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Surface Diffusion of Pt on Pt(110): Arrhenius Behavior of Long Jumps
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The one-dimensional diffusion of Pt adatoms in the missing row troughs dfl the2) reconstructed
Pt(110) surface is monitored directly from atomically resolved time-lapsed scanning tunneling
microscopy images. For this self-diffusion system, it is surprisingly found that not only jumps between
nearest neighbor sites but alkmg jumps,i.e., jumps between next nearest neighbor sites, participate.
The hopping rate for these long jumps is found to follow an Arrhenius dependence with an activation
barrier for diffusion (E4, = 0.89 eV) slightly larger than that for single jump&t,;; = 0.81 eV).
[S0031-9007(97)03476-5]

PACS numbers: 68.35.Fx, 61.16.Ch

The diffusion of adatoms on metal surfaces is one ofations they have been found to play a significant role in
the most fundamental processes in surface science andtiee diffusion of adsorbed gases on metal surfaces [14,16].
of crucial importance in such diverse areas as crystal andowever, for metal on metal diffusion the coupling to the
thin film growth, heterogeneous catalysis and oxidationlattice is much stronger. This is especially true for self-
This has spurred a tremendous interest in understandirdjffusion where the equal masses of adsorbate and sub-
the nature of surface diffusion on the atomic scale. In thestrate atoms cause the energy transfer in collisions to be
conventional picture of surface diffusion, the adatom mi-at a maximum [17]. Thus for self-diffusion long jumps
gration occurs through a series of uncorrelated displaceare expected to be less likely. Experimental observations
ments over the minimum energy barrier between nearesif long jumps are still very scarce. In an FIM study by
neighbor binding sites on a static substrate. The time horSenft and Ehrlich [13], a significant contribution from long
ored technique for direct observation of surface diffusionumps was revealed for the diffusion of Pd on W(211),
processes is field-ion microscopy (FIM), where the migrawhereas for self-diffusion of W on W(211) no long jumps
tion of adatoms is followed on small terraces at the apexvere found to occur.
of very sharp FIM tips [1,2]. This technique has over the Several questions arise in this connection. Do these long
years led to the discovery of many novel atomic scale difjumps exist for other systems than Pd on W(211), and is it
fusion mechanisms [1-3]. More recently also scanningyenerally so that they do not exist for metal self-diffusion?
tunneling microscopy (STM) has given valuable informa-Does the rate for long jumps follow a simple Arrhenius
tion about surface diffusion although in most cases in amlependence with temperature? If so what is the activation
indirect manner from nucleation and growth experimentdarrier for long jumps, and does it differ from the activation
[4-8]. In a few cases it has also been possible by meartzarrier for single jumps?
of STM to follow the diffusion processes directly at the In this Letter we will address these fundamental ques-
atomic level [9—11], but so far attempts at studying metalions by presenting results on the surprising finding that
on metal diffusion by tracking the individual atoms havea significant proportion of long jumps participate in the
not been successful [8]. seltdiffusion of Pt on the Pt(110)t X 2) surface. The Pt

In spite of the increased knowledge of diffusion pro-adatoms are confined to the troughs of the< 2) missing
cesses, a number of fundamental questions still remairow reconstruction, where their one-dimensional (1D) mi-
unsolved. In particular, it has been speculated tbiaty  gration has been monitored directly from time-lapse STM
jumpsmay occasionally occur where a diffusing adatom,movies.
once promoted to a transition state, spans several lattice The experiments are performed in a UHV chamber
spacings before retrapping rather than migrates in the oequipped with a variable temperature STM as well as stan-
dinary fashion between nearest neighbor lattice sites. Theard facilities for sample preparation and characterization.
presence of long jumps may, for instance, affect the actiThe Pt(110) crystal was sputter cleaned with 1.5 kV Ne
vation barrier determined from measurements of the meanen bombardment followed by annealing to 980 K. This
square displacement of diffusing adatoms since a lontreatment left the surface in its cle@in X 2) reconstructed
jump would contribute strongly to this quantity [12—14]. state. The Pt adatoms are deposited on the surface by re-
Long jumps are believed to be common at high temperasistive heating of a thoroughly outgassed 0.4 mm diame-
tures wheregT is comparable to the activation barrier for ter 99.995% pure Pt wire. After deposition, the sample is
diffusion. At lower temperatures, long jumps are thoughttransferred to the STM for imaging at temperatures ranging
to occur if the energy dissipation to the substrate latticdrom 280 to 380 K. The image acquisition time is varied
is weak [15], and from molecular dynamics (MD) simu- according to the atomic mobilities, values ranging from 2

4978 0031-900797/78(26)/4978(4)$10.00 © 1997 The American Physical Society



VOLUME 78, NUMBER 26 PHYSICAL REVIEW LETTERS 30UNE 1997

to 20 sec per image§6 X 256 pixels). All STM movies usually consist of 300—500 images, the number of obser-
are obtained in the constant current mode Witk 1 nA  vations, that is, the number of times an atom is observed
andV = 100 mV. in two consecutive images, displaced or not, amounts to

Figure 1 shows an STM image of the Pt(110)x 2)  several thousand. To quantify the information on surface
missing row reconstructed surface after Pt has been ddiffusion contained in the movies, the adatom positions
posited. The deposited Pt atoms are found in the 1lare tracked as a function of time, using a semiautomatic
troughs of thig1 X 2) missing row surface, and the close- pattern-recognition routine.
packed Pt rows separating these troughs are imaged with When determining the adatom hopping rate from the
atomic resolution. The image is acquired after the sampléound positions, one has to be aware that the observed dis-
has been held at the deposition temperature of 313 K fgplacements of adatoms between consecutive images can-
more than 4 hours. Obviously there must be some thermailot simply be equated with the actual adatom jumps. An
mobility at this temperature since otherwise the adatomadatom might perform several jumps between consecutive
would not have been able to meet, nucleate, and form thienages, which would be observed as either a displacement
one-dimensional islands. On the other hand, since singlever several lattice spacings or, if the atom jumped back
adatoms are still left on the surface, the mobility is suffi-and forth, no displacement at all. The appropriate analy-
ciently low for the nucleation and growth process not tosis of a 1D random walk in continuous time, including the
cease even after several hours. possibility that an adatom can make long jumps has been

To gain detailed insight into the adatom migration, wecarried out in detail by Ehrlich and co-workers [12]. They
have acquired many consecutive STM images. Whefiind that the probability?, () of an atom, initially at po-
played back as a STM movie, these images impart a vivigition x = 0 at timer = 0, to be at lattice site at some
impression of the diffusion process; examples can be fountater timet is given by
at our World Wide Web (WWW) site [18]. The migra-
tion of the adatoms in the troughs becomes immediately
clear by inspecting these movies. We never observe event
where an adatom traverses from one missing row to an-
other, and the diffusion is thus truly 1D at temperatureswhere I, are the modified Bessel functions of the first
up to at least 380 K. To reduce adatom-adatom interackind of ordern, and 4, and i, are the rates for single
tions as much as possible, all movies are acquired at vergnd double jumps, respectively. The expression is easily
low coverages where only 5—20 adatoms are within thextended to include rates for longer jumps. In the
field of view 0f 160 X 160 A atatime. Since the movies present context, is the time interval between consecutive

images [19]. The adatom hopping ratés,and k,, are
determined by fitting the expression fdt. () to the

— probabilities obtained from the measured distributions of
adatom displacements.

In Fig. 2 we show an example of an experimentally
determined displacement distribution together with the best
fits of the expression faP, (r) when we allow for (i) only
single jumps(k, = 0) and (ii) both single and double
jumps. The fitted distributions are normalized to the same
number of observations as the measured one, and we have
imposed the usual [12] constraint that the fitted distribution
should have the same mean-square displacemant),
as the measured one. The fit allowing for both single and
double jumps is clearly seen to be superior, and thus we
conclude that it is imperative to include double jumps to
account for the observed displacement distribution. We
will return to the question of the statistical significance of
the data below.

The determined hopping rates for single and double
jumps are plotted in Fig. 3 versigT. The ratio between
double and single jumps, that i&; /41, increases slightly
] ) with temperature, but lies in the (5—10)% range. The
FIG. 1. STM image showing the P(110)-& 2) surface after _,o5ning rate for the single jumps is seen to exhibit an

a submonolayer amount of Pt has been deposited at 313 K. Th henius d d t t M . tantl
presence of single adatoms as well as nucleated islands in t#&/TNENIUS dependence on temperature. viore importantly,

troughs of the missing row reconstruction are evidence for &10wever, such an Arrhenius dependence is for the first time
low thermal mobility 97 X 102 A?). seen to hold also for the double jump rate. By fitting

FPr(0) = exd—(hy + h)i] D Li(an)loj(hin), (1)

j=—=
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T Before we further discuss the implications of the above

I T I I 1 T

1 i
600|- M Single only T=878K findings, we will briefly address the issue of the statistical
| &= Experiment At=23sec | significance of the data. When the relative rate for double
B Single & Double 1620 observations jumps, iy /h,, becomes low, the question arises whether
500F- <Ax*>=1.68 the changes to the displacement distributions brought about

by the double jumps are sufficiently large that the double
jump rate,h,, can be reliably determined. To address this
issue, a kinetic Monte Carlo (KMC) routine is used to
simulate 1D random walks for different/h; ratios. The
resulting displacement distributions are subsequently fitted
with the expression foP, () [12]. We have verified that
it is indeed possible, for the number of observations and
mean-square displacements experimentally encountered,
to regain the input value fdr, precisely down to a range of
hy/hy = (1-2)% if averaging is done over a large number
of runs. ltis similarly verified that ifio double jumps are
allowed in the simulations, the double jump rates resulting
4 3 2 -1 0 1 2 38 4 from the fitting are, indeed, negligible. Thus, the only

; : problem in determining double to single jump ratios, at the

DISPLACEMENT [lattice spacings] level of (5—10)% encountered experimentally, stems from
FIG. 2. Distribution of displacements for the self-diffusion of the statistical scatter in the measurements. This quantity
Pt on Pt(110)-( X 2) at 375 K. The best fit (dark gray) is s assessed by performing sets of KMC simulations for
g!ota_lneq with @ double to single jump rafig/h, = 9.5%. The a0k movie, where the input parameters are those relevant
istribution corresponding to diffusion by single jumps only is . L . .
shown in black. for the particular conditions. The confidence intervals

(in either direction) shown on Fig. 3 correspond to one
standard deviation evaluated from such simulations. From
Fig. 3 we therefore conclude that the existence of long
jumps is indeed statistically significant.

In the analysis presented above, it is implicitly assumed
that the adatom migration is a random walk between
equivalent sites with jump rates independent of time.
If strong correlations exist between adatoms or if the
diffusivity is influenced by the presence of the STM tip,

Temperature [K] systematic errors could occur. As already mentioned, all

385 357 333 313 204 data are acquired in a regime of very low coverage. If, in
3 T T — 3 spite of this, an adatom comes within a few lattice spacings
+ Single of another adatom in the same row, its displacements are
* Double excluded from the analysis. In general, adatoms that pass
each other in adjacent rows are included in the analysis.

However, in a test case it was verified that if the relatively
small number of such events were also excluded, no

significant change in the determined jump rates resulted.

The question of a possible tip influence has been thor-
oughly investigated, and details will be reported elsewhere.
In brief we find two different regimes for the dependence of
the hopping rate on the tunnel junction resistarite,For
values ofR = 50 M) the adatom hopping rate is found to
be independent ok, whereas for lower values & there
is a considerable increase in the hopping rate. Since the
present results are all acquiredrRat= 100 M tip influ-

. ence is negligible.
0.0032 0.0034 We now return to a discussion of the determined ac-
tivation barriers for single and double jumps. The data
VT K] presented here constitute the first experimental demonstra-
FIG. 3. Arrhenius plot of the determined rates for single andtion that the rate for double jumps follow an Arrhenius de-
double jumpsp; andh,. pendence on temperature. Even though this result might
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