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Surface Diffusion of Pt on Pt(110): Arrhenius Behavior of Long Jumps
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(Received 14 April 1997)

The one-dimensional diffusion of Pt adatoms in the missing row troughs of thes1 3 2d reconstructed
Pt(110) surface is monitored directly from atomically resolved time-lapsed scanning tunne
microscopy images. For this self-diffusion system, it is surprisingly found that not only jumps betw
nearest neighbor sites but alsolong jumps,i.e., jumps between next nearest neighbor sites, participa
The hopping rate for these long jumps is found to follow an Arrhenius dependence with an activa
barrier for diffusion sEd2  0.89 eVd slightly larger than that for single jumpssEd1  0.81 eVd.
[S0031-9007(97)03476-5]

PACS numbers: 68.35.Fx, 61.16.Ch
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The diffusion of adatoms on metal surfaces is one
the most fundamental processes in surface science an
of crucial importance in such diverse areas as crystal
thin film growth, heterogeneous catalysis and oxidatio
This has spurred a tremendous interest in understan
the nature of surface diffusion on the atomic scale. In
conventional picture of surface diffusion, the adatom m
gration occurs through a series of uncorrelated displa
ments over the minimum energy barrier between nea
neighbor binding sites on a static substrate. The time h
ored technique for direct observation of surface diffusi
processes is field-ion microscopy (FIM), where the mig
tion of adatoms is followed on small terraces at the ap
of very sharp FIM tips [1,2]. This technique has over t
years led to the discovery of many novel atomic scale d
fusion mechanisms [1–3]. More recently also scann
tunneling microscopy (STM) has given valuable inform
tion about surface diffusion although in most cases in
indirect manner from nucleation and growth experime
[4–8]. In a few cases it has also been possible by me
of STM to follow the diffusion processes directly at th
atomic level [9–11], but so far attempts at studying me
on metal diffusion by tracking the individual atoms hav
not been successful [8].

In spite of the increased knowledge of diffusion pr
cesses, a number of fundamental questions still rem
unsolved. In particular, it has been speculated thatlong
jumpsmay occasionally occur where a diffusing adato
once promoted to a transition state, spans several la
spacings before retrapping rather than migrates in the
dinary fashion between nearest neighbor lattice sites.
presence of long jumps may, for instance, affect the a
vation barrier determined from measurements of the me
square displacement of diffusing adatoms since a lo
jump would contribute strongly to this quantity [12–14
Long jumps are believed to be common at high tempe
tures wherekBT is comparable to the activation barrier fo
diffusion. At lower temperatures, long jumps are thoug
to occur if the energy dissipation to the substrate latt
is weak [15], and from molecular dynamics (MD) simu
0031-9007y97y78(26)y4978(4)$10.00
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lations they have been found to play a significant role
the diffusion of adsorbed gases on metal surfaces [14,1
However, for metal on metal diffusion the coupling to th
lattice is much stronger. This is especially true for se
diffusion where the equal masses of adsorbate and s
strate atoms cause the energy transfer in collisions to
at a maximum [17]. Thus for self-diffusion long jump
are expected to be less likely. Experimental observatio
of long jumps are still very scarce. In an FIM study b
Senft and Ehrlich [13], a significant contribution from lon
jumps was revealed for the diffusion of Pd on W(211
whereas for self-diffusion of W on W(211) no long jump
were found to occur.

Several questions arise in this connection. Do these lo
jumps exist for other systems than Pd on W(211), and i
generally so that they do not exist for metal self-diffusion
Does the rate for long jumps follow a simple Arrheniu
dependence with temperature? If so what is the activat
barrier for long jumps, and does it differ from the activatio
barrier for single jumps?

In this Letter we will address these fundamental que
tions by presenting results on the surprising finding th
a significant proportion of long jumps participate in th
self-diffusion of Pt on the Pt(110)-s1 3 2d surface. The Pt
adatoms are confined to the troughs of thes1 3 2d missing
row reconstruction, where their one-dimensional (1D) m
gration has been monitored directly from time-lapse ST
movies.

The experiments are performed in a UHV chamb
equipped with a variable temperature STM as well as st
dard facilities for sample preparation and characterizatio
The Pt(110) crystal was sputter cleaned with 1.5 kV N
ion bombardment followed by annealing to 980 K. Th
treatment left the surface in its cleans1 3 2d reconstructed
state. The Pt adatoms are deposited on the surface by
sistive heating of a thoroughly outgassed 0.4 mm diam
ter 99.995% pure Pt wire. After deposition, the sample
transferred to the STM for imaging at temperatures rang
from 280 to 380 K. The image acquisition time is varie
according to the atomic mobilities, values ranging from
© 1997 The American Physical Society
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to 20 sec per image (256 3 256 pixels). All STM movies
are obtained in the constant current mode withI  1 nA
andV  100 mV.

Figure 1 shows an STM image of the Pt(110)-s1 3 2d
missing row reconstructed surface after Pt has been
posited. The deposited Pt atoms are found in the
troughs of thiss1 3 2d missing row surface, and the clos
packed Pt rows separating these troughs are imaged
atomic resolution. The image is acquired after the sam
has been held at the deposition temperature of 313 K
more than 4 hours. Obviously there must be some ther
mobility at this temperature since otherwise the adato
would not have been able to meet, nucleate, and form
one-dimensional islands. On the other hand, since si
adatoms are still left on the surface, the mobility is su
ciently low for the nucleation and growth process not
cease even after several hours.

To gain detailed insight into the adatom migration,
have acquired many consecutive STM images. W
played back as a STM movie, these images impart a v
impression of the diffusion process; examples can be fo
at our World Wide Web (WWW) site [18]. The migra
tion of the adatoms in the troughs becomes immedia
clear by inspecting these movies. We never observe ev
where an adatom traverses from one missing row to
other, and the diffusion is thus truly 1D at temperatu
up to at least 380 K. To reduce adatom-adatom inte
tions as much as possible, all movies are acquired at
low coverages where only 5–20 adatoms are within
field of view of160 3 160 Å2 at a time. Since the movie

FIG. 1. STM image showing the Pt(110)-(1 3 2) surface after
a submonolayer amount of Pt has been deposited at 313 K.
presence of single adatoms as well as nucleated islands i
troughs of the missing row reconstruction are evidence fo
low thermal mobility (97 3 102 Å2).
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usually consist of 300–500 images, the number of obs
vations, that is, the number of times an atom is observ
in two consecutive images, displaced or not, amounts
several thousand. To quantify the information on surfa
diffusion contained in the movies, the adatom positio
are tracked as a function of time, using a semiautoma
pattern-recognition routine.

When determining the adatom hopping rate from t
found positions, one has to be aware that the observed
placements of adatoms between consecutive images
not simply be equated with the actual adatom jumps.
adatom might perform several jumps between consecu
images, which would be observed as either a displacem
over several lattice spacings or, if the atom jumped ba
and forth, no displacement at all. The appropriate ana
sis of a 1D random walk in continuous time, including th
possibility that an adatom can make long jumps has b
carried out in detail by Ehrlich and co-workers [12]. The
find that the probabilityPxstd of an atom, initially at po-
sition x  0 at timet  0, to be at lattice sitex at some
later timet is given by

Pxstd  expf2sh1 1 h2dtg
X̀

j2`

Ijsh2tdIx22jsh1td , (1)

where In are the modified Bessel functions of the fir
kind of order n, and h1 and h2 are the rates for single
and double jumps, respectively. The expression is ea
extended to include rates for longer jumps. In th
present context,t is the time interval between consecutiv
images [19]. The adatom hopping rates,h1 and h2, are
determined by fitting the expression forPxstd to the
probabilities obtained from the measured distributions
adatom displacements.

In Fig. 2 we show an example of an experimenta
determined displacement distribution together with the b
fits of the expression forPxstd when we allow for (i) only
single jumpssh2  0d and (ii) both single and double
jumps. The fitted distributions are normalized to the sa
number of observations as the measured one, and we h
imposed the usual [12] constraint that the fitted distributi
should have the same mean-square displacement,kDx2l,
as the measured one. The fit allowing for both single a
double jumps is clearly seen to be superior, and thus
conclude that it is imperative to include double jumps
account for the observed displacement distribution. W
will return to the question of the statistical significance
the data below.

The determined hopping rates for single and dou
jumps are plotted in Fig. 3 versus1yT . The ratio between
double and single jumps, that is,h2yh1, increases slightly
with temperature, but lies in the (5–10)% range. T
hopping rate for the single jumps is seen to exhibit
Arrhenius dependence on temperature. More importan
however, such an Arrhenius dependence is for the first ti
seen to hold also for the double jump rate. By fittin
4979



VOLUME 78, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 30 JUNE 1997

i

,

n

ve
al

ble
er
out
le
is

to

ted

nd
red,
f
r

ng
ly
he
m
tity

for
vant
ls

ne
om
ng

ed
en
e.

he
,
all
in
gs
are
ass
sis.
ly
no
d.
or-
re.
of

o

the

c-
ta
tra-

e-
ight
FIG. 2. Distribution of displacements for the self-diffusion o
Pt on Pt(110)-(1 3 2) at 375 K. The best fit (dark gray) is
obtained with a double to single jump ratioh2yh1  9.5%. The
distribution corresponding to diffusion by single jumps only
shown in black.

to the Arrhenius form,h  n exps2EdykBT d, where n

is the prefactor,kB is Boltzmann’s constant,T is the
temperature, andEd is the activation barrier for diffusion
we obtain for the single jumpsEd1  0.81 6 0.01 eV,
n1  1010.760.2 sec21, and for the double jumpsEd2 
0.89 6 0.06 eV, n2  1010.960.8 sec21 [20].

FIG. 3. Arrhenius plot of the determined rates for single a
double jumps,h1 andh2.
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Before we further discuss the implications of the abo
findings, we will briefly address the issue of the statistic
significance of the data. When the relative rate for dou
jumps, h2yh1, becomes low, the question arises wheth
the changes to the displacement distributions brought ab
by the double jumps are sufficiently large that the doub
jump rate,h2, can be reliably determined. To address th
issue, a kinetic Monte Carlo (KMC) routine is used
simulate 1D random walks for differenth2yh1 ratios. The
resulting displacement distributions are subsequently fit
with the expression forPxstd [12]. We have verified that
it is indeed possible, for the number of observations a
mean-square displacements experimentally encounte
to regain the input value forh2 precisely down to a range o
h2yh1 ø s1 2d% if averaging is done over a large numbe
of runs. It is similarly verified that ifno double jumps are
allowed in the simulations, the double jump rates resulti
from the fitting are, indeed, negligible. Thus, the on
problem in determining double to single jump ratios, at t
level of (5–10)% encountered experimentally, stems fro
the statistical scatter in the measurements. This quan
is assessed by performing sets of KMC simulations
each movie, where the input parameters are those rele
for the particular conditions. The confidence interva
(in either direction) shown on Fig. 3 correspond to o
standard deviation evaluated from such simulations. Fr
Fig. 3 we therefore conclude that the existence of lo
jumps is indeed statistically significant.

In the analysis presented above, it is implicitly assum
that the adatom migration is a random walk betwe
equivalent sites with jump rates independent of tim
If strong correlations exist between adatoms or if t
diffusivity is influenced by the presence of the STM tip
systematic errors could occur. As already mentioned,
data are acquired in a regime of very low coverage. If,
spite of this, an adatom comes within a few lattice spacin
of another adatom in the same row, its displacements
excluded from the analysis. In general, adatoms that p
each other in adjacent rows are included in the analy
However, in a test case it was verified that if the relative
small number of such events were also excluded,
significant change in the determined jump rates resulte

The question of a possible tip influence has been th
oughly investigated, and details will be reported elsewhe
In brief we find two different regimes for the dependence
the hopping rate on the tunnel junction resistance,R. For
values ofR $ 50 MV the adatom hopping rate is found t
be independent ofR, whereas for lower values ofR there
is a considerable increase in the hopping rate. Since
present results are all acquired atR  100 MV tip influ-
ence is negligible.

We now return to a discussion of the determined a
tivation barriers for single and double jumps. The da
presented here constitute the first experimental demons
tion that the rate for double jumps follow an Arrhenius d
pendence on temperature. Even though this result m
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have been expected from general considerations of a
vated processes, it has to our knowledge never been sh
in any of the previous theoretical papers on this subje
However, in very recent MD simulations such a behavi
has indeed been verified [21].

If we in the expression for the double jump rate,h2 
n2 exps2Ed2ykBT d assume thatEd2  Ed1 1 DE, we
find from Fig. 3 thatDE  0.08 6 0.06 eV. This DE
may be interpreted as an additional energy required
a long jump to occur. The dissipation of energy whe
an adatom diffuses over the surface has been mode
as a friction term in a generalized Langevin equation b
Ferrandoet al. [15]. They find a characteristic energy
associated with the work performed by the frictional forc
as the atom moves over one lattice spacing. Although
is unclear whether this energy can be directly associa
with the additional energyDE mentioned above, the fact
that DE for Pt on Pt(110) is found to be small seems t
indicate that the energy dissipation to the substrate is l
in this system. This is surprising since a strong couplin
is generally expected for a self-diffusion system whe
adatoms and substrate atoms have equal masses.
present findings seem to differ from the FIM studies of P
and W on W(211) [13]. In this case no long jumps wer
found for W on W(211), whereas for Pd the long jump
disappeared by a lowering of the temperature from 133
122 K. This led the authors to suggest that the barrier
a double jump in this latter system was roughly twice a
big as that for a single jump.

In conclusion, we have found that a significant amou
of long jumps occur for self-diffusion of Pt on the Pt(110)
s1 3 2d missing row reconstructed surface. The hoppin
rate for the long jumps is found to follow an Arrheniu
dependence on termperature, and the activation barr
for single and double jumps are determined to beEd1 
0.81 eV and Ed2  0.89 eV, respectively. This energy
difference may be interpreted as a measure of the ene
dissipation of the Pt adatoms on the Pt(110)-s1 3 2d
surface. Hopefully the present experimental findings w
stimulate new theoretical studies.

We thank G. Ehrlich, K. W. Jacobsen, and J. K
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Research Council, the Center for Nanotribology, and fro
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