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At temperatures around 373 K, Ru growth on Pt(1 1 1) proceeds via nucleation and growth of bilayer
islands [H.E. Hoster et al., Phys. Chem. Chem. Phys. 3 (2001) 337]. The influence of the deposition tem-
perature on the Ru growth behavior on Pt(1 1 1) was studied by scanning tunneling microscopy (STM)
and Auger electron spectroscopy (AES) in the temperature range between 303 and 773 K. The data reveal
a distinct change in the growth characteristics, most important the change from the growth of bilayer Ru
islands to monolayer islands, at temperatures between 523 and 573 K. Based on AES data and on atomic
resolution STM images, these changes are associated with the onset and increasing contribution of sur-
face alloy formation via Pt–Ru exchange and, at T > 673 K, alloy formation in near surface regions. Con-
sequences of these data for the mechanism of bilayer growth and the underlying physical origin are
discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Nucleation and growth of ultra-thin metal films have attracted
considerable interest in recent years, both because of the interest
in the atomistic understanding of the growth process [1–3], and be-
cause of their use as model system for studying the functional prop-
erties of bimetallic materials, e.g., for catalytic or electro-catalytic
applications [4–7] or for magnetic recording technology [8,9]. It
was early noticed that in a number of metal-on-metal systems the
growth behavior did not follow the usual pattern predicted by stan-
dard nucleation and growth theory [2], but varied distinctly in char-
acteristic features. One example for that is Ru/Pt(1 1 1), which was
shown to grow via bilayer islands, preferentially upon deposition
at room temperature and almost exclusively at 373 K [10]. In addi-
tion, a distinct decoration of the Pt(1 1 1) steps by Ru islands was
observed. A similar bilayer growth behavior was reported, but not
yet understood on an atomistic scale, also for other systems such
as Co/Cu(1 0 0) [11–13], Co/Cu(1 1 1) [14–17], Co/Pd(1 1 1)
[18,19], Co/Au(1 1 1) [20,21], or Co/Ag(1 1 1) [21]. In these studies,
it turned out that the growth characteristics depended strongly on
the deposition temperature, with the bilayer growth changing to
the expected growth via monolayer islands at higher temperatures.
A more detailed understanding of the growth process and of the
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physical origin of the bilayer growth, which could be transferred
to the present Ru/Pt(1 1 1) system, was, however, still lacking (see
also Refs. [18,19,22,23] and for the present system Ref. [24]). Finally,
growth of multilayer islands was observed also for Ru electrodepos-
ition on Pt(1 1 1) electrodes [25–29].

Recently, we could show that the bilayer growth is a conse-
quence of the stronger interaction between Ru and Ru compared
to that of Pt–Ru, which favors Ru bilayer island growth compared
to wetting of the Pt(1 1 1) surface; strain effects play a minor role
in this case [24]. In the present paper, we report results of a com-
bined Auger electron spectroscopy (AES) and scanning tunneling
microscopy (STM) study on the growth of submonolayer Ru depos-
its on a Pt(1 1 1) surface, focusing on temperature effects in the
growth behavior. This work is part of extensive studies in our
laboratory on the correlation between structural and chemical
properties of structurally well-defined bimetallic PtRu surfaces as
model systems for state-of-the-art PtRu fuel cell anode catalysts
[30,31], which include so far Pt monolayer modified Ru(0 0 0 1)
surfaces [32–35] and monolayer PtxRu(1�x) surface alloys grown
on a Ru(0 0 0 1) substrate [32,33,36–39]. Ru modification of Pt
substrates, e.g., of Pt(1 1 1), is expected to result in surfaces with
different electronic and structural properties. The preparation
of monolayer Ru modified Pt(1 1 1) substrates would require a
change in the bilayer growth characteristics. According to the pre-
vious results obtained on other bilayer growth systems [11–21],
variation of the deposition temperature may be one way to reach
this.

Following the presentation of our experimental data, we will
compare these results with the findings for other metal-on-metal
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systems with a similar bilayer growth process (see above, Refs.
[11–21,23]), and discuss consequences and conclusions of these
findings for the growth mechanism and the underlying physical
origin.
2. Experimental

The measurements were performed in a standard ultrahigh
vacuum (UHV) chamber (base pressure 6 � 10�9 Pa), which is
equipped with a home-built pocket size STM and standard facili-
ties for surface preparation and characterization. These include a
cylindrical electron energy analyzer (Physical Electronics, CMA
10-155) for Auger electron spectroscopy, electron beam evapora-
tors for Pt and Ru evaporation (Omicron EFM 3), a quadrupole mass
spectrometer (Balzers, QMA 120) for residual gas analysis, and an
Ar+ ion gun for sample cleaning. Further details are given in Ref.
[40].

The cleaning procedure consisted of cycles of Ar+ bombardment
(0.5 kV, 10 lA cm�2, 15 min) and three subsequent annealing cy-
cles up to 1100 K, followed by exposure to 1 Langmuir (1 L,
10 s � 10�7 mbar) O2 during cool-down below 900 K, and two final
annealing cycles up to 1050 K to remove carbon contaminations
and adsorbed O. All annealing cycles were performed at controlled
heating/cooling rates of 4 K s�1 (heating) and 2 K s�1 (cool-down),
respectively. After this treatment, no contamination was detected
by AES, and the clean Pt(1 1 1) surface was characterized by ex-
tended (50–100 nm), atomically smooth terraces. Atomic resolu-
tion images on the clean substrate or between the islands (see
insets in Fig. 4c and d) did not show any impurities either, ruling
out the presence of notable amounts of impurities such as carbon.
Ru was evaporated at rates of around 0.2 monolayer (ML) min�1.
The deposition rate was tested regularly by STM measurements
and found to be very stable. During evaporation, the background
pressure was better than 6 � 10�8 Pa. STM images were collected
in the constant current mode. The typical bias/current conditions
for morphology and for atomic resolution imaging were 1.5 V/
1 nA and 1 mV/100 nA, respectively. The surface morphology
and the Ru coverage as well as the composition of the surface layer
were determined by quantitative evaluation of the STM images.
3. Results and discussion

The effect of the substrate temperature on the growth behavior
and hence on the morphology of the resulting Ru film was first ex-
plored by comparing the surface morphologies resulting upon
deposition of 0.40 ± 0.04 ML of Ru at different temperatures (depo-
sition rate 0.2 ML min�1). This coverage was chosen for demonstra-
tion, since it illustrates the temperature effects most clearly. Fig. 1
shows a series of representative STM images (100 nm � 100 nm)
recorded after Ru deposition on the clean Pt(1 1 1) surface at sam-
ple temperatures of (a) 303 K, (b) 373 K, (c) 473 K, (d) 523 K, (e)
573 K, (f) 623 K, (g) 673 K, and (h) 773 K.

The STM images provide detailed information on the character-
istic trends and changes in the Ru growth behavior with increasing
temperature, specifically on the evolution of the size, height, distri-
bution, shape and density of the islands and on the surface area
covered by them. Starting with the latter, they reveal that with
increasing deposition temperature the fraction of the surface cov-
ered by adlayer islands first decreases, from around 34% for depo-
sition at 303 K to �22% at 373 K, then remains at constant values of
21–26% between 373 and 523 K, then increases drastically for 573
and 623 K to 32–41%, and finally starts to decrease at 673 K. For
deposition at 773 K, the surfaces are essentially smooth, with very
few island structures. The exact values of the island covered rela-
tive surface areas are listed in Table 1, together with other charac-
teristic parameters. Parallel with these changes, the island heights
change as well. The islands exhibit a clear preference for bilayer
growth (island heights 0.41 ± 0.02 nm) at growth temperatures be-
tween 373 and 523 K, in agreement with previous findings for
comparable deposition conditions (373 K) [10]. For deposition at
lower temperatures (303 K), a tendency towards bilayer is visible
as well, but not as pronounced as in the temperature regime be-
tween 373 and 523 K (mean island height 0.29 nm, see also Ref.
[10]). For deposition above 523 K, monolayer islands prevail (is-
land height around 0.23 ± 0.01 nm, see Table 1). (The absolute val-
ues of the island heights were determined by using the measured
value (0.227 nm) of the Pt(1 1 1) step height as reference.) The
Ru coverages calculated from the total volume of the adlayer is-
lands vary only slightly, within ±10%, up to 623 K deposition tem-
perature (see Table 1).

So far, the data indicate a clear change from bilayer growth at
lower temperatures (at 303 K bilayer growth appears to be kineti-
cally limited) to monolayer growth at higher temperatures, with a
transition in the growth behavior in the temperature range be-
tween 523 and 573 K. There is, however, another important differ-
ence between the two temperature ranges. In the lower
temperature range, the steps of the Pt(1 1 1) substrate are fully
decorated by adlayer islands, while this is not the case for deposi-
tion temperatures of 573 K and above. At the higher temperatures,
the step decoration by bilayer islands is replaced by a line of sep-
arate smaller monolayer islands on the upper terraces of the
Pt(1 1 1) substrate, parallel to the steps.

The morphology of the islands on the terraces and along the
steps is illustrated in the height profiles shown below the respec-
tive STM images in Fig. 1. The profiles represent the height varia-
tions along the lines indicated in the related images by black–
white dotted lines. For better illustration of the island morphology,
the height profiles are underlaid with a schematic representation
of the local layer structure and composition of the islands and of
the underlying substrate. These profiles not only demonstrate the
distinct bilayer growth on the terraces, but also explain the deco-
ration of Pt(1 1 1) substrate steps by Ru islands in a simple way.
It results from the condensation of Ru adatoms at the ascending
steps of the Pt(1 1 1) substrate, leading to Ru island nucleation
(‘heterogeneous nucleation’) along the step edge. The stabilization
of bilayer island configurations results in a continuous line of bi-
layer islands (referenced to the lower terrace surface) along the
ascending steps. Attachment of Ru adatoms coming from the upper
terrace allows these islands to grow also on the upper terrace,
where they form monolayer islands, which then can stabilize an
additional Ru layer on top. The line of monolayer islands formed
at higher deposition temperatures parallel to the steps on the
upper terraces, at a distance of about 4 nm from the steps, can
be explained by heterogeneous nucleation along a boundary be-
tween two different substrate materials. This boundary is created
by Ru attachment at the ascending steps (Pt–Ru transition) or by
surface alloy formation along the steps, e.g., by embedding of Ru
adatoms in a stripe along the steps. For deposition at 673 K, one
can clearly see that island nucleation is inhibited on the lower ter-
race in a strip of 4 nm width along the ascending step, which can
be explained by the reduced density of Ru adatoms in this area
due to Ru attachment/incorporation at the ascending steps.

In Fig. 2a, the relative amounts of island material in the first
three adlayers at �0.4 ML are plotted as a function of the deposi-
tion temperature. The plot clearly demonstrates that the material
in the higher layers and thus the fraction of bilayer islands drops
suddenly in the temperature range of 523–573 K, and monolayer
islands become the typical configuration.

The island density first decreases from 303 K (Fig. 1a,
1.27 � 1012 cm�2) to 373 K (Fig. 1b, 0.56 � 1012 cm�2) deposition
temperature. Upon increasing the deposition temperatures



Fig. 1. Representative STM images (100 � 100 nm2) recorded after deposition of (a) 303 K; (b) 373 K; (c) 473 K; (d) 523 K; (e) 573 K; (f) 623 K; (g) 673 K; and (h) 773 K. The
deposition rate was 0.20 ML min�1 in each case. Below the STM images, height profiles of the respective surface are shown, which show a cut along the black–white dotted
lines in the respective STM images. The morphology of the islands and of the underlying substrate along the cut is indicated schematically in these profiles, furthermore, the
chemical composition of the island and the substrate surface layer, as derived from the data in Figs. 2–4, is illustrated. Striped patterns indicate (surface) alloy formation and
the alloy composition in the respective layer.

Table 1
Characteristic features of the islands formed by deposition of 0.40 (±0.04) ML Ru on Pt(1 1 1) at different deposition temperatures (deposition rate 0.2 ML/min). The possible error
in all values is approximately ±10%, for the height measurements the height of the monoatomic Pt(1 1 1) steps of 0.227 nm was used as a reference. Mean island height are
calculated via the height distribution of the islands.

Growth characteristics Growth temperature

303 K 373 K 473 K 523 K 573 K 623 K 673 K

Fraction of the surface covered by the islands in percent 34 ± 2 22 ± 2 25 ± 1 26 ± 1 32 ± 3 38 ± 4 29 ± 2
Mean island height (nm) 0.29 ± 0.01 0.40 ± 0.03 0.40 ± 0.04 0.39 ± 0.04 0.25 ± 0.03 0.22 ± 0.01 0.22 ± 0.01
Ru coverage calculated from the total volume of the islands

(ML)
0.41 ± 0.02 0.39 ± 0.03 0.42 ± 0.03 0.44 ± 0.03 0.35 ± 0.03 0.38 ± 0.04 0.29 ± 0.02

Island density (1012 cm�2) 1.27 ± 0.13 0.56 ± 0.02 0.82 ± 0.10 1.14 ± 0.11 1.38 ± 0.14 2.14 ± 0.21 1.19 ± 0.12
Typical island shape Roughly

triangular
Triangular Triangular Hexagonal/

triangular
Triangular Hexagonal Hexagonal

Decoration of the Pt(1 1 1) steps by Ru bilayer islands
(yes/no)

Yes Yes Yes Yes No No No
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(473–623 K), however, this trend turns around and the island
density increases again slightly: 0.82 � 1012 cm�2 (473 K),
1.14 � 1012 cm�2 (523 K), 1.38 � 1012 cm�2 (573 K) and 2.14 �
1012 cm�2 (623 K) (average error ± 10%), respectively (Fig. 1c–f).
This increase is in contrast to expectations based on standard
nucleation theory, where increasing temperature results in a
decreasing density of stable nuclei [2]. Possible reasons for this
discrepancy will be discussed below. Together with the growing
island density and the constant island volume, the average island
size, which is in the range of 7–10 nm, decreases slightly up to
523 K, until at 573 K the island size increases due to the transition
to monolayer islands. At higher deposition temperatures (673 K),
the nucleation behavior returns again to the normal trends, and
the saturation island density decreases with temperature to
1.2 � 1012 cm�2 at 673 K (Fig. 1g) and almost complete absence
of islands on the 500–100 nm wide terraces at 773 K deposition
temperature. The decrease in island density is accompanied by a
significant increase in island size (10–12 nm at 673 K).

Finally, also the shape of the adlayer islands undergoes charac-
teristic changes with increasing deposition temperature. For depo-
sition at 303 and 373 K, small compact islands with no regular
shapes and larger triangular islands are formed. The sides of the
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triangular islands are oriented along the close packed directions of
the Pt(1 1 1) terraces. As expected for an fcc(1 1 1) surface, the is-
land orientation does not vary between subsequent terraces. Uni-
formly oriented triangular islands are a common phenomenon in
metal-on-metal growth [3]. The absence of a preferential island
shape for the small islands can be explained by kinetic effects.
For the small island sizes the mobility of the adatoms along the
island edges and corners is still too high to develop distinct trian-
gular island shapes [41,42]. For deposition at 473–523 K, part of
the islands develops more compact, relaxed hexagonal shapes.
Nevertheless, for the temperature range dominated by bilayer
growth, triangular island shapes are characteristic (Fig. 1a–d). This
is true even for deposition at 573 K, where monolayer growth sets
in (Fig. 1e). Deviations from a simple triangular shape, which are
more frequent at lower deposition temperatures, are attributed
to two different effects, (i) limited mobility of adatoms along the
island edges and corners, and (ii) coalescence of adjacent nuclei
during deposition. At higher deposition temperatures (623 and
673 K), the monolayer islands exhibit distorted hexagonal shapes.
The changes in island shape and island growth kinetics are attrib-
uted to increasing rates of vertical exchange processes between Ru
and Pt atoms, which change the composition of the islands and the
underlying substrate layer. This will be discussed in more detail
below.

In addition to STM imaging, we performed complementary AES
measurements after Ru deposition at similar conditions as used for
the STM measurements. In each case, approximately 0.40 ML of Ru
was deposited. The AES spectra were measured immediately after
Ru deposition. The ratios between the peak-to-peak intensities of
the RuMNN peak (273 eV) and the PtMNN signal (64 eV), the relative
Ru Auger intensities RRu, are plotted as function of the deposition
temperature in Fig. 2b. The relative Auger intensity RRu has its
maximum value of 0.45 at 303 K and drops to 0.3 at 373 K. This de-
crease results from the transition to enhanced bilayer growth at
373 K, where less Ru is in the outermost layer. In the temperature
range of 373–523 K, it decreases only slightly from 0.30 to 0.27. A
significant decay, however, occurs between 523 and 673 K, where
it drops to 0.19. This decay of RRu coincides with the dramatic
change in the morphology and/or composition of the deposited
Ru layer in the temperature range of 523–573 K. A simple transi-
tion from bilayer to monolayer growth of Ru at 523–573 K would
lead to a re-increase of the RRu value at higher temperatures, which
is opposite to the trend observed in the experiments. This apparent
contradiction can be resolved if we assume that in this tempera-
ture range Ru atoms in the growing islands start to exchange with
Pt surface atoms and this way form a surface alloy with increasing
Pt contents in the adlayer islands and Ru contents in the substrate
surface layer underneath the islands. (Incorporation of the Ru
atoms in the surface layer of the Pt(1 1 1) substrate alone would
not affect the value of RRu.) This process does not modify the
amount of material in the islands, in agreement with the experi-
mental observation of a constant island volume up to 623 K. Only
if the exchanged surface atoms and the Ru adatoms become suffi-
ciently mobile on the surface that the mean distance between the
islands approaches the average terrace width, the measured island
volume will start to decay. Furthermore, since at these rather low
temperatures extensive solution of Ru in the bulk can be excluded
(self diffusion of Pt in Pt bulk sets in at above 1400 K [43]), the Ru
content in the near surface regions should be maintained. The
much more facile Ru ? Pt surface exchange compared to Ru bulk
dissolution can be rationalized by the lower coordination of the
surface atoms. The less stringent geometric confinement of the
neighboring atoms at the surface reduces the barrier for exchange,
while for bulk dissolution and hence for bulk diffusion the neigh-
boring atoms are essentially fixed to their position. Based on our
experiments, bulk dissolution is possible only for temperatures at
around 773 K and above. Thermodynamically, the exchange of Ru
deposit atoms and Pt surface atoms is driven by the highly positive
segregation energy of Ru in Pt, which favors bulk dissolution of Ru
in Pt rather than surface segregation of Ru. This agrees perfectly
with results from density functional calculations, which equally
yielded high positive values for the segregation energy of Ru in
Pt [23,44,45]. Comparing Ru accumulation in the near surface re-
gions of the Pt substrate, e.g., in the subsurface layer, and homoge-
neous dissolution of Ru in the Pt bulk, the latter is favored
entropically. This contribution is significant at the temperatures
required from kinetic reasons (sufficient mobility of the Ru atoms).
Furthermore, additional contributions may arise from a stabiliza-
tion of Ru in the subsurface layer, underneath Pt surface atoms.
Though a precise, quantitative determination of the extent of sub-
surface exchange and bulk diffusion is not possible from the pres-
ent AES data, they clearly indicate that the onset of Ru bulk
diffusion is at least 300–400 K higher compared to Ru surface
exchange.

The variation of the island density with deposition temperature,
which is plotted in Fig. 3 (see also Table 1), differs significantly
from the behavior expected from standard nucleation and growth
theory [2]. According to the latter theory, we would expect a con-
tinuous decay of the saturation island density ns with increasing
deposition temperature. While between 303 and 373 K the island
density decreases as expected, we find a clear increase of the island
density in the temperature range of 373–623 K. The unusual
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behavior of the island density overlaps with the transition from bi-
layer to monolayer growth (523 ? 573 K) and with the onset of Ru
exchange with Pt surface atoms (P523 K), as evidenced by the AES
data in Fig. 2b. Similar deviations from the predicted nucleation
behavior were reported earlier already for a few other metal-on-
metal growth systems such as Ni/Ag(1 1 1) [46] and Co/Cu(0 0 1)
[47], where the island density was found to first decrease and then
increase with temperature, before it finally decreased again. The
increasing island density above a critical temperature was ex-
plained by a combination of two effects, an increasing tendency
for thermally activated exchange of Ni (Co) adatoms with
Ag(1 1 1) (Cu(1 0 0)) surface atoms with temperature, and a stabil-
ization of Ni (Co) adatoms and small adlayer islands by underlying
Ni (Co) atoms in the substrate surface layer [46–48]. Hence, the ex-
changed Ni (Co) atoms act as nucleation sites for the heteroge-
neous nucleation and growth of Ni (Co) adlayer islands. A similar
mechanism was predicted also for Rh growth on Ag(1 0 0)
[49,50] and for the systems Ni/Ag(1 0 0) [51], Fe/Au(1 0 0) [52],
Au/Ni(1 1 0) [53], and Fe/Cu(1 0 0) [54–56]. At temperatures above
523 K, the stabilization of adlayer nuclei by incorporated Ru atoms
decreases and the system reverts to the ‘normal’ nucleation and
growth behavior. Thus, the distinct deviation of the temperature
dependent variation in Ru island density from trends predicted
by standard nucleation and growth theory is in full agreement with
our above conclusions that at temperatures >523 K exchange of Ru
adatoms and Pt(1 1 1) surface atoms plays an important role for Ru
growth on Pt(1 1 1). Furthermore, they indicate that Ru–Pt surface
exchange starts already at much lower temperatures, between 373
and 473 K.

The most direct and convincing evidence for intermixing and
surface alloy formation in the Ru islands, however, comes from
atomic resolution STM images with chemical contrast [32,57–59].
Although on the island covered surfaces atomically resolved imag-
ing was rather difficult to achieve due to the steep increase at the
island edges, especially for the bilayer islands, atomic resolution
images of the islands with chemical contrast could be obtained.
(The difficulties in atomic resolution imaging result from the close
distance between tip and surface required for atomic resolution
imaging, which in particular at island edges lead to considerable
forces between tip and surface, which can in turn induce material
displacement at these positions.) Examples obtained on differently
grown surfaces are shown in Fig. 4. Fig. 4a shows the surface mor-
phology of a 2.1 ML Ru film deposited at 473 K, i.e., close to the
temperature where the dominant islands change from bilayer to
monolayer height. As expected, �55% of each terrace is covered
by bilayer islands (the numbers in Fig. 4a indicate the local thick-
ness in ML). According to the atomically resolved image in Fig. 4b,
the second layer consists of at least two species that differ in their
apparent brightness. We clearly find a number of ‘dark’ surface
atoms on the image (�2–3% of the total number of surface atoms),
and a few brighter surface atoms in a matrix of similar height sur-
face atoms. The two surface components Pt and Ru are identified
by comparison with atomic resolution images of different PtRu/
Ru(0 0 0 1) surface alloys, where Pt surface atoms corresponded
to ‘dark’ atoms, i.e., Pt surface atoms led to a local decrease of
the tunnel current [38]. A similar electronic effect is expected also
for the present situation, despite of the different substrate and the
slightly different lattice constant, and the dark sites in the island
are associated with Pt surface atoms. This assignment of Ru being
the majority species is supported by the AES data (see Fig. 2),
which at this temperature only show a small decrease of RRu com-
pared to the lower temperatures. The rather complex contrast sit-
uation in the STM images, with more than two contrast levels, is
probably caused by local variations in the composition of the sub-
surface layer. The situation resembles that on bulk alloy surfaces,
where similar observations were reported and interpreted in the
same way [60–62]. Variations in the apparent heights and thus
in the local electronic properties due the presence of impurities
such as carbon are considered as unlikely (see Section 2), and are
therefore ruled out as origin of the additional height levels.

A second set of data was recorded on a surface covered with bi-
layer islands upon Ru deposition at 523 K (0.3–0.4 ML Ru, Fig. 4c).
Based on similar assumptions as described above, the surface layer
in these islands contains about 10–15% Pt. Hence, the bilayer
islands do not consist purely of Ru, but contain non-negligible
amounts of Pt, at least, if they are deposited at temperatures close
to the transition from bilayer to monolayer island growth. The
inset in Fig. 4c shows the terrace area between the islands with
atomic resolution. This and other images show essentially no indica-
tion for incorporated Ru atoms in the surface layer between the
adlayer islands, which supports our previous conclusion that Ru
atoms are mainly located within the bilayer islands (see above
discussion to Fig. 2b).

The situation is very different for the monolayer islands. Fig. 4d
shows an image recorded on top of a single monolayer island, on a
monolayer island covered surface grown at 573 K deposition tem-
perature. In that image, the bright Ru atoms are no more dominant,
but are embedded in an adlayer island, which predominantly con-
sists of Pt atoms. Based on a quantitative evaluation of the image,
approximately 80–90% of the surface atoms in the adlayer island
are Pt atoms. Atomic resolution imaging of the terrace areas in be-
tween the islands (see inset in Fig. 4d) indicates that also at 573 K
incorporation of Ru atoms in the exposed Pt(1 1 1) substrate is very
unlikely. Accordingly, most of the Ru deposited on the surface
should be immersed in the Pt surface layer underneath the mono-
layer islands, due to exchange of the Pt and Ru atoms during depo-
sition. This interpretation, which is illustrated in the schematic
model of the surface in Fig. 1e, is supported also by the distinct
decrease of the relative Ru Auger intensity RRu observed upon
deposition at 573 K (Fig. 2b).

The last images in this series (Fig. 4e and f) finally show an is-
land covered area of a surface after deposition of 0.8 ML Ru at
673 K. Because of the higher Ru coverage, the second layer popula-
tion is higher than that listed in Table 1 (0.4 ML). Although individ-
ual atoms are not resolved in the enlarged view in Fig. 4f, the short
scale variation in apparent height clearly indicates a bimetallic
composition of the surface layer in the adlayer, similar to observa-
tions for deposition at 573 K. Furthermore, we find a similar struc-
ture also in the areas between the terraces, i.e., for deposition at
673 K both adlayer islands and terrace areas consist of a Pt-rich,
mixed surface layer of about similar composition, presumably with



Fig. 4. STM images showing the mesoscopic ((4a, e): 100 � 100 nm2; (4f) 50 � 50 nm2) and atomic scale ((4b)–(4d), 5 � 5 nm2) structure after deposition of different
amounts of Ru at different temperatures: (a) 2.1 ML Ru deposited at 473 K; numbers indicate local film thickness in ML; (b) atomic scale details of the 3rd island level with
chemical contrast; (c): 0.4 ML Ru deposited at 523 K (surface composition on a bilayer island), inset: atomically resolved area of the exposed Pt terrace; (d): 0.4 ML Ru
deposited at 573 K (surface composition on a monolayer island, inset: atomically resolved area of the exposed Pt terrace); (e), (f) monolayer island and terrace area on a
surface after deposition of 0.8 ML Ru at 673 K; the corrugation indicates a homogeneous surface alloy formation in the different exposed layers.
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a Ru-rich layer underneath. The presence of Ru in near surface re-
gions is evident from the AES data in Fig. 2b.

Overall, the atomic resolution STM images confirm our previous
conclusion that Ru adatoms start to exchange with Pt surface
atoms already at temperatures significantly below the transition
to monolayer growth or the onset of the decaying relative Ru
intensity in AES measurements (�523 K both). At 473 K, individual
incorporated Pt atoms are clearly resolved in Ru bilayer islands,
and for 523 K deposition, the Pt surface content reaches 10–15%.
Therefore it is likely that Ru exchange starts at temperatures be-
tween 373 and 473 K, in excellent agreement with our above con-
clusions derived from the Ru island densities. Monolayer islands
grown by deposition at P573 K mainly consist of Pt (80–90% for
deposition at 573 K), and Ru atoms are assumed to be in the sub-
surface layer underneath the island. Based on the close correlation
between Pt surface content in the monolayer islands and the tran-
sition from bilayer to monolayer island growth, we propose that
the stabilization of bilayer islands is linked to a critical Pt content
in the monolayer islands. At higher Pt surface contents, the stabil-
ization of the second island layer becomes too weak to support
preferential bilayer growth, and normal layer growth with pre-
dominantly monolayer islands prevails. At lower Pt contents in
the monolayer islands, and hence higher Ru contents, bilayer is-
land growth dominates, driven by a stronger binding of Ru to Ru
than to Pt. It should be pointed out that the second island layer
contains more metal atoms than have landed on top of the growing
monolayer islands during the deposition process. Hence, also
transport of Ru and Pt adatoms from the large terraces onto the is-
lands must be kinetically feasible even at room temperature.

Since the STM images show no indication of mixed surface lay-
ers in the areas between the islands for deposition at 573 K and be-
low, exchange and surface alloy formation occur mostly at the
adlayer islands during growth in the submonolayer coverage
range. We suggest that exchange proceeds mostly during island
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growth at the perimeter of the growing island. Here exchange is
energetically more facile because of the less stringent geometric
conditions than within the Ru islands. In addition to the exchange
at the island perimeter, however, the incorporation of individual
mobile Ru atoms in the Pt surface layer, which can act as nucle-
ation sites for adlayer islands, becomes increasingly probable. This
results in the increase of the island density with temperature.

Finally it should be noted that the varying composition of the is-
lands and of the subsurface layer underneath the islands are likely to
affect also the island shape, both the kinetically stabilized forms and
the thermodynamic island shape. The relaxed hexagonal island
shapes observed for deposition at 623 and 673 K are interpreted as
the thermodynamically stable form of monolayer islands consisting
of a Pt-rich adlayer and a Ru-rich surface substrate layer underneath.
The bilayer growth mode makes the stable shape of monolayer Ru is-
lands on a non-modified Pt(1 1 1) substrate experimentally not
accessible. For the Ru-rich bilayer islands, we observe a transition
from a mixture of irregular and relaxed triangular (Fig. 1a and b) to
a mixture of relaxed triangular and hexagonal (Fig. 1c and d) island
shapes for increasing growth temperatures, in the range from
303 ? 523 K. This suggests a thermodynamic preference of the re-
laxed hexagonally shaped islands. Also in this case, final proof must
come from theory, since experimentally the higher temperatures re-
quired to clearly overcome kinetic barriers are not accessible with-
out changing the island composition.

For the Ru-rich bilayer islands (on an largely unmodified
Pt(1 1 1) substrate) we assume that the small amounts of incorpo-
rated Pt atoms will not affect the stable island shape. Nevertheless,
since because of their different compositions we can not directly
compare monolayer and bilayer islands, the conclusion of relaxed
hexagonal equilibrium shape of the bilayer islands is plausible,
but not fully conclusive. Also in this case, final proof must come
from theory, since experimentally the higher temperatures re-
quired to clearly overcome kinetic barriers are not accessible with-
out changing the island composition.

In total, the study revealed a close correlation between the ex-
change of Ru adatoms or adlayer atoms and Pt substrate surface
atoms and the general growth behavior. Ru atoms start to ex-
change into the Pt surface layer at temperatures between 373
and 573 K and act as nuclei for nucleation and growth of adlayer
islands. Because of the thermal activation of the exchange process,
this results in an increasing island density with temperature, up to
623 K. Exchange further controls the layer growth behavior, with
growth of almost pure Ru bilayer islands up to 523 K, and mono-
layer island growth with predominantly Pt in the adlayer and ex-
changed Ru in the former substrate surface layer underneath at
higher temperatures (>523 K). Both configurations are thermody-
namically stable if bulk dissolution of Ru is inhibited but exchange
between Ru adatoms and Pt surface atoms is possible (monolayer
Pt islands), or if both Ru bulk dissolution and surface exchange of
Ru are essentially inhibited (Ru bilayer islands). In a strict sense,
both configurations are metastable with respect to bulk dissolu-
tion. The transition from mono- to bilayer growth is proposed to
occur at a critical Pt content in the monolayer island surface layer.
4. Conclusions

Studying the temperature dependence of the growth of Ru on
Pt(1 1 1) in the range between 303 and 773 K by STM and AES,
we arrived at the following conclusions on the mechanism for Ru
growth:

1. At temperatures below 523 K, Ru grows in pseudomorphic
bilayer islands with a largely triangular shape (larger islands)
or compact shape (small islands). The bilayer growth is
explained by the strong Ru–Ru interactions, which leave bilayer
islands energetically favorable compared to wetting the
Pt(1 1 1) surface by monolayer islands. Exchange between Ru
adatoms and Pt surface atoms and hence surface alloy forma-
tion are improbable, but not completely ruled out for tempera-
ture higher than 373 K: Ru atoms incorporated into the Pt
surface layer, which stabilize Ru adlayer nuclei and this way
act as nucleation sites for Ru adlayer islands, lead to an increas-
ing island density with increasing deposition temperatures for
deposition at >373 K, in contrast to the trend expected from
standard nucleation and growth theory.
Ru adatoms condensing at ascending Pt(1 1 1) steps act as
nuclei for bilayer Ru islands at steps and to step decoration by
Ru bilayer islands (relative to the lower terrace), lateral Ru
growth onto the upper terrace cause bilayer island growth
along the steps also on this terrace.

2. At temperatures around 523 K, exchange between Ru adatoms
and Pt surface atoms becomes significant during (sub-)mono-
layer film growth. Bilayer island growth still prevails, but
atomic resolution STM images with chemical contrast resolve
intermixing in the surface layer of the bilayer islands, with
about 10–15% Pt in the surface layer. Exchange mainly occurs
at the growing islands, the amount of Ru surface atoms incorpo-
rated in the Pt(1 1 1) surface in areas between the islands is
negligible.

3. At temperatures between 523 and 573 K, the stabilization of
bilayer islands becomes weaker and bilayer island growth
changes into monolayer island growth. The transition is associ-
ated with a critical Pt content in the monolayer islands, at lower
Pt (=higher Ru) contents in the first island layer bilayer islands
are more stable, while for higher Pt contents, resulting from
more efficient Ru ? Pt(1 1 1) surface exchange, monolayer
islands with predominantly Pt in the adlayer and exchanged
Ru atoms in the topmost substrate layer prevail.
Due to the decay of bilayer island stabilization, nucleation of
bilayer islands at steps and hence the decoration of Pt steps
with Ru bilayer islands ceases. Ru adatoms attaching at ascend-
ing steps are likely to intermix with Pt in the upper terrace
layer.

4. At temperatures above the transition from monolayer to bilayer
growth, in the range between 573 and 623 K, the tendency for
Ru ? Pt exchange increases further with increasing deposition
temperature, and monolayer islands with predominantly Pt in
the adlayer and exchanged Ru atoms in the topmost substrate
layer dominate. This goes along with a change from triangular
to relaxed hexagonal island shapes.

5. At temperatures around and above 673 K, the decreasing cover-
age of islands and mixed monolayer strips condensed at former
Pt(1 1 1) steps points to the onset of step flow growth, where
the increasing adatom mobility leads to the attachment of Ru
and exchanged Pt adatoms at the ascending Pt(1 1 1) steps.
Exchange of Ru adatoms and Pt surface atoms is facile also in
the areas between the islands, and results in comparable Pt-rich
surface composition and Ru-rich subsurface compositions in
terrace areas and monolayer islands. For Ru deposition at
773 K, the island coverage is essentially zero and smooth sur-
faces prevail, which is attributed to a dominant step flow mono-
layer growth under these conditions, in combination with
surface alloy formation. Ru bulk dissolution, which is thermo-
dynamically favored, starts at or above 773 K.
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