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Nucleation and growth of silver films on a rhenium (0001) surface:
a combined STM and LEED study
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Abstract

Ag thin films on an Re(0001) surface prepared by vapor deposition at 300, 400 and 600 K were studied by means of low-energy
electron diffraction (LEED) and scanning tunneling microscopy (STM). At T=300K, Ag atoms nucleate heterogeneously at every
monoatomic Re step edge and diffusion-limited aggregation leads to dendritic Ag islands, which coalesce to a porous film near the
monolayer. Still larger coverages result in more densified Ag layers, due to enhanced interlayer mass transport facilitated by low
Schwoebel barriers for second-layer Ag islands. At T>400 K Ag atoms nucleate only at every second monoatomic step, indicating a
preference for the formation of (111) microfacets and a pronounced mobility of Ag atoms perpendicular to the step edges. Compared
to the 300 K situation, even more compact and better ordered layers are formed, resulting in a clear layer-by-layer growth (of Frank-
van-der-Merwe type), but with a strongly layer-dependent morphology. Ag grows pseudomorphically in the first layer as indicated
by misfit dislocation domains, uniaxially expanded lines of Ag atoms form in the second layer and STM moiré structures (paralled
by appropriate LEED superstructures) appear for the third and fourth layer (at T>400 X). In the fifth layer the 4.7% Ag-Re lattice
misfit is practically accommodated and clear epitaxial growth of Ag(111) crystallites occurs. © 1997 Elsevier Science B.V. All
rights reserved.

Keywords: Epitaxy; Low energy electron diffraction (LEED); Metal film growth; Nucleation; Rhenium; Scanning tunneling
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1. Introduction resolution almost routinely. Even more powerful
are thin film studies when they are combined with
conventional surface-sensitive techniques such as

LEED, Auger electron spectroscopy (AES), X-ray

The currently strongly increasing number of
publications dealing with thin film growth and

nucleation phenomena reflects the sustained inter-
est in the morphology of thin films and the related
physical and chemical properties of these materials.
On the other hand, it can be considered a conse-
quence of the power of today’s scanning tunneling
microscopy techniques which allow imaging of
surface structure and morphology with atomic
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photoelectron spectroscopy (XPS) or temperature-
programmed thermal desorption (TPD), since
these supplementary methods often allow & correla-
tion between, for example, surface structure and
binding energies, work function effects, conductiv-
ity, optical reflectivity, chemical composition, cata-
Iytic activity, etc.

We were interested in the nucleation and growth
behavior of silver thin films deposited on a rhe-
nium(0001) surface. This system may represent a
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chemically interesting bimetallic model catalyst,
somewhat similar to the previously investigated
Cu/Ru(0001) [1-6], Au/Ru(0001) [7] and
Ag/Ru(0001) systems [8,9]. Bimetallic systems of
this kind can exhibit a peculiar catalytic selectivity
for certain hydrocarbon synthesis and/or decom-
position reactions [10-127. Note that the noble
metals Cu, Ag and Aa do not form bulk alloys
with Re [13], which should make nucleation and
growth studies of Ag thin films with this substrate
less complicated than in cases where interlayer
diffusion and alloying effects occur; examples of
this are, among others, Cu on Pd [14], Ni on Cu
[15] or Al on Ru [16,17].

The choice of Re as a substrate was motivated
by several reasons. First, it is an important constit-
uent of reforming catalysts [18] and the dilution
and/or inhibition of active surface sites by an inert
noble metal such as silver could lead to particular
catalytic properties because electronic (ligand) and
geometric (ensemble) effects [19] may provide a
particular selectivity and/or activity increase.
Second, Re(0001) is a close-packed surface with
hexagonal symmetry (hcp structure) and only
recently there appeared reports in the literature in
which noble metal growth was followed on these
crystallographically ~ smooth  surfaces, with
ruthenium(0001) given as a particular example
[1-9,20-2417.

Re(0001) can be considered a very smooth sur-
face on the atomic scale. In a recent STM study
dealing with cobalt thin film growth onto Re(0001)
we determined the mean corrugation amplitude of
this surface to be less than 0.1 A [25] and it was
an interesting task to study the nucleation and
growth behavior of a noble metal with low melting
point and expected high mobility on such a surface.
By appropriate chemical cleaning, sputtering and
annealing we were able to prepare homogeneous
surfaces which were characterized by very wide
atomically smooth terraces (width > 1000 f&). At a
few points on the surface there also existed some
zones with a rather more perturbed character
showing step bunching, with sequences of quite
narrow steps of mostly monoatomic height
(width <100 A) [25,26].

In the STM investigations of the Cu and Au on
Ru(0001) systems pronounced fractal growth fea-
tures were observed [ 20~247 indicating significant

kinetic limitations in the noble metal thin film
growth; these effects were much more prominent
for Au than for Cu deposition [227. Nevertheless,
both noble metals clearly wetted the Ru surface
and exhibited a pronounced spreading on the
surface to form relatively homogeneous layers of
monoatomic thickness. Another important issue
concerns the temperature dependence of the nucle-
ation and growth features. For a variety of hetero-
epitactic metal-on-metal systems evidence of site
exchange processes, interlayer diffusion and/or sur-
face alloy formation has been reported; these effects
are most prominent at elevated temperatures.
Examples of this kind of “chemical” interactions
are, among others, provided by the Co-on-
Re(0001) system [25,26] and (less pronounced)
by the Ag-on-Pt(111) system [27].

In the following, we will describe the body of
our STM results obtained with Ag-on-Re(0001)
between 300 and 600 K, supplemented by LEED.
A full account of our combined XPS, AES, LEED,
TPD and A® results will be given elsewhere [28].

2. Experimental

All experiments were catried out in a stainless-
steel ultra-high vacuum (UHYV) chamber equipped
with the standard facilities for preparing and char-
acterizing a clean metal surface, among others a
four-grid electron optics for LEED and AES. A
UHYV tunnel microscope (rasterscope 3000, DME)
allowed, after appropriate tip and sample handling,
atomic resolution. By means of a wobble-stick
(WA technology) the sample could be transferred
between the UHV manipulator and the tunnel
microscope. In order to damp harmful vibrations,
the whole apparatus rested on commercial shock
absorbers (Newport). Typically, the tunnel micro-
scope was operated at room temperature in the
constant current mode with tunnel currents
between 0.1 and 3 nA and bias voltages between
+1 and +400mV.

A combined pumping system consisting of a
2701 s~! turbomolecular pump and a 4501 s~*
ion getter pump (Varian) provided a base pressure
of 10~%% mbar; even during prolonged Ag depos-
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ition from a Knudsen cell (see below) the chamber
pressure remained in the low 107 1% mbar range.

The Re(0001) sample of 5N purity consisted of
a disk ~1mm thick and ~8 mm in diameter. It
was mounted on a conventional sample manipula-
tor, which allowed in situ positioning as well as
heating by electron bombardment (7}, 22500 K).
The sample temperature was measured using an
Re/WRe thermocouple spot-welded to the sample
holder, which was in excellent mechanical and
thermal contact with the Re crystal. Accordingly,
there were only very small temperature differences
between the thermocouple/sample holder and the
actual sample, as repeatedly controlled by optical
pyrometry.

The main cleaning procedure of the Re sample
consisted of a few minutes heating in oxygen
(Po, 2 x 1078 mbar) at T=1100K, followed by
a short heating to 1500 K in a hydrogen atmo-
sphere (Py,~2x10""mbar) and a flash to
~2300 K in order to remove residual oxygen. No
Ar ion sputtering was employed in order not to
damage the Re surface. The cleaning procedure
was continued until there were no longer sulfur,
carbon and oxygen signals detectable in AES, and
the LEED pattern exhibited bright and sharp
diffraction spots on a low background.

The evaporation of silver was performed from a
commercial thermal effusion (Knudsen) cell (WA
technology) containing a graphite crucible loaded
with ultrapure (SN) Ag wire (Goodfellows) at a
temperature of ~ 1000 K, where the vapor pressure
of Ag is sufficiently high to achieve deposition
rates of a few monolayers per hour. From AES we
deduced that (after appropriate outgassing of the
source) the as-deposited Ag films were very clean;
the sulfur, carbon or oxygen contaminations men-
tioned above could not be detected.

3. Results and discussion
3.1. General remarks

After appropriate cleaning and annealing the
Re(0001) surface showed the expected hexagonal
LEED pattern with sharp diffraction spots on a
low background, indicating a chemically clean and
crystaliographically well-ordered substrate surface.

(The chemical cleanliness was also established from
AES and XPS measurements reported in more
detail elsewhere [28].) On Re surfaces of this kind
we deposited Ag films of various thicknesses either
at room temperature or at elevated temperatures
(400 K<T<600K); in some experiments the
300 K films were also annealed to higher temper-
atures (T>400~700 K). The standard deposition
rate was ~ 5 nominal monolayers per hour. Actual
silver coverages @ were estimated from a direct
inspection of large-scale tunnel images, whereby
we define ® as usual as the number of Ag surface
atoms related to the topmost Re surface atoms
(@=1 then means 1.515x 10* atoms m™2); the
relative amounts of deposit could be deduced from
TPD peak integrals | P d¢, Ag-induced work func-
tion changes (in the submonolayer range) and XPS
signal intensities with high accuracy [28].

We have organized the presentation of our
results as follows. First, the Ag films prepared at
room temperature will be described; their growth
is largely determined by kinetic effects. Thereafter
we will present the data obtained for the films
deposited at elevated temperatures (T =400 K),
which are rather dominated by thermodynamics.

3.2. Ag deposition at room temperature: the role of
kinetic limitations

3.2.1. Low-energy electron diffraction

The first noticeable changes in the LEED pattern
occur after deposition of about two tenths of a
monolayer (ML) (©4,~0.2) in that the initially
very low background intensity rises, although with-
out any indications of a new superstructure, and,
accordingly, the Re diffraction spot intensity
decreases somewhat. As more Ag is deposited, the
diffuse background intensity continues to rise and
then remains at a certain level, while the Re-derived
hexagonal (1 x 1) LEED spots are still recognizable
(although weak) up to a total coverage of ~4 ML
of Ag. It was not possible to observe a new
Ag-induced LEED superstructure under these con-
ditions — any such patterns were only obtained
after Ag deposition onto the heated Re substrate
or after annealing of the 300 K films to 400-500 K
and 700 K, respectively, cf. Section 3.3.1. However,
massive silver deposition to a total of more than
5 or 6 monolayers finally produces a LEED pattern
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(although with relatively diffuse spots) in which a
hexagon of “extra” spots is inscribed in the hexagon
of the Re(1x 1) reflexes, which points to a final
growth of Ag crystallites with their inherent
(Ag(111)) lattice constant.

The room temperature LEED data suggest, for
coverages up to approximately four Ag mono-
layers, fairly disordered Ag films with an apprecia-
ble concentration of holes and other defects; the
high diffuse background indicates a very ramified
growth of the Ag crystallites at least within the
first couple of layers, a conclusion which can also
be drawn from the STM data to be reported next.
Whether or not there occurs pseudomorphic
growth in the first and/or second Ag layer cannot
be deduced with certainty from the room temper-
ature LEED experiments alone. Normally a pseu-
domorphic growth would not cause a marked
increase of the diffuse background since the deposit
atoms exhibit the same translational symmetry as
the substrate lattice. However, for pseudomorphic
aggregates with fractal character their very rough
edges [29,30] can represent strong scattering cen-
ters for low-energy electrons, which may signifi-
cantly contribute to the disordered background.
As will be shown later, just this situation seems to
hold in the present case since we have hints from
our STM data to pseudomorphic growth, at least
in the first Ag layers. Among others, this statement
rests on the observation of (i) uncorrugated homo-
geneous Ag films in the first monolayer and
(i) misfit dislocation domains for a two-Ag layer
film deposited at room temperature, as will be
demonstrated in the following section.

3.2.2. Scanning tunneling microscopy

The clean and well-annealed Re(0001) surface is
surprisingly homogeneous and flat; terrace widths
of more than 10000 A are by no means unusual.
To give an example, we present in Fig. 1a a larger-
scale scan showing a monoatomic Re terrace with
a width of ~500A. STM images with atomic
resolution, cf. Fig. 1b, clearly show the hexagonal
close-packing of the (0001) orientation with its
characteristic Re—Re distance of 2.76 A and the
extremely small corrugation of less than 0.1 A

In order to examine the very first stages of Ag
nucleation and condensation, we have deliberately
chosen a region of the Re surface which exhibits a

(@ ®
Fig. 1. (a) Large-scale STM scan (800 A % 800 A) showing a
terrace/step combination of five monoatomlc Re terraces, the
large terrace with a width of ~ 500 Alis actually free of defects
(tunnel current I =035 nA; bias voltage U=130mV). (b) STM
image of the Re(0001) surface with atomic resolution
(33 A x33 A) showing the hexagonal close- packed symmetry
with its characteristic Re~Re distance of 2755A and the

extremely small corrugation of less than 0.1 A (I=1.361nA;
U=3mV).

high local step density. In Fig. 2a we show a large-
scale detail with a sequence of three (bent) monoa-
tomic steps, each on average more than 5000 A
wide, after deposition of ~0.1 ML of silver at
300 K. Clearly, the Ag atoms nucleate exclusively
at the step edges under these conditions, where
they form irregularly shaped small aggregates
which reach far out onto the flat terraces. The
average distances of the individual nuclei formed
at a given step edge are thereby fairly large, which
means that the Ag atoms do not really wet the
step edges (in this case one-dimensional “lines” of
Ag atoms would be formed along these edges) but
incidentally hit the steps and stick there. This
points to a pronounced kinetic limitation in the
diffusivity of the Ag atoms, especially near the
steps (and the edges of Ag nuclei). The irregular
and fairly porous shape of the individual Ag aggre-
gates is striking; the “arms” of the respective Ag
networks are not much wider than 50 A and large
“cavities” are formed due to the totally undirected
growth. This behavior is in contrast to our previous
room temperature STM investigation of the
growth of Co on a Re(0001) surface [25]. With
this system, we found triangular-shaped dendritic
islands, with the edges of the triangles oriented
parallel to the main symmetry directions of the
hexagonal Re(0001) substrate. No such “easy”
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Fig. 2. (a) Large-scale image of the Re(0001) surface (12000 A x 12000 A) after dsposition of 0.1 ML of Ag at 300 K showing a
sequence of three (bent) monoatomic steps, each on average more than 5000 A wide, with Ag nuclei formed at the step edges
(I=0.1nA; U=417mV). (b) STM image (2000 A x 2000 &) of a stepped region of the Re surface covered with ~0.1 ML Ag at
300 K, including a height-contour plot along the indicated line that proves that the imaging height of a monoatomic Ag film exceeds
somewhat the monoatomic step height of an Re edge, with the height of the Ag island being 3.2+0.4 A and that of the Re step
~234+044A (I=0.12nA; U=470mV). {(c) STM image (12000 & x 12000 A) of a stepped region of the Re(0001) surface covered
with ~0.3 ML of Ag at 300 K. Note the growth of extended but very porous Ag islands nucleating at every step edge and extending
far out onto the flat terraces. Apparently, no particular growth direction is preferred (I =0.1 nA; U=100 mV).
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growth direction is recognizable with Ag on Re,
which points to a largely diffusion-limited aggrega-~
tion mechanism. This kind of aggregation is often
observed for metal-on-metal epitaxy and indicates
non-equilibrium growth that is limited by the
diffusion of adatoms around the perimeter of a
given nucleus. Appropriate theoretical models
(DLA model) were developed by Witten and
Sander [ 31,327 and Meakin [ 33,34]. Experimental
verifications have been reported, among others, by
Hwang et al. for Au growth on an Ru(0001) surface
[21,35]. While the plain DLA model should lead
to fractal arms of atomic width, our results rather
yield arms about 50 A wide, which points to a
more relaxed DLA mechanism where arriving
atoms are still able to reach energetically favorable
positions, at least on a local scale. Examples for
this type of growth have been reported by
Chambliss et al. [29] and by Roder et al. [30],
and we refer to their publications for further details.

As the Ag coverage increases (within the submo-
nolayer range) there is still no evidence of any
homogeneous nucleation on the Re terraces. This
means that the average diffusion length of the
adatoms is larger than the mean distance between
two adjacent substrate steps and the number of
Ag atoms on the terraces is more rapidly depleted
(via diffusion to and nucleation at the step edges)
than Ag atoms impinge on the terraces from the
vapor phase.

Another important point concerns the actual
height of the silver islands. For its exact determina-
tion it is again advantageous to focus on a region
of the Re surface which exhibits regular monoa-
tomic steps with their well-known height of
~225A and to compare it with the STM imaging
height of the Ag island. Fig. 2b shows a respective
STM image of such a stepped part of the Re
surface covered with ~0.1 ML Ag at 300 K, includ-
ing a height-contour plot along the indicated line.
Taking into account all sources of errors (which
amounts to a total uncertainty of ~15%), we
arrive at an Agisland height of ~3.2+0.4 A, which
is considerably larger than the interlayer spacing
of Ag(111) (dagu1=272A). Increased STM
imaging heights are well established for metallic
monolayers, e.g. for the systems Ag-on-Au(111)
[297 or Ag-on-Pt(111) [36] as well as for Cu-on-

W(110) [37] (for reasons which must primarily be
sought in the imaging of the density of electronic
states at the Fermi level). All in all, we are confident
that the measured height of the Ag islands can be
interpreted as the monoatomic height. This assump-
tion is further supported by recent work function
change measurements with the Ag-on-Re(0001)
system by Schlatterbeck et al. [28]. These meas-
urements revealed, for the monolayer coverage
range, a decrease of A@ to a value which is almost
700 meV lower than the work function of the clean
Re substrate. A decrease of the work function, on
the other hand, will give rise to an increased tunnel
current and in the constant-current mode the STM
tip will be somewhat removed from the surface,
resulting in a too-large imaging height for the Ag
ad-islands.

As the silver deposition is continued, the Ag
nuclei grow by random condensation of Ag atoms
at the perimeters of the islands. In this way, a loose
network of islands is formed, a typical example
being shown in Fig, 2¢ for an ensemble of approxi-
mately nine Re terraces with periodically alternat-
ing widths. Although this network becomes
gradually filled and densified as @, increases, a
sudden coalescence as it was reported, for example,
for Fe films on W(110) [38], does not take place.
Rather, the film spreads continuously across the
flat terraces and finally covers them entirely,
thereby retaining its quite porous, or even “fluffy”,
character. As the coverage approaches the full
monolayer, coalescence increasingly takes place
and leads to films which are more compact but
still exhibit numerous pores.

We then gradually increased the Ag coverage
further to a total of more than 4 monolayers. The
transition from the first to the second monolayer
occurs only once the first layer is almost completed,
which points to an appreciable interlayer mass
transport. Ag atoms which arrive on top of the
first layer are mobile enough to either reach a
vacancy in the first layer or to push atoms of the
first layer aside. No Ag nuclei are formed in the
second layer until the first layer is practically
completed. The next series of STM images (Figs.
3a~3d) illustrates how the silver deposit grows to
a thickness of ca. 4 monolayers. First we display
in Fig. 3a a detail of the Re surface with a high
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density of steps after deposition of ~1.3 Ag mono-
layers. On some of the terraces the second-layer
nuclei have already grown to extended Ag islands,
while one-monolayer films still exist on adjacent
terraces. This kind of locally inhomogeneous Ag
coverage could also be found in the submonolayer
coverage range, especially in regions with a high
local step density. We may conclude that at least
some Ag atoms are able to overcome the activation
barrier for diffusion at the descending step edges,
which explains, along with asymmetries in the flux
across adjacent steps, the fairly pronounced differ-
ences in the local Ag coverage. The aforementioned
asymmetries in the flux across the steps points to
the build-up of a repulsive activation barrier right
at the link between the Ag film and an adjacent
substrate step which impairs the transport of Ag
atoms via the formation of a fringe of Ag atoms
right at the step edge. Another hint to this repulsive
barrier is provided by the observation that a
coalescence of Ag films of different thickness
formed on adjacent terraces does not occur; rather
the individual layers remain separated by sharp
lines right at the positions of the former substrate
steps. This situation is depicted in Fig. 3b, which
images a large area (1.6 um x 1.6 um) of the Re
surface after deposition of ~1.8 Ag monolayers.
The contours of a central terrace (which is, for the
most part, covered with a second-layer Ag film, on
top of which even dendrites of the third layer begin
to form, cf. in the lower left corner) can easily be
identified as the former steps of the Re substrate.
Another observation deserves attention. We have
already emphasized the very dendritic growth
forms of the Ag islands in the first and second
layer that led to a very porous structure of the Ag
films. This growth behavior continues well into the
third-layer coverage regime as Fig. 3c demonstrates
for a slightly stepped part of the Re surface. Even
in the third layer the Ag islands maintain this very
porous and fractured morphology. It is not until
the fifth Ag layer forms that the diffusive mobility
of the Ag adatoms along the edges of the islands
becomes sufficiently large that the Ag islands can
take on a much less fractured and more compact
shape, as demonstrated in Fig. 3d. On the other
hand, one can also realize that the three- and four-
monolayer films grown at 300 K exhibit an increas-

ing overall roughness, which demonstrates that the
growth at 300 K is largely dominated by kinetic
effects. While the first- and second-layer films can
almost grow to a complete monolayer, there coexist
up to three individual incomplete layers at larger
thicknesses and we must assume that the interlayer
mass transport is somewhat hindered under these
conditions, compared to the first-layer situation.
An effective interlayer mass transport only for
very thin films indicates that the energy barriers
located at the edge of a silver island (known as
Schwoebel barriers [39]) are quite small as long
as only a single Ag monolayer has been deposited
on the Re substrate; they do not prevent the
second-layer Ag atoms from reaching vacant posi-
tions in the first layer. It has become apparent that
the height of these diffusion barriers is strongly
dependent on the structure of the underlying layer.
While for a clean Ag(111) surface the height of the
Schwoebel barrier was determined to be
1204+ 15meV [40] and 1504-20 meV [41], these
values are substantially reduced, namely to merely
30+ 5 meV, if Ag islands grow on top of a Pt(111)
surface, and a correlation between the barrier
height and the degree of compression of the Ag
atoms is suggested [40]. If this concept is transfer-
red to the Ag/Re(0001) system and it is taken into
account that a compressed pseudomorphic first
layer is formed for this system too {cf. Section 3.3),
one could understand why the roughness of the
room temperature films increases with thickness.
After the description of the nucleation and more
“global” growth behavior we will now turn to
another quite important point which is concerned
with the “adsorption” of individual Ag atoms on
the Re surface and further microscopic details of
the heteroepitactic growth, especially the problem
of how the lattice misfit between Ag and Re can
be overcome. In the foregoing section we have seen
that the diffusion and overall growth of Ag is
largely determined by kinetics, at least at room
temperature. Therefore, the formation of stable
equilibrium structures with long-range order is
very unlikely under these conditions. Un-
fortunately, we did not succeed in obtaining STM
images with atomic resolution from our Ag films
deposited at 300 K, in contrast to the experiments
at elevated temperatures, cf. Section 3.3. It is
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Fig. 3. (a) Stepped part of the Re(0001) surface covered with ©@~1.3 ML Ag at 300 X {850 A x 850 A). This STM image points to
pronounced differences in the local Ag coverage: on some of the terraces the second-layer nuclei have grown to extended islands,
while single monolayer films still exist on adjacent terraces (I=0.22 nA; U=80mV). (b) STM image (16000 Ax16000A) of an
extremely wide terrace of the Re surface covered at 300 K with ~ 1.8 nominal Ag monolayers. The large central terrace is completely
covered with an Ag monolayer on top of which a very large porous second-layer Ag island has grown. Near the right-hand edge of
the photograph can be seen a long slightly bent line which corresponds to the trace of a former terrace that is not levelled off by
the deposited silver. Furthermore, Ag islands with strongly fractal shape (in the lower left corner) indicate the beginning of growth
of Ag atoms in the third layer; note that these islands nucleate on the flat parts of the terraces and, hence, prove homogeneous
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Fig. 4. (2) 660 A x 660 A detail from a ~2 ML Ag film deposited at 300 K onto an Re(0001) surface that exhibits a peculiar surface
morphology with a network of grooves ~0.6 A deep running across the film and separating small triangular or hexagonal areas
(mean diameter <30 A) that we identify as Ag crystallites with different stacking sequence (hep vs. fec); so-called “misfit dislocation”
domains (I=0.2 nA; U=84mV). (b) Detail of an STM image (300 A x 300 A) of a three monolayer Ag film deposited at 300 K
showing the misfit dislocation structure more clearly. Again there appear triangular and/or hexagonal depression lines ca. 0.3 A deep
and roughly 20-30 A wide. We further emphasize that the Ag domains of a given stacking sequence (hcp or fcc) are absolutely flar,
without any indications of a surface corrugation (I=0.22 nA; U=87 mV).

therefore difficult to conclude on the local Ag
“adsorption-site” geometry or on possible long-
range order effects within the Ag layers grown at
300 K. In Section 3.2.1 we addressed the problem
of pseudomorphical growth. Figs. 4a and b show
STM images of two- and three-monolayer Ag films,
respectively, grown on a flat terrace of the Re(0001)
surface. Both images clearly exhibit triangular net-
works (or patterns) of depression lines ca. 0.3 A
deep and roughly 20-30 A wide. Furthermore,
both films are absolutely flat; there are no indic-
ations of corrugation effects. These features point
to a pseudomorphic growth for the following

reason. In the very first layer, Ag atoms preferen-
tially occupy the threefold coordinated sites
provided by the Re substrate lattice. As this
pseudomorphic layer becomes “buried” by the
second and third Ag layer, the delicate balance
between misfit energy and lateral Ag-Ag inter-
action energy changes and apparently produces
misfit dislocation domains which are actually
imaged in Fig. 4. Because of the Ag layer(s) depos-
ited on top of the pseudomorphic film, the very
first layer is subjected to additional tensile stress
and apparently relaxes into domains ca. 20-30 A
wide in which the bottom layer Ag atoms are

nucleation of Ag on Ag (I=0.22nA; U=300mV). (c) The Ag islands maintain a fractal shape up to the growth of the fourth layer,
as this STM image (420 A x 420 A) of a stepped region of the Re(0001) surface, covered with ~3.3 ML Ag illustrates. Note also the
still fairly porous character of the third Ag layer; the dendritic islands represent the beginning of growth in the fourth layer
(I=0.12nA; U=87mV). (d) STM image (360 A x 360 A) of a stepped part of the Re(0001) surface covered with ~4 ML Ag at
room temperature. On top of the (still porous) fourth Ag layer, islands of the fifth layer can be distinguished whose shape is much
more compact and indicates that the growth situation more and more resembles the Ag-on-Ag condensation. Also note that not
more than three monolayers are “open” at the same time for a given stage of the growth (/=0.14 nA; U=99 mV).
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located in threefold coordinated Re sites with either
local face-centered cubic (fcc) or hep symmetry.
The observed depressions then arise whenever a
site symmetry change between adjacent domains
occurs. The flatness of the films thereby suggests
that they are still pseudomorphic because other-
wise a noticeable undulation of the top-layer film(s)
should arise (which is not observed) due to the
lattice misfit between the first (still pseudomorphic
and, hence, compressed) layer and the (relaxed)
second- and third-layer films. The observed misfit
dislocation domains represent a kind of a typical
response of a heteroepitactic system to relieve the
interlayer strain and have been reported several
times before with metal-on-metal epitaxy [42-447.

A closer inspection of the coverage dependence,
especially at higher deposition temperatures,
reveals a whole series of different structural features
until the Re—Ag lattice misfit is overcome and the
Ag film can grow with its characteristic inherent
lattice parameters. All these features cannot only
be seen with the STM, but show up also in the
respective LEED patterns. Their description and
discussion will be subject of the following section.

3.3. Ag deposition at elevated temperatures
(400 < T<600 K)

3.3.1. Low-energy electron diffraction

LEED patterns taken from Ag deposits grown
at T>400K actually exhibit only a little diffuse
background and damping of the Re(1 x1) LEED
intensity in the coverage range up to the mono-
layer; no “extra” spots are formed. This can be
taken as a clear hint that the Ag atoms form an
adlayer with the same periodicity as the Re sub-
strate, whereby the overall concentration of diffuse
scattering centers (i.e. the frayed edges of the Ag
islands) is significantly reduced compared to the
300 K situation. This could be interpreted as strong
evidence for pseudomorphic growth of the Ag
adlayer. However, since the metallic radius of Ag
is ~4.7% larger than that of Re, pseudomorphic
growth must imply a marked compression of the
Ag atoms in the respective layer. This compression
will cause an additional increase in the mechanical
strain energy as the second and third Ag layers
grow on top. As a result, a special morphology is

induced, namely misfit dislocation domains, as
mentioned in Section 3.2. However, compared to
the 300 K films, the structural features are more
pronounced and better imaged at 400 K, and
particularly at 600 K, deposition temperature.

The deposition of ~2 monolayers of Ag at
400 K changes the LEED patterns as depicted in
Fig. 5a. The six hexagonal Re(1 x 1) spots exhibit
(Ag-induced) concentric satellites inside the hexa-
gon. We recall that the same pattern (although of
worse quality) also appeared after deposition of
@ >4 Ag monolayers at 300 K. Patterns of this
kind indicate a superposition of diffraction contri-
butions of two independent crystal lattices with
slightly different lattice parameters and provide
evidence of both epitaxial growth and long-range
order within the overlayer. From the LEED pattern
we can deduce the lattice vector of the Ag layer
by taking the reciprocal Re lattice vector as a
calibration length for ap, =2.76 A. Within the limits
of accuracy we then arrive at a value for the
silver(111) lattice parameter of a,,=2.92+0.05 A,
which corresponds, within the limits of accuracy,
to the Ag bulk value of 2.88 A

Interestingly, the deposition of still larger
amounts of Ag (® >2 ML) leads to a diffraction
pattern (shown in Fig. 5b) in which the “new”
Ag-induced LEED spots of Fig. 5a are symmetri-
cally surrounded by six tiny, but fairly sharp,
“extra” spots with hexagonal symmetry, with the
superstructure lattice vector not noticeably being
rotated with respect to the substrate lattice. First-
and second-order diffraction maxima are clearly
visible as proven by the inset of Fig. 5b.

We only mention here that similar LEED pat-
terns were described for (111) oriented Cu [ 1] and
Au films [7] on Ru(0001), while for Ag(111) films
deposited on Ru(0001) it is true that tiny hexagons
around each substrate spot were also reported, but
they were rotated by 30° with respect to the lattice
vector of the hexagonal Ru substrate mesh [9,45].
Fig. 5b may either represent LEED coincidence
patterns which originate from two extended homo-
geneous monolayer or bilayer films each with
hexagonal long-range order, but slightly different
(and differently directed) lattice vectors, or (as in
our case) by a superposition of diffractive contribu-
tions of a plain Ag(111) lattice and a second,
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Fig. 5. (a) LEED pattern obtained from an ~2 ML thick Ag
film deposited onto Re(0001) at 400 K and annealed for 5 min
to 500 K. The two hexagonal spot systems due to Re (outer
spots) and Ag (inner spots) indicate clear epitaxial growth of
the Ag deposit. For clarity, the black-and-white contrast has
been inverted. The electron energy was 131eV. (b) LEED
pattern of a 2 ML Ag film deposited at 400 K and annealed
for 10 min at 750 K. The Re(1 x 1) reflexes are surrounded by
tiny “extra” spots with hexagonal symmetry, indicating a clear
coincidence structure between the first Ag layer and the misfit
dislocation domain structure. Only the first- and second-order
diffraction maxima are recognizable, as the inset of a single
integer-order spot and its surrounding shows. For better
visibility, the black-and-white contrast has been inverted.
Electron energy E=95¢V.

likewise hexagonal, periodic structure with a much
larger unit mesh. The absence of higher-order
diffraction maxima in the LEED pattern of Fig. 5b
has to do with structural imperfections, poor reso-
lution of the LEED device and systematic extinc-
tions due to phase relations. At any rate, the lattice
vector relation between the small and the large
hexagons (the latter one being associated with the
Ag(1 x 1) lattice) suggests a common period length
(where the two coincidence lattices “lock in”) of
approximately 18 Re—Re distances, i.e. 50 A

The principal LEED pattern of Fig. 5b is
retained up to the deposition of at least 6 Ag
monolayers. At even larger coverages the tiny
“extra” spots gradually disappear and we are left
with the typical hexagonal (1 x 1) LEED pattern
that is expected for an epitactic Ag film with (111)
orientation.

3.3.2. Scanning tunneling microscopy

3.3.2.1. Nucleation and growth at T=400 K. The
higher mobility of the Ag atoms at elevated temper-
atures is reflected in the STM image presented in
Fig. 6. It shows a detail of an Re surface region
with a fairly high density of monoatomic steps of
different width ranging from ~350 to 500 A. Note
that the direction of the steps is parallel to the
[1120] direction of the Re substrate, i.e. follows
the closely-packed Re rows of the (0001) surface.
The silver coverage was ~ (0.1 nominal monolayers
and it can be seen quite clearly that (i) the Ag
atoms nucleate exclusively at step edges, (ii) the Ag
nuclei start to form only at every second step and
(iii) the nuclei consist of single Ag layers (we
observe about the same, somewhat increased,
imaging height as before with the 300 K deposits).

The surprising fact that Ag nuclei form only at
every second step edge (provided that these edges
are parallel to one of the densely packed rows of
the Re substrate) underlines the high mobility of
the Ag atoms that enables them to overcome the
potential energy barriers at the terrace boundaries
and to reach the most favorable binding (“adsorp-
tion”) sites. Due to the particular stacking sequence
of the hep lattice, monoatomic steps of the (0001)
surface provide, alternatingly, threefold adsorption
sites with fcc and hep symmetry on adjacent ter-
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Fig. 6. STM image showing a detail (420 A x 420 A) of an Re
surface region with a fairly high density of monoatomic steps
of similar width of about 20-40 A acting as nucleation centers
for the Ag atoms which were deposited at 400 K to a nominal
coverage of ©®=0.1. The (monoatomic) steps are parallel to the
closely-packed rows of Re(0001); clearly, the Ag nuclei form
only at every second step (/=0.12 nA; U=150 mV).

races, and obviously the Ag atoms prefer one type
of these sites for adsorption (which is very likely a
hep site because in this site the Ag atom can
adsorb in a (111) microfacet, whereas occupation
of an fec site would lead to adsorption in a (100)
microfacet with a somewhat reduced coordination).
A similar behavior was found recently also for the
Co/Re(0001) system [25,26] and the Co/Cu(111)
system [467.

3.3.2.2. The structure of the first Ag monolayer. As
the Ag coverage is increased and/or the temper-
ature still somewhat raised to 600 X, the films
become more compact due to enhanced diffusion
processes. In this case it is possible to obtain STM
images with atomic resolution and an example is
presented in Fig. 7 for an Re surface covered with
a complete Ag monolayer. Two observations
deserve attention. First, the Ag film exhibits a clear
hexagonal symmetry with (approximate) intera-
tomic Ag-Ag distances of ~2.8+0.1 A. Second,
the film is absolutely flat, there is no indication of

Fig. 7. STM image (39Ax39A) with atomic resolution
obtained from a nominal coverage of 0.2 ML at 600 K. In the
detail depicted in Fig. 7 a complete Ag monolayer was imaged
showing the clear hexagonal symmetry with an Ag-Ag distance
of ~2.8 A. The monolayer film does not exhibit a corrugation,
which may be taken as evidence of its pseudomorphic character
(I=2.58nA; U=10mV).

any periodic buckling. While the measured Ag-Ag
distance of 2.8 A does not allow a decision as to
whether the film possesses the Re or the Ag lattice
parameter and, hence, cannot confirm or rule out
its pseudomorphic nature, the second observation
of a flat film is more revealing and strongly suggests
pseudomorphism of the Ag monolayer for the
following reason. An Ag(111) film (with the Ag
lattice constant) deposited on top of the Re
surface would definitely exhibit a corrugation with
an approximate period length of p=22xd,,=
23 x dpe 763 A (with ds,=2.88 A and dy,=2.76 A)
since this is the repetition period for any kind of
adsorption site (for example, an atop site) if the
two undistorted hexagonal lattices of Ag and Re
are put on top of each other (unrotated and parallel
to the [1120] direction). In this hard sphere model
an atop site causes an elevation, whereas the
threefold hollow site (which exhibits the same
repetition period but is phase-shifted by p/2) causes
a depression. In other words, a non-buckled smooth
Ag film can only exist if the two lattices are perfectly
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congruent. This, however, requires that the Ag
lattice must shrink to the dimensions of the Re
host substrate as is suggested by our data.

At this point we expand somewhat on the
“chemisorption” problem of Ag on Re(0001).
Apparently, the energetics of this chemisorptive
interaction must provide a certain “surplus” to
compress the Ag adlayer to the dimensions of the
Re(0001) surface, ie. the density of the Ag film
must increase by ~8.9% compared to an Ag(111)
surface. It is not unreasonable to rationalize respec-
tive effects with heteroepitactic systems, which
often exhibit such a strong chemical interaction
between guest and host atoms that a considerable
charge transfer takes place between the different
atoms, resulting in an apparent shrinking of the
“physical” size of the adatom, fairly independent
of the substrate surface orientation, until the
atomic diameters of host and guest atoms no
longer deviate from one another and pseudomor-
phism occurs. Accordingly, such phenomena have
been reported, especially for adsorption of alkali
metals on noble metal surfaces [47,48], where the
adsorbed alkali metal atoms reached a fairly ionic
state by donating charge to the substrate.

However, we must consider the Ag-on-Re system
a typical exponent of a more weakly interacting
system. The two elements possess similar electro-
negativities (Pauling electronegativities of Ag and
Re are x,, & Xge 1.9 [497]) and a massive chemi-
cally motivated charge transfer is rather less likely.
The fact that the two metals are immiscible in the
bulk also underlines the lack of chemical affinity.
Accordingly, recent TDS measurements performed
with Ag/Re(0001) [28] clearly showed that the
specific interaction energies between Ag-Re and
Ag-Ag are quite similar, a fact which is corrobo-
rated by X-ray photoelectron spectra which do not
exhibit measurable core-level shifts of Ag and Re.
In view of these results it is remarkable that
quantitative work function change measurements
revealed a non-negligible charge transfer from the
Ag atoms to the Re substrate [28], and our
structural results, in which the first Ag layer grows
pseudomorphically, suggest that the Ag-Re inter-
action potential wells are deep enough to not only
“guide” the impinging Ag atoms to certain favor-
able growth directions but to also provide enough

energy to compensate the two-dimensional strain
that is built up in a pseudomorphic layer.

3.3.2.3. The structure of the Ag bilayer. We recall
that the lateral strain energy of the pseudomorphic
first layer is compensated by the lateral variation
in the Ag-Re interaction energy. While this led,
for the 300 K films, to a misfit dislocation domain
structure in which the first 2 to 3 Ag layers did
not lose their pseudomorphic character, the high-
temperature films behave differently when the first
pseudomorphic film becomes covered by subse-
quent Ag layers. The STM image (Fig. §), which
scans an area of 100 A x 100 A, was obtained from
a bilayer film after deposition at 600 K. From the
overall distribution of light and dark tones one
can, first of all, recognize a large-scale undulation

Fig. 8. Atomically resolved STM image (IOOAx 100 .:X) of a
bilayer Ag film deposited onto an Re(0001) substrate at T=
600 K. From the distribution of light and dark tones one can
deduce a large-scale undulation of the Ag film, with an
approximate wavelength of ~60-80 A and a maximum corru-
gation amplitude of ~0.2 A. Note that the broad stripes change
their direction (as indicated by the white arrow); the approxi-
mate bending angle is ~1204-20°. The inspection of the
atomically resolved film structure reveals that periodic displace-
ments of Ag atoms occur perpendicular to the [1120] direction
of the Re substrate (parallel to the dark guideline), indicating
a uniaxial expansion of the surface lattice between fcc and hep
sites (I=0.8 nA; U=13mV). See text for further details.
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indicated by approximately three white—grey areas
bordered by parallel darker regions. The approxi-
mate widths of these zones is 30-40 A and their
height difference amounts to ~0.2 A. Interestingly,
the broad stripes change their direction after every
~ 100 A; the approximate angle between the direc-
tions is ~120+20° This bending is indicated in
Fig. § by a white arrow. Even more revealing is an
inspection of the atomically resolved film structure.
If one follows the direction of a selected string of
individual Ag atoms in the [11207] direction of the
Re substrate (as a guideline for the eye, we have
drawn a sharp black line in this direction), one
can clearly recognize periodic undulations in the
densely packed rows of Ag atoms perpendicular to
the [1120] direction, whereby the dislocation
“amplitude” corresponds approximately to the dis-
tance between foc and hep sites of the Re(0001)
substrate surface (1.6 A) and the repetition (coinci-
dence) period of 63 +3 A to 24 +2 Re-Re distances.
The respective elongation perpendicular to the
[1120] direction causes a dilatation of the pseudo-
morphic lattice via a wuniaxial expansion of the
Ag-Ag distances. Macroscopically, this leads to a
lower packing density of the Ag atoms and, hence,
to a significantly reduced strain energy. Similar
line structures have been reported also for the
systems Ag/Ru(0001) [50,51] and Ag/Pt(111)
[42]. Al these systems exhibit, as does the
Ag/Re(0001) system, a “positive” lattice misfit,
which means that the deposit atoms are somewhat
larger than the substrate atoms. A “negative” misfit
is encountered with the system Cu/Ru(0001)
[20,43] but also in this case bent line structures
indicate uniaxial compressions. Finally, we note
that the line structures observed with the recon-
structed Au(111) [52-547 and Pt(111) surfaces
[55] have been interpreted in quite an analogous
manner, as will be discussed later.

Principally, the corrugation of uniaxially com-
pressed structures can be explained by a simple
hard-sphere model. However, if this model is
applied also to uniaxially expanded structures, the
height relation is inverted, an effect which is also
seen in Fig. 8. The walls of adjacent domains
(which represent the most elevated points) are
imaged as depressions, although the Ag atoms there
are adsorbed in bridge and not in hollow positions.

At the same time, those areas where the Ag atoms
are located in hollow sites are imaged as elevations;
the opposite to the real-space situation. Despite
this apparent height inversion in the STM imaging,
the validity of the fcc—hep site-transition model is
also documented by the change of the domain-
wall direction which occurs in a similar fashion as
described previously for the reconstructed Au(111)
surface. From studies by Chambliss et al. [56] it
is well known that the “elbows” of the characteris-
tic “herring-bone” or “chevron” domain-wall struc-
ture of this reconstructed surface induce so-called
edge dislocations, because atoms must be removed
as the wall turns. We underline that the respective
dislocations occur also in our case of the Ag bilayer
film but in a dark (low height level) and not in a
light (increased height level) area. While in the
largely magnified STM image of Fig. 8 this effect
seems to be restricted to a single direction only,
the turns of the dislocation lines after about 100 A
make sure that all three high-symmetry directions
of the (0001) surface contribute, resulting in a
homogeneous relaxation on the macroscopic scale.

3.3.24. The structure of 3 ML and 4 ML Ag
films. In agreement with the LEED results (which
revealed the complex pattern displayed in Fig. 5a)
the Ag film exhibits a peculiar morphology, i.e. the
surface consists of a fairly homogeneous network
of elevations and depressions with appreciable
long-range order. Fig. 9 illustrates the situation.
Fig. 9a presents a 1030 A %1030 A detail of a two-
terrace region separated by a monoatomic step.
On the higher terrace (the left part of the image)
a two-monolayer film is depicted while on the
lower terrace on the right-hand side a three-
monolayer film has grown. Because of its very
small corrugation (cf. Section 3.3.2.3) the uniaxially
expanded bilayer film shows only vanishing con-
trast and appears to be homogeneous. However,
for the trilayer film we clearly recognize the network
of lines with hexagonal symmetry, with a significant
height modulation imaged by the STM. This mod-
ulation and the hexagonal long-range symmetry
can be nicely seen in the 150 A x 150 A detail of
Fig. 9b (which does not represent an image with
atomic resolution!); the “lattice constant” of this
network is about 5144 A (£18 42 atomic Re~Re
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(b)

Fig. 9. (a) 1030 A %1030 A STM detail of a two (three) monolayer Ag film on Re(0001). Shown is a two-terrace region separated by
a monoatomic step, the left part of the image consisting of a two-monolayer film, the right part of a three-monolayer Ag deposit.
Both films exhibit a network of depression lines, which are hardly recognizable for the bilayer film (due to the comparatively small
corrugation amplitude) but appear quite clearly for the three-layer film. It is believed that these periodic structures represent a moiré
pattern formed by slightly relaxed (rotated) Ag(111) surface meshes (I =0.21 nA; U=45 mV). (b) Detail magnification (150 Ax150 A)
of the trilayer Ag film of (a) illustrating the height modulation and the hexagonal long- -range symmetry of the moiré pattern. Note
that not individual atoms are imaged but rather elevations and depressions on the 50-100 A scale. Indicated is the hexagonal unit

mesh of the periodic structure which possesses a “lattice constant” of 51+4 A (x

corrugation amplitude is ~0.8 A (I=02414A; U=32mV).

distances), which agrees very well with the period
lengths deduced from the complex LEED structure
(Fig. 5b) mentioned in Section 3.3.1. The hexagonal
unit cell indicated in Fig. 9b contains three maxima
with different height levels, namely a single very
bright maximum and two less intense elevations
with lower (and mutually different) intensity. While
the maximum corrugation amplitude amounts to
~0.8 A, the height difference between the two less
intense maxima is about 0.2 A only. Although
Fig. 9a suggests that the unit cells do not possess
a perfect long-range periodicity (slight undulations
and, hence, dislocations of the translation vectors
occur frequently) we succeeded in obtaining the
relatively complex LEED pattern of Fig. 5b men-
tioned above. At first sight, one might interpret
the real-space structure of the trilayer Ag films as
a moiré pattern caused by a superposition (and

18+2 atomic Re-Re distances). The maximum

possibly an additional rotation) of fairly rigid Ag
lattices each possessing a slightly different lattice
constant. More likely, however, we simply observe
the continuation of the trigonal domain-wall struc-
ture in the third layer. Similar domain-wall struc-
tures have been reported for the Ag-on-Pt(111)
system and are discussed in detail by Brune et al
[42].

As the thickness of the Ag deposit reaches three
and four layers, the gross features persist in that
both the complex LEED pattern and a real-space
network with hexagonal symmetry can still be
seen, although some changes occur in detail. This
is illustrated in Fig. 10a, which reproduces again a
region (660 A x 660 A) with two adjacent terraces,
the left one covered with a three Ag monolayer
and the right one with a four-layer silver film.
Even at a first glance, the overall fine structure of
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(a)

Fig. 10. (a) 660 A x 660 A STM detail of a three (four) monolayer Ag film on Re (0001). As in Fig. 9a we reproduce a two-terrace
region separated by a monoatomic step, the left part of the image consisting of a three-monolayer, the right part of a four-monolayer
Ag film prepared at 600 K. Again, moiré patterns appear, with the overall corrugation amplitude of the four-layer film being
somewhat reduced as compared to the trilayer film (I=0.15 nA; U=61 mV). (b) Further magnification (130 Ax130 ,&) of the four-
layer Ag film of (a) illustrating the hexagonal symmetry of the superstructure (which appears to be of the honeycomb type). Again
indicated is the unit mesh of the periodic structure which is of about the same size (50 A) as for the three-layer film but exhibits
different internal height modulations which give the (incorrect) impression of a smaller size of the unit cell. The maximum

corrugation amplitude is merely ~0.6 A (I=0.24 nA; U=32mV),

the two regions appears to be different: the three-
layer film on the left exhibits a fairly coarse mesh,
while the four-layer film on the right seems to
consist of narrower meshes, thus suggesting a
smaller unit cell. However, as the larger magnifica-
tion (imaged area 130 A x 130 A) reproduced in
Fig. 10b proves, there appear to be slightly different
intensity modulations of the interior of the non-
primitive unit mesh only (indicated by black lines),
in that merely two maxima of different height
(height level difference ~0.6 A) can be distin-
guished. Hence, it is suggested that the overall
symmetry is of the honeycomb type, which causes
the aforementioned impression of a smaller unit
cell for the four-layer Ag film. The net result is
that the overall corrugation amplitude of this four-
layer film is further reduced as compared to the
tri- or the bilayer Ag film, and Ag films of this
thickness prepared at a temperature T=>400K

have almost completely undergone isotropic relax-
ation to the Ag(l1l) lattice plane. As for the
trilayer film, the long-range periodicity is not per-
fectly good but still sufficient to allow the observa-
tion of a LEED superstructure. It is, however,
somewhat difficult to discover and analyze the
changes of the symmetry and the period length
suggested by the STM data in the LEED patterns
due to their limited resolution and the fairly large
diffuse background which neither allows a quanti-
tative determination of the lengths of the reciprocal
vectors nor a clear-cut statement as regards the
spot symmetry.

The reason for the formation of different moiré
patterns, depending on whether 3 or 4 Ag mono-
layers are considered, may be seen in a (layer-
dependent) minimization of the surface free energy,
which can involve different rotation angles and/or
undulations of the two superimposed surface
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lattices. This can easily be demonstrated by a
superposition of two rigid hexagonal surface lat-
tices, which are rotated by different (small) angles
with respect to each other. This procedure yields
nice moiré patterns with hexagonal symmetry but
different long-range periodicity.

Finally, we note that an increase in the number
of deposited Ag layers to beyond ~6 causes all
moiré patterns to disappear, indicating that the
films become very flat and smooth and are practi-
cally identical with genuine (111) Ag layers.
(Nevertheless, a structural change in the lattice(s)
near the Re—Ag interface must still exist.)

All in all, the overall Ag film morphology, ie.
the structural features of the individual layers
(which, however, cannot be considered indepen-
dently) appear to result from a critical interplay
between kinetics and thermodynamics; this couid
be shown for both the formation of Ag islands in
the submonolayer range and the growth of com-
plete Ag layers. As pointed out by Bauer [57],
there is a clear-cut thermodynamical condition
that will lead to strictly two-dimensional, ie. lay-
ered, growth. The specific surface free energy of
the host surface, y, should exceed the sum of the
specific surface free energy of the deposited guest
material, y,, and the interfacial energy, y;, between
the two materials. (Continuous layered growth
requires that this energy balance holds for every
new deposited Ag layer on top.) For the Ag-on-
Re system we have y,=yp.~3.6J cm™? and
Ve =7ag & 1.3 T cm ™2 [ 587; unfortunately, the inter-
facial energy y; is not known but we may safely
assume that it is small due to the repeatedly
mentioned lack of chemical affinity between Ag
and Re. Accordingly, one would expect, if thermo-
dynamics alone is the regulating principle, a genu-
ine layer-by-layer growth with rather compact Ag
films, simply because a spreading of the Ag atoms
on the Re surface can help to reduce its compara-
tively high surface free energy. The fact that layered
growth finally occurs in an almost ideal manner,
especially for the high-temperature films, demon-
strates the importance of thermodynamics in the
present case. By contrast, the morphology of the
300 K films is rather dominated by kinetics. The
reason why complete layers are nevertheless
formed at least for the first and second Ag

monolayers is a significantly reduced Schwoebel
barrier for diffusion over step edges, which sup-
ports appreciable interlayer mass transport.

4. Conclusions

In summary, we found the Ag-on-Re(0001)
system a good example for a very rapid adaptation
of two different lattices. All our results indicate
that (despite the appreciable lattice misfit between
Ag and Re) the matching to the bulk silver lattice
is accomplished within one or two layers, whereby
the first Ag monolayer grows pseudomorphically
with the Re lattice parameter while thicker films
relax first by a uniaxial expansion (bilayer films)
and by (slight) three-dimensional lattice relaxation
and rotation, leading to moiré patterns for the
tri- and tetralayer films. After deposition of ~6
monolayers the film is sufficiently relaxed that it
can be considered part of a genuine silver (111)
crystal.
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