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Nucleation and growth of Pt on the reconstructed Pt(100)-hex surface was studied by scanning
tunneling microscopy. A detailed autocorrelation analysis of island positions reveals direct evidence
for strongly anisotropic diffusion, and from the island size distribution, which obeys a simple scaling
relation, we conclude that the mobility of dimers is negligible. Finally, kinetic Monte Carlo simulations,
incorporating anisotropy in diffusion and finite island sizes, yield new insight into how these two
factors affect the island size distribution and the scaling behavior of island density with temperature and
deposition rate. [S0031-9007(96)00572-8]

PACS numbers: 61.16.Ch, 68.35.Fx, 68.55.—a

The understanding of the initial stages of metal on The experiments were performed in an ultrahigh-
metal growth has improved considerably in the last fewacuum system equipped with an STM. The sample was
years not least because of detailed scanning tunnelingputter cleaned followed by annealing to 970 K, resulting
microscopy (STM) studies with atomic or near-atomicin terraces of several thousand A width. Evaporation
resolution [1-3]. Especially the island nucleation andwas performed from a resistively heated Pt filament, and
growth scenario for simple isotropic systems [4] has beetthe sample temperature was measured by a thermocouple
put on a much firmer basis, while the understanding ofnounted to the back of the sample. The evaporation rate
anisotropic and reconstructed systems [5—8] is less welvas determined from the evaporation time, controlled
founded. by a shutter, and the deposited coverage, as determined

In this Letter, we present comprehensive STM measureifom the STM images. Depositions were performed
ments on the submonolayer homoepitaxial nucleation andt five temperatures between 318 and 497 K. At each
growth of Pt on the reconstructed Pt(100)-hex surfacetemperature, several rates were used, corresponding to
which exhibits a highly anisotropic surface morphology.deposition times ranging from 10 to 1800 sec. For each
Island positions, sizes, and number densities have beeset of deposition parameter2000 individual islands on
determined over a wide range of deposition ra&t¢ &nd  large step-free terraces were analyzed.
temperature 1), and these data are compared with the Pt belongs to the class of lated Snmetals, the clean
results of kinetic Monte Carlo (KMC) simulations. It is (100) surfaces of which reconstruct by forming a con-
shown how a thorough statistical analysis of the experitracted quasihexagonal (hex) layer resting on top of the
mental data, in the form of autocorrelation functions forquadratic substrate [9—11]. Figure 1(a) shows an atom-
island positions and normalized island size distributionsijcally resolved STM image of the Pt(100)-hex surface.
in a unique way supplements the information usually ex-The hex layer is oriented such that there is alignment
tracted from the scaling of island density withand7.  between the close-packed directions in the two layers (in-
New insight into the way in which highly anisotropic dif- dicated by white line segment). The misfit between the
fusion in combination with finite island sizes influencestwo layers leads to a characteristic height modulation.
the scaling of island density and the island size distribu-
tion is presented. More specifically, the autocorrelation, . . _
analysis reveals that the islands are anisotropically dis(a] -
tributed, implying a highly anisotropic surface diffusion of i
Pt adatoms. The island size distributions, which by prope
scaling collapse onto a single scaling curve, confirm tha
the diffusion is anisotropic, reveal an early onset of co-
alescence, and indicate a negligible dimer mobility. The
island densities conform with the usual type of scaling
law, N, ~ (R/h)X, whereh denotes an effective adatom

hopping rate ang is found to be 0.27. From this result, it FIG. 1. STM images of (a) the Pt(100)-hex surfadd((x

?S concll_Jded that. the critical island sizés 1, Correspc')nd-' 140 A?), (b) monoatomically high islands obtained after Pt
ing to dimers being stable, and that the surface diffusiomjeposition g = 2.3 x 107* site 'sec’!, T = 389 K, 1400 x

is described by an effective barrigy = 0.43 eV. 1400 A?). Inset: Edge of island, atomically resolved.

(b)
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Perpendicularly to the line, this height modulation has ahe histogram with no interisland vectors is mainly due to
periodicity of six top-layer atoms, and is seen as rowlikethe finite sizes and shapes of the islands.

structures running parallel to the line, henceforth referred In Fig. 3(a), the island size distributions for different
to as the direction of the reconstruction rows. Althoughtemperatures at a fixed rate are shown. If the island
the atoms in the topmost layer have a nearly hexagonalizes are measured relative to the average islandsgize
arrangement, which might indicate isotropic diffusion ofthe normalized distributions possess a universal scaling
adatoms, the highly anisotropic large-scale surface momehavior and collapse onto a single curve [&F/s.v),
phology of the Pt(100)-hex phase points towards stronglas shown in Fig. 3(b). Such scaling has previously been
anisotropic effects in the Pt adatom diffusion. Homoepi-discussed theoretically in both the isotropic [8,12] and
taxial growth on this surface is also interesting since thenisotropic cases [8] and confirmed experimentally [3] in
reconstruction is known to be lifted by the adsorption ofthe case of isotropic diffusion.

various molecules [9,10]. In order to gain insight into the effects of anisotropic

As shown in Fig. 1(b), deposition of a submonolayerdiffusion and finite island sizes on the described obser-
amount of Pt on the Pt(100)-hex surface results in the forvations, KMC simulations have been performed. Pt(100)-
mation of monoatomically high islands, which also exhibithex has a very complex surface morphology, and most
the characteristic height modulation of the reconstruction.

Initially N, increases with the Pt coverage until a satura-

tion is reached. The subsequent measurements discusse 20———4+—F—F——F—+—7T——T
here are made in the saturation regime at a coverage ol i
=(0.07 ML. The islands are compact, and at the higher
temperatures they are of a regular rectangular shape with _ 1.5
an aspect ratio (lengtlvidth) between 1 and 3, and lie =
oriented with their long edge parallel to the direction of
the reconstruction rows. Since the Pt islands are found to &
be reconstructed, it is believed that a transformation from @
a quasihexagonal to a quadratic arrangement of the atoms 0.5
takes place underneath a growing island.

The spatial correlations between the islands can be in-
vestigated quantitatively by considering the autocorrela- 0.0
tion function for the island positions. This is constructed
from all images corresponding to a given se{RfT) by
superposing from a common origin all interisland vectors
connecting the center of gravity for two islands. The au-
tocorrelation function, as shown in Fig. 2(a), reveals that
the density of interisland vectors is significantly reduced
in the direction parallel to the reconstruction rows, thus
demonstrating a clear anisotropy in the correlation of the
island positions. This is exactly the expected behavior if
adatom diffusion is highly anisotropic with the fast direc-
tion along the reconstruction rows. The central region in
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FIG. 3. (a) Island size distributions showing the denaityof
islands of sizes (R = 8 X 1073 site ! sec’!, temperatures as
stated in figure). (b) Top: The same distributions as in (a),
scaled according to the proposal of Ref. [8]. The fact that the
439 K result differs slightly might be ascribed to small fluctua-
tions in the deposited coverage. Bottom: Comparison to simu-
FIG. 2. Autocorrelation functions for island positions. (a) Ex- lations. Circles: Average over the five scaled distributions.
periment: R = 2.3 X 107* site"!sec’!, T = 389 K, 1600 X Solid line:  Strongly anisotropic diffusionh(/h, = 1000,
1600 A2. The regions with a reduced density of interisland ,/R = 10?). Dashed line: Isotropic diffusioni(/h, = 1,
vectors point exactly in the direction of the reconstruction rows.z/R = 10°). Dash-dotted line: Strongly anisotropic diffusion
(b) Simulation:h,/h, = 1000, h,/R = 10°, 261 X 261 sites. of both monomers and dimera,(/h, = 1000, h,/R = 10°).
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likely the corrugation of the Pt(100) substrate gives risenucleation is due to local “deconstruction” events, which
to a distribution of energy barriers on the hex overlayeris interesting keeping in mind that the reconstruction is
We make no attempt at directly reproducing this. In-lifted under a growing island. The changes for higher
stead we adopt the simplest model containing anisotropgritical island sizesi(= 2,3, ...) are more delicate and to
in diffusion and compact islands of finite sizes. Adatomsaddress these possibilities we turn to the scaling behavior
are deposited on a square lattice at a Rtand are al- of the saturation island density as a function(Bf 7).

lowed to jump to the four nearest neighbors with rates From mean-field rate-equation descriptions of the nu-
h, for jumps along thex andy directions, respectively, cleation process [4,8], the saturation island denaityis

the anisotropy being controlled by the rafig/h,. Two  expected to vary as

adatoms will aggregate irreversibly upon encounter and R\X

thereby nucleate an island. Adatoms captured by an is- Nx ~ <—> expxE/kT), E=Eq+ E/i, (1)
land are placed at an edge site of the island in such a way g

that islands are always compact and approximately squar&hereEy is the barrier for surface diffusior,and£; are
The simulation is stopped at a coverage of 0.07 ML. the size and binding energy of the critical cluster, and

The experimentally determined autocorrelation functionthe prefactor for diffusion. By fitting the observed island
may be compared with one obtained from such simplglensities to Eq. (1) we obtajp = 0.27 = 0.01 andE =
kMC simulations. The autocorrelation plot in Fig. 2(b) 043 = 0.03 eV. As opposed to the usual plotting of
was obtained from simulations with,/R = 10° [13], N. versusRr for fixed T, we choose a more compact
and for an anisotropy ofi,/h, = 1000, which is the Way of presenting the data shown in Fig. 4. Heéfgis
order of magnitude giving the best agreement with theplotted versus the parametey» exp(—E/kT), which we
experimentally obtained autocorrelation function. calculate using the fitted value farand» = 10" sec’.

The scaled island size distribution is also reproduced The scaling behavior of Eqg. (1) has been analytically
by the kMC simulations withi, /h, = 1000 as shown Obtained in two cases: (i) for the well-studied case of
in Fig. 3(b). The scaled distribution differs from the isotropic diffusion the exponent jg*° = i/(i + 2)[4,8],
ones obtained earlier for isotropic diffusion [12] and,and (i) for one-dimensional nucleation and growth, Evans
in a point-island model, for anisotropic diffusion [8]. and Bartelt [8] find y'® = i/(2i + 2). For the case
Especially, the island size where the distribution take®f i = 1, different scaling is thus to be expected with
on its maximum value is less than the average island>® = 1/3 and x'P = 1/4, respectively. Higher values
size. This is mainly a result of coalescence due to th@f the critical island size lead in both cases to exponents
finite island sizes. For high diffusional anisotropies, theconsiderably larger than the one seen experimentally
extent of an island in the direction of slow diffusion canand therefore we conclude that= 1 over the whole
already at rather small coverages become comparable temperature interval examined (a change away from1
the diffusion length in that direction, giving rise to an would prevent the observed collapse onto a single curve).
earlier onset of coalescence as compared to the case 9fce E; = 0, the E obtained from fitting by Eq. (1)
isotropic diffusion. This is indeed the case for Pt(100)-can directly be associated with,. Because of the
hex, where the islands are compact with a relatively sma¢omplicated surface morphology, the determined value
aspect ratio. In the simulations, this effect can clearlynust be interpreted as an effective or limiting barrier in
be seen: By neglecting coalescence when evaluating tige direction of fast diffusion.
island sizes, the peak position in the scaled distribution Given that diffusion has been shown to be highly
moves very close to the average island size. anisotropic, it would be tempting to jump to the

The island size distribution can also be used to estab-
lish whether the main diffusing objects are monomers or 103 ¢
dimers (or even larger islands) [14]. Figure 3(b) shows the i
simulated island size distribution if dimers are assigned the
same mobility as monomers. The resulting scaled island
size distribution clearly has a much higher peak value than
the observed distribution, and consequently we conclude
that the mobility of dimers is negligible as compared to
that of the monomers.

A change in the critical island size away froim= 1 108 e e
also affects the island size distribution. Simulated island 1018 1012 g0 1010 40
size distributions fori = 0 are seen to be monotonically Rive Ea/KT
decaying fgncltlon.s [12] as opposed to the .pre.sent%lGA. Experimentally determined island densiti#s, plot-
observed distribution. This shows that nucleation is nofgq against the parametet/v exp(—E/kT) (E = E, since

due to pinning at impurities or SpeCial sites on the Surfacej. = 1) The Symb0|s Correspond to the same deposition tem-
The fact thati # 0 also rules out the possibility that peratures as in Fig. 3(a).
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conclusion that the measured valye= 0.27 is a realiza-  investigated with STM. The islands formed are compact,
tion of the 1D nucleation and growth scenario. Howeverreconstructed, and two dimensional, and from the spatial
kMC simulations reveal that the exponent can be rathedistribution of islands highly anisotropic adatom diffu-
sensitive to several factors including both the degreeion is inferred. The effects of the combination of 2D
of anisotropy and the island shapes and some furthaslands and anisotropic diffusion have been investigated
discussion is therefore warranted. in simple kMC simulations. By comparing simulated is-

If we first neglect the island shapes and use a pointland size distributions to the ones obtained experimen-
island model in the simulations, the calculated exponentally, it is shown that coalescence occurs at an early stage
for infinitely anisotropic diffusion is seen to increase in the growth process as well as it is demonstrated that
monotonically as a function of,/R as also found in dimer mobility is negligible. Finally, new theoretical re-
Ref. [8]. In the regime of very largk, /R, it approaches sults for the scaling of island densities with rate and tem-
the value y = 0.25 consistent with the analytic rate- perature have been presented, and from the experimentally
equation results. However, including a small mobility observed dependence, an effective barrier for surface dif-
perpendicularly to the direction of fast diffusion changesfusion is found and it is concluded that dimers are stable.
the exponent significantly; e.g., for an anisotropy of The Center for Atomic-scale Materials Physics
hy/hy = 1000 it is increased to approximately = 0.30, (CAMP) is funded by the Danish National Research
as can be seen from an extrapolation to the experimentallyoundation.
relevant regime fok, /R(10°-10'?).

The point-island model completely neglects the spa-
tial extent of the islands. When the islands have a two-[1] 4. Brune, H. Rader, C. Boragno, and K. Kern, Phys. Rev.
dimensional shape, they will extend over, and may block, "~ Lett. 73, 1955 (1994).
an increasing number of diffusion channels as they grow,[2] M. Bott, M. Hohage, M. Morgenstern, T. Micheley, and
reducing the nucleation probability by capturing an in- G. Comsa, Phys. Rev. Left6, 1304 (1996).
creasing number of adatoms. If this size-dependent cap{3] J.A. Stroscio and D.T. Pierce, Phys. Rev.4B8, 8522
ture probability is included in the rate-equation analysis, (1994).
we obtainy = 1/3 in the limit of infinitely anisotropic ~ [4] J.A. Venables, Surf. Sc99/300, 798 (1994).
diffusion [15]. This analytic result is in agreement with [51 S- Gunther, E. Kopatzki, M. C. Bartelt, J. W. Evans, and
simulations with square islands. From simulations with R.J. Behm, Phys. Rev. Leff3, 553 (1994).

e ; . e [6] J.P. Bucher, E. Hahn, P. Fernandez, C. Massobrio, and
infinite anisotropy in the diffusion, we can extrapolate K. Kern, Europhys. Lett27, 473 (1994).

to find an exponent pf)( = 030 = 0.01 in the exper?- [7] Y. W. Mo, J. Kleiner, M.B. Webb, and M.G. Lagally,
mentally relevant regime fok,/R. If the anisotropy is Phys. Rev. Lett66, 1998 (1991).

hy/hy = 1000, the value is increased to approximately [g] J.W. Evans and M. C. Bartelt, J. Vac. Sci. Technol12
x = 0.32, and thus the value for the exponent gets very 1800 (1994).
close to ¥3 as for isotropic diffusion. [9] A. Hopkinson, J. M. Bradley, X. Guo, and D.A. King,
To summarize, the simulations reveal that in a point- Phys. Rev. Lett71, 1597 (1993).
island model with anisotropic diffusion, values gf  [10] A. Borg, A.M. Hilmen, and E. Bergenen, Surf. S806,
between ¥4 and Y3 are expected depending on the 10 (1994).
degree of anisotropy, whereas in a model with anisotropi€!] \L/'et't:'c;rlenltgg’l'\?'lg'v'g%t)hfesse" and M. Scheffler, Phys. Rev.
Q|ffu5|on and finite |sland_5|zes, a vglue fprcloge t0 0.3 [12] J.G. Amar and F. Family, Phys. Rev. Leftd, 2066
is expected. The valug = 0.27 obtained experimentally (1995).
thus seems 1o be best reprodu'ced in the p0|nt-|slanﬂ3] For h,/R > 10° the kMC simulations become very
model, despite the fact that the islands are observed 10 time consuming. The simulated autocorrelation function
be of finite extent. However, the blocking effect would and island size distributions have been obtained using
be reduced if the diffusion on the Pt(100)-hex surface is  the parameters,/R = 10° and h,/h, = 1000 yielding
such that there is essentially one channel of fast diffusion  an island density ofN, = 6.4 X 1074, approximately
for each 6-atom period of the reconstruction. We suggest one order of magnitude higher than the experimentally
that this is the case, and that the growth on this surface observed island densities. However, a scaling regime
thus represents an intermediate case between the point- €Xists forh,/R > 10°, where the autocorrelation function
island scenario and a situation with 2D islands. exhibits invariance with respect to,/R if it is scaled
It may be noted that Giinthet al. [5] have studied ho- with a lengthv ~'/2, Similarly, the island size distributions

L2 o show perfect collapse in this regime.
moepitaxial growth on Au(100)-hex and found= 0.37 [14] L. Bardotti, P. Jensen, A. Hoareau, M. Treilleux, and

at variance with the resuly = 0.27 obtained here for B. Cabaud, Phys. Rev. Left4, 4694 (1995).
Pt(100)-hex. This difference could be due to significantyg) j 3. Morteﬁsen, M.S. thesis: 1995: J.J. Morteneeal.
dimer mobility in the Au case [16]. (to be published).

In conclusion, the submonolayer homoepitaxial growth16] M. C. Bartelt, S. Gunther, E. Kopatzki, R.J. Behm, and
of Pt on the reconstructed Pt(100)-hex surface has been J.W. Evans, Phys. Rev. 83, 4099 (1996).
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