameter in this probability distribution is the
tween subsequent images were extracted. With this praoaverse residence time of a particle on a particular site,
cedure, which will be published in detail elsewhere [9],0r hopping frequency'. This distribution is fitted to our
about 99% of the atoms could be assigned to unequivocaxperimental data, yielding a hopping frequencylof=
positions; all remaining events were discarded. 16.6 = 0.9 s !. The hopping frequency corresponds to
As a reference process the motion igblated par- a mean residence time of 60 ms, in agreement with
ticles was studied. For this purpose experiments withestimates from “slow” STM data [8]. The fit matches
oxygen coverages betweéh = 0.01 and 0.02 ML were the data points accurately, indicating the validity of the
performed; the average distances between the oxygeassumption of statistically independent jumps, and, in
atoms are then of the order of 5 t0ay, ap = 0.271 nm  particular, the absence of long jumps. If we allow in
being the Ru lattice constant. Figure 2 shows a histhe fitting procedure also for jumps 2, the hopping
togram of the displacements of adatoms between two sulfrequency does not change, but the fitted fraction of long
sequent STM images, where in both, the initial and thgumps remains well below 1%. By assuming a prefactor
final configuration, the analyzed atoms were more thametweenl0'° and10'3 s™!, a diffusion barrier in the range
3agp away from the nearest-neighboring O atoms. A totalof Ep = 0.55-0.7 eV is estimated.
of more than 3300 events was observed in a sequence ofIn order to get information on how the residence time of
2200 images. The distribution in Fig. 2 does not changehe oxygen atoms is influenced by neighboring @toms,
when atoms more tha#a, separated from their neigh- the motion of dimers was analyzed. We define these as
bors were selected. Atoms separated by more thgn complexes consisting of two adatoms, each of which is
can therefore be regarded as isolated. Experiments witbeparated from all other adatoms, except its dimer coun-
higher coverages led to the same results, indicating the alterpart, by at leasday. From the set of all dimers that
sence of cumulative long range effects. It is noteworthycould be identified in the STM images, histograms of the
that the distribution of the jumps is completely isotropic; changes of the configurations in subsequent frames were
i.e., it does not show any correlation with the scanningassembled, grouped together according to the sixfold sym-
direction. Careful checks for a possible STM tip effectmetry of the lattice of the adsorption sites. Each of these
revealed that it remained negligible as long as the tunnehistograms (one per initial configuration) results from the
ing resistance did not become very lgw10° (). superpositions of the motions of the two atoms. Similarly
Since in Fig. 2 most of the atoms are seen to bdo the independent atoms, these can have performed sev-
displaced by at least one lattice site, the possibility oferal jumps and can have traveled various different paths
multiple jumps between two frames has to be takerbetween successive frames; moreover, we allow for mu-
into account. Assuming that the isolated adparticlegual influences on the jump frequencies, depending on the
perform a random walk, consisting only of jumps betweendistances between the dimer atoms at each instant. Hence,
in order to obtain values for the residence times in the
various configurations, the histograms have to be disen-

05 tangled into the different processes. This was performed
X X by describing the stochastic processes by their master
0.4 equations [10,11]. Ifp; ;(r) denotes the probability to
@ find a particular particle on sité, j), the evolution of
5 0.3 p,"j(t)-is described as a Markov process by a set of master
= equations,
é
g 02- aip,»,,(t) =D y(ijli' Y popt) = piy®) D v ij),
= ' i"j! il j!
01 @)
= where they(ij | i’j') are transition rates from state, j)
* - to state(i’,j’). Based on our results on the isolated
004 |.[$ﬁﬁ”{ particles, we allow only for nearest-neighbor jumps, i.e.,
0 1 2 3 4 5 the transition ratesy(ij|i’j’) are nonzero only if(i, j)
displacement / ag and (i’,j) are neighboring sites. Without interaction

FIG. 2. Jump width distribution for isolated atoms. Experi- Wltg .ijher pgrtltiles% :Ee dlffuil_on _?roclessthl_s ISOtrOptlﬁ
mental values (crosses) are given with error bars representi nd Independent of he specinc sie. In this case, the

the square root of the number of observed events; the fit igfansition rate to one of the six neighboring sites is given
marked by open circles. by yo = I'/6, whereT is the hopping frequency derived
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FIG. 3. Model for dimer motion. Paths (indicated by arrows)
along which the hopping rates of an atom are affected by
the atom A. The nearest-neighbor sites are not occupied
under the conditions of our measurements because of strong
repulsions. Hopping rates to sites further away are the same as
of independent atoms. FIG. 4. Histograms for motion of dimers with initial distances
of 2a, (upper histogram, 427 events) and7a, (lower

above for the isolated particles. Under the influence oEiStngr_?Tﬁ 334he"ergs)? (tzlarkthbarslz eXp?”me”tta' Va';’tehs? g_r ight

: : . ars: fit; the sphere denotes the place of one atom of the dimer,
another adparticle the hopping ratyeate modified. Fora the shaded hepxagon the initial p(?sition of the other.
quantitative analysis, the probabili(A) to find a dimer

with a relative distance vectdf, j) = A is introduced for o >0z
which [by means of Eq. (1)] a new master equation can Iy = . Z . Y(AT[A). (3)
be derived [9]: _ A=NN@) _ '
9 - . .. R Table | summarizes the residence times for the different
o pA)Y = D [w@d,A) + w(=A,—A)]p(A) dimer separations. The errors stem from the fit of the hop-
A/=NN(A) ping rates and reflect the temporal resolution of our fast

- - s - s STM of about 20 ms. Compared ta. = 60 ms for the
—pd) > [w(=A,-A) + w@AA)]. isolated particles, the residence time at a distaneifs
A/=NN(4) 2 significantly higher, whereas it decreases on thg and
V3 ay sites. In contrast to recent work that showed collec-
NN(A) denotes the displacement to nearest-neighbor sitgg/e processes for CO on Cu(110) [13], there is no indica-
of A. W(A A') is the rate at which a particle located at ation for any time correlation between the hopping events
distanceA’ from the other particle jumps to a distande  of the individual atoms of a dimer. This follows from
In order to obtain values for the modified hopping ratesthe observation of the center-of-mass motion of dimers,
w, EQ. (2) was integrated numerically, resulting in theo-which was found to be consistent with the assumption of
retical histograms for the changes of the configurations ofingle, noncorrelated jumps.
dimers with initial separationd. These were then fitted  Finally, the hopping rates were transformed into a pair-
to the experimental histograms by variation of the variouswise interaction potential between the oxygen atoms. The
hopping rates. This analysis was performed for dimersarious hopping rates are given gy = ve Er/*T where
with initial distances o#/3, 2, /7, and 3 lattice constants E}, is the energy barrier in the direction of the jump, and
(see Fig. 3); Fig. 4 shows two of the four experimentalis the frequency factor. Since the diffusion barrie€(55
histograms together with the respective fits. Larger disto 0.7 eV) is much larger than the modification by the in-
tances could be neglected as demonstrated above, dimaesactions (few 10 meV, see below), the preexponential
with a distance ofla, were never observed in these factors can be assumed to be about equal [14]. For the
experiments. Only at coverag@s> 0.25 structures con- ratios of the jump rates between two sites, the preex-
taining this small separation are formed, which is, how-ponential factors cancel [15);—;/yj—; = e EiEV/KT;
ever, associated with strong repulsion [12]. For each ofhe resulting energy differences represent the pairwise
the above-mentioned distances, a histogram containing 10
to 15 data points was obtained; the four histograms wer&ABLE I. Residence times (in ms) at the various dimer
then fitted simultaneously by adjusting 10 hopping rateseparations.
for the various processes.

) 73 T T3
The total hopping rate out of a site, or the remproca. 220 13 o6 1
residence time on this site, is the sum of the hopping rates 36 6 +12 18/

to all neighboring sites,
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40 5 that it could not be observed here. For particles between
: V3 ay and3a, apart from each other, these times differ
'; by more than 1 order of magnitude. These conclusions
20 ' result from analyses of the hopping dynamics and would
% not be accessible from the knowledge of the (thermody-
£ Y R - namic) interaction potential. They demonstrate the need
o : ‘ to incorporate these effects in any concept modeling the
;g kinetics of surface reactions.
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