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Abstract

The energetics and kinetics of Ag thin film growth on Re(0001) were studied by means of temperature-programmed thermal
desorption spectroscopy (TDS), X-ray photoelectron spectroscopy (XPS), and work function change (A®) measurements. The
formation of three individual Ag layers shows up in TDS as three distinct desorption maxima f,—f; appearing between 950 and
1010 K (f3), between 900 and 960 K(f8,), and between 870 and 970 K (3;). Except in the very low coverage () range, in which the
desorption is a first-order process, the Ag desorption follows zero-order kinetics. For the first two layers, activation energy of
desorption (E* ;) is strongly @ dependent: within the first layer, E%, increases almost linearly with @ from ~250 kI mol ! at @ =
0.05 to about 290 kJ mol ~, reflecting attractive Ag-Ag interactions. From @ =0.5 to 0.9, E* 4 rises by only some 10 kJ mol 1. A
similar (but much less pronounced) @ dependence appears for the second monolayer. A detailed shape analysis of the submonolayer
TD spectra reveals a phase equilibrium between Ag condensed in islands and individual, mobile Ag atoms (2D gas phase). In XPS,
the absence of any energy shift of the Ag and Re core levels underlines the weakness of chemical Ag-Re interactions. Two Ag layers
lower the work function of the Re(0001) surface by about 750 meV, with a shallow minimum near the second monolayer. We
discuss our data in conjunction with previous STM and LEED results for the same system and compare this system with other
Ag-on-metal systems. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Rhenium; Silver; Single crystal surfaces; Single crystal epitaxy; Photoelectron spectroscopy; Thermal desorption
spectroscopy; Work function measurements; Epitaxy; Evaporation and sublimation; Growth; Thermal desorption; Metal-metal
interfaces; Metal-metal nonmagnetic thin film structures

1. Introduction

In recent years, metallic thin films have received
increasing interest in chemistry and physics owing
to their role in such applications as industrial
catalysis, materials science, optics, and energy tech-
nology [1,2]. The use of metallic films in hetero-
geneous catalysis deserves particular attention,
because their chemical properties are often signifi-
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cantly modified by the support material (which
may consist either of insulators such as alumina,
silica or zeolites, or of metals and alloys/
intermetallic compounds). In this respect, the
metals Au and Ag which are catalytically not too
active in their compact form, can become quite
reactive if they are deposited on a support material
in a highly dispersed form. This has been shown,
e.g., for the CO oxidation over Au/TiO, by Haruta
[3] and for selective hydrogenation reactions over
Au or Ag/SiO, by Claus [4].

Apart from this “‘chemical” influence, the sub-
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strate can crucially govern the morphology of the
deposit — its growth and geometric structure
depend sensitively on the orientation of the host
crystal (“epitaxy”), and pseudomorphism of the
first layer(s) of the deposit is often observed. Quite
generally, the growth features simply reflect the
interplay between the energetics (thermodynamics)
and kinetics of the interacting system. This
interplay is largely determined by the thermal
energy (temperature) of the system. The link to
surface chemistry is provided by the fact that
structure and degree of dispersion of a given
(bi)metallic film will markedly affect its chemical
reactivity. In previous LEED and STM work [5]
we examined the morphology of the Ag/Re(0001)
system. We showed that the first Ag layer grew
pseudomorphically, followed by a uniaxially
expanded second layer, until Ag(111) crystallites
formed in a pseudo Frank-van der Merwe mecha-
nism, with an intermediate quasi-hexagonal coinci-
dence structure caused by misfit-dislocation
domains. This growth behavior, along with the
high mobility of the Ag atoms on the Re surface,
suggested a minor “‘chemical” interaction between
the two metals. This could be expected from their
similar Pauling electronegativities and from the
fact that they do not form alloys in the bulk [6].

In the present work, we supplement combined
TDS, XPS, and A® data on the Ag/Re(0001)
system to correlate and understand the energetics
and kinetics accompanying the growth of the Ag
layers on the Re(0001) surface. Where necessary,
we will compare and correlate the previous STM
data with the results of this work.

Surfaces of the hcp metals Ru and Re have
frequently been used as substrates for thin film
deposition [7-17]. Their high melting point pro-
vides a convenient possibility for thermal desorp-
tion of the deposited material by monitoring the
metal’s vapor pressure mass spectrometrically. We
refer especially to Bauer’s pioneering work on
noble metal deposition onto W or Mo surfaces
[18-29]. Combined LEED, AES, TDS, and A®
measurements have helped to characterize not only
the kinetics and energetics, but also the surface
geometric and electronic structure and the growth
of the thin films. Based on the Polanyi-Wigner
equation [30], Bauer and coworkers developed a

powerful data evaluation procedure which allowed
the determination of (coverage-dependent) fre-
quency factors v, desorption activation energies
E”, and reaction orders x from a lineshape analysis
of TD spectra [18,19]. An equivalent lineshape
analysis to derive v, E*, and x as a function of the
deposit concentration was suggested by King [31].
(We shall return to the details of these data
evaluation procedures in Section 3.) As far as thin
film studies on the basal hcp metal surfaces of Ru
and Re are concerned, we mention our own work
[5] and reports by Behm et al. [10—-13] and Wandelt
et al. [9,16]. Furthermore, we refer to a compre-
hensive review by Campbell [32] surveying both
structural properties and chemical reactivities of
the thin films as probed by gas adsorption and
surface reactivity. Extensive studies of the
Cu/Re(0001) system by Rodriguez et al. [33]
and by He and Goodman [34,35] also deserve
attention.

2. Experimental

Thin silver films on Re(0001) were prepared as
described previously [5], though in a different
UHV system. The vacuum chamber contained
facilities for Auger electron spectroscopy (AES),
thermal desorption spectroscopy (TDS), low-
energy electron diffraction (LEED), X-ray photo-
emission spectroscopy (XPS), and work function
change (A®) measurements. Vacuum was main-
tained by means of a 4001s~! ion getter pump, a
2401s~! turbomolecular pump, and a mechanical
roughing pump. After appropriate bake-out, the
chamber background pressure was about
8 x 10~ ' mbar; during deposition of Ag, it never
rose beyond 5 x 10~ 1° mbar.

The sample consisted of a disk-shaped Re(0001)
crystal  of SN purity (diameter~8 mm,
thickness~ 1 mm), X-ray oriented to within 0.5°.
After careful mechanical polishing to a mirror-like
finish it was mounted on a standard sample manip-
ulator. Sample heating could be performed by
electron bombardment (7,,, 22500 K) or by pass-
ing a direct current through the Ta support wires,
with temperatures being measured using a W/WRe
thermocouple (W97Re3/W75Re25) spot-welded



242 D. Schlatterbeck et al. | Surface Science 418 (1998) 240-255

to the side of the crystal. Temperatures were
controlled by a PID regulator which could be
operated either manually or by a computer and
provided linear heating ramps. Cleaning of the
surface was attained by a few minutes heating in
oxygen (Po, ~2x107* mbar) at T=1100 K, fol-
lowed by a short heating to 1500 K in a hydrogen
atmosphere (Py, X 10”7 mbar) and a final flash to
2300 K in order to remove residual oxygen.
Excessive Ar ion sputtering was avoided in order
keep damage to the surface to a minimum. The
cleaning procedure was extended until AES
revealed the complete removal of sulfur, carbon,
and oxygen contaminants and the LEED pattern
showed bright and sharp diffraction spots indica-
tive of a clean, well-annealed hcp(0001) surface.

Deposition of Ag was accomplished using a
commercial Knudsen cell (WA technology) loaded
with ultrapure Ag wire (Goodfellow, 99,99%
purity); temperatures at the cell could be kept
constant to within 1 K resulting in very constant,
reproducible deposition rates. A quartz microbal-
ance (Balzers) allowed precise control and calibra-
tion of the flux of Ag atoms. Deposition rates
could thus be wvaried between 0.1 an
1.1 ML min~'. Highly reproducible TPD data
were obtained by a screen with an aperture
of 3mm ¢ which could be placed between
the Knudsen source and the sample
(diameter ~ 10 mm) as well as between the sample
and the quadrupole mass spectrometer (Balzers,
QMG 112A).

For XPS, we used a double-anode X-ray source
providing Al Ka radiation (Leybold, RQ-20/38B).
The emitted photoelectrons were analyzed with
respect to their kinetic energy by means of a
spherical electron energy analyzer (VG, Clam II).
providing a resolution of ~200 meV. The same
analyzer was also used for AES, whereby a stan-
dard electron gun served as a source for primary
electrons. The gun was operated with beam cur-
rents less than 5 mA in order to avoid thermal
damage on the Ag thin films.

Work functions and work function changes were
followed by means of a (home-made) Kelvin probe
with an inert Ta wire electrode. Because of the
geometry, variations of the work function during
Ag deposition could not be monitored continu-

ously, but only after each deposition. This discon-
tinuous measurement required a frequent
readjustment of the Kelvin capacitor and limited
the A® resolution to approximately +20 meV.

The as-deposited Ag films were very clean as
monitored by XPS and LEED. The condensed
amounts (“Ag coverages” @) could be conve-
niently estimated from (i) the frequency shift of
the quartz microbalance, (ii) the area of the
Ag3ds, and 3d;, XPS signal between 360 and
380 eV electron energy, and (iii) the Ag TDS peak
integrals. As will be shown below, the determina-
tion of absolute Ag coverages must take the appre-
ciable lattice misfit between fcc Ag and hcp Re
into account: the closest Ag-Ag distance in the
bulk is d,=2.884 A, while dy, =2.761 A, resulting
in a positive lattice misfit of ~4.6%.

We define an absolute silver coverage in the
usual way, namely, as the number ratio between
the first-layer Ag atoms and surface atoms
of the Re(0001) crystal. ©,,=1 then means
1.515 x 10* m~2. Note, however, that our previous
STM investigation revealed that Ag grows pseudo-
morphically only in the first layer, forming coinci-
dence structures for the second and third layers,
and finally, after six layers, Ag(111)-oriented crys-
tallites [5]. Accordingly, the number of Ag atoms
per layer decreases slightly as one moves away
from the Re(0001) surface towards the Ag(111)
crystal, and there arises a small, but noticeable,
layer dependence of the Ag layer filling: if we
associate the pseudomorphic first Ag layer with
the absolute coverage © =1 all layers beyond the
third merely contain 1.388 x 10'° atomsm™*,
which corresponds to @=0.91. The aforemen-
tioned lattice misfit is responsible for (temperature-
dependent) strain effects in the first and second
layer which affect the growth behavior and ener-
getics: room temperature Ag deposits — in the
following called RT films — cause a largely den-
dritic shape of the islands; even near the monolayer
the films have many pores, and there occurs an
incomplete layer-by-layer growth. However, if the
Ag is deposited at higher temperatures (HT films),
the edges of the nuclei and islands are much less
fringed, and the first two monolayers exhibit fewer
defects and pores. In the multilayer regime, up to
three incomplete Ag layers still coexist, resulting
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in an “incomplete” Frank—van der Merwe growth
mechanism [5].

A decisive quantity throughout our experiments
is the flux of Ag atoms emitted from the Knudsen
cell. To check the constancy of the Ag flux, Ag
was deposited onto the substrate for different time
intervals before desorption spectra were taken.
The actual surface coverage can easily be obtained
from an integration of these spectra, jPAg dt. The
observed, absolutely linear, relationship between
| Pugdt and time ¢ demonstrates that two impor-
tant conditions are fulfilled: (i) the Knudsen cell
provides indeed a very constant flux of Ag atoms,
and (ii) the condensation coefficient of Ag on
Re(0001) is likewise constant, i.e. does not depend
on coverage, at least not in the temperature range
investigated.

3. Results
3.1. Thermal desorption spectroscopy

The Re(0001) surface was kept at a constant
temperature (mostly ~740 K) and exposed, for
different time intervals, to distinct fluxes of Ag
atoms (ca. 1.2 monolayer (ML) per minute), the
background pressure being ~5 x 1071 mbar. The
TD data were recorded by a multichannel 16 bit
AD converter. The desorption experiments were
performed at heating rates (f=d7/d¢) between 1
and 7K s™!, but mostly at f=2.5K s~ !, which
yielded the best thermal resolution of the TD
peaks. In some cases, we chose a somewhat higher
value for 8 (5 or 7K s~ 1) in order to improve the
signal-to-noise ratio. At substrate temperatures of
740 K the deposited Ag atoms have sufficient
mobility to reach their equilibrium sites and form,
if possible, structures with long-range order. To
rule out any losses of Ag atoms prior to a desorp-
tion experiment we systematically varied the
sample temperature between 600 and 750 K during
deposition, but both the shape and the intensity
of the spectra remained unaffected.

Fig. 1 displays three series of TD spectra reflect-
ing different final Ag coverages. Fig. 1a shows a
series spanning the coverage range from 0 to ca. 2
Ag monolayers (ML), with a coverage increment

| heating rate p = 2,5 K/s
0., ~2ML

m

800 825 850

[B=5K/s
[o,, ~4ML

I (AQ) [a.U.]

825 850 875 900 925 950 975 1000 1025 1050

temperature [K]

Fig. 1. Three series of thermal desorption spectra with different
initial coverages @,: (a) @,~2 ML, heating rate f=2.5K s ;
(b) @y=4 ML, B=5K s % (c) ®,=12 ML, f=2.5K s~ 1. The
TD curves reflecting full monolayer populations are drawn in
bold. See text for further details.

of about 0.1 ML from spectrum to spectrum.
Obviously the growth of Ag takes place layer by
layer. However, the growth of the second layer
sets in before the first monolayer is really com-
pleted (see below). It is apparent even at a first
glance that the order of the desorption reaction,
for both layers, changes with coverage. For
medium and high coverages the TD spectra exhibit
a common leading edge, indicative of a zero-order
desorption kinetics. Clearly, the desorption
maxima fall almost together with the exponentially
rising rate curve and vary, therefore, strongly with
coverage. By contrast, below ©~0.2, the TD
maxima first appear at some 10 K higher temper-
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atures and shift, in an apparent second-order fash-
ion, to higher temperatures as the coverage
decreases. Certainly, there is no true second-order
process involved, since no Ag dimers appear in
the mass spectrum. Instead, we regard this effect
as a consequence of the application of the
Polanyi—-Wigner equation

. doe (©)6* (Efies(@)> )
rate= — —=v €X _—
dt P kT

which arises solely from a superposition of first-
and zero-order rate processes in a limited @
interval, for constant Ej. and v. This view is
supported by a simulation of our TD spectra
which is further explained in Section 4. A conve-
nient way to follow the @ dependence of the order
of the desorption kinetics is provided by so-called
order plots [36,37]. Their construction is based on
the validity of Eq. (1) and consists of a double-
logarithmic plot of the desorption rate against
coverage for various temperatures. In a sense, the
curves obtained are “isotherms” of the desorption
rate; their slope reflects the order x. Fig. 2 shows
the order-plot representation for the TD spectra
of Fig. la. For the coverage ranges 0.2 <60 <0.86
and 1.2<@ < 1.7 they reveal horizontal lines, i.e.,
x=0, whereas for low coverages within the first
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Fig. 2. “Order plot” for Ag desorption from Re(0001). In the
coverage ranges 0.15<©®<0.86 and 1.2<@ < 1.7 the slope of
the desorption rate isotherms (and therefore the desorption
order) is zero. At low coverages within the first and second
monolayer, the desorption follows a first-order kinetics. For
0.86<® <1 the desorption energy changes markedly which
renders the interpretation of the slope meaningless [38].

and second monolayer the slope (and, hence, x) is
1. Difficulties in the interpretation arise for a low
@ regime between the first and second layer
(0.8<®<1.1). Owing to the strong variation of
Ej in this range the order plot yields invalid
results [38].

Returning to the “ordinary” TPD spectra, we
refer to Fig. 1b which displays higher integral Ag
coverages up to 4 ML (this set of spectra was
measured with a higher f=5K s~ !) and shows
quite clearly the common leading edge associated
with the desorption peak of the second layer.
Furthermore, the desorptive contributions of the
individual layers are no longer resolved, i.e. a
distinction between the third, fourth, fifth layer
etc. is no longer possible. Instead, the multilayer
TD peak grows continuously and finally follows a
genuine zero-order desorption kinetics. This situa-
tion is emphasized in Fig. ¢ which spans a maxi-
mum Ag coverage of 12 ML.

Although the TD spectra contain in principle
all information about the ““state” of the interacting
Ag and Re species, it is not quite easily accessible.
Various procedures providing access to the physi-
cal properties have thus been described in the
literature, most of them departing from the
Polanyi-Wigner equation (Eq. (1)). In a first-hand
evaluation we may assume strict zero-order kinet-
ics (x=0) for all desorption processes. Besides
negligible readsorption of Ag (a condition fulfilled
in metal desorption experiments) this assumption
rests on a single, ®-independent, binding state for
each layer with layer-specific, but constant, values
of Ej,, and v. Our TD spectra suggest that this
assumption is valid already for the medium and
higher coverage ranges of the first and second
monolayer, as well as for desorption from multi-
layers. This latter process is entirely equivalent to
a sublimation of Ag, so that one expects a single
exponential rate law for desorption from each
layer. The respective Arrhenius plots, namely
In(rate) versus reciprocal temperature, yield indeed
reasonably straight lines for all three discernable
TD states, cf. Fig. 3. We obtain Ej,,~293.2 (+4)
kImol ! for the first-layer Ag, 273.3 (£5)
kI mol ! for the second layer, and 273.5 (+5)
kJ mol ~! for desorption from the Ag multilayer.
This final value agrees very well with the heat of
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Fig. 3. “Arrhenius-type” plots, i.e. In(desorption rate) versus
reciprocal temperature. For an approximately zero-order pro-
cess, the three TD states of Fig. lc yield reasonably straight
lines which allow the determination of the activation energy for
desorption. One obtains Ejj,, ~293.2 (+4) kJ mol ~* for the first
Ag layer (top curve), 273.3 (+5) kJ mol ! for the second layer
(middle curve), and 273.5 (+5) kJ mol ~! for desorption from
the multilayer (bottom curve).

sublimation of silver, AHg,,, which is given in
Ref. [39] as 270 kJ mol ~*.

Before we turn to the determination of coverage-
dependent activation energies and frequency
factors by means of a complete analysis it is
necessary to return to the problem of evaluating
actual (absolute) Ag coverages @ ,,. In Fig. 1, the
first desorption maximum could be associated with
the filling of the first monolayer, giving us at least
a relative measure of the monolayer population.
Since Ag grows pseudomorphically in the first
layer [5], we may state an absolute number for
the Ag monolayer concentration, namely,
1.515x 10 m. This number requires a perfect
order of all Ag atoms, which is, however, a largely
idealized assumption in view of the relatively open
morphology of the first layer suggested by the
STM images [5]. We therefore regard these abso-
lute numbers as an upper limit for @; the real
coverages may be 5 or 10% lower. If we extend
the concentration of the Ag deposit well into the
multilayer regime, there remains the task to deter-
mine the monolayer filling and the onset of the
second-layer growth.

A very elegant way to obtain this information
has recently been proposed by Schlichting and

Menzel [40]. It is based on the construction of
so-called layer plots. For this construction, the
ordinary TD spectra (shown, for example, in
Fig. 1) are integrated from left to right. For each
desorption rate (=ordinate) one obtains the resid-
ual coverage

1= 00
@reSZJ\ PAg d[.

t=T

Then the desorption rate is plotted against @
(which is high at low temperatures 7 and vanishes
at sufficiently high 7). The initial coverage ©
(prior to the application of the temperature pro-
gram) of each spectrum follows from the intercept.
Accordingly, in this layer plot the temperature
increases from right to left, although it no longer
explicitly appears in the spectra as a variable.
Hence, the common TD spectra are inverted from
left to right, and one should actually “read” a
layer plot from right to left. The sequence of TD
maxima appears in the layer plots in a more
pronounced way than in the conventional TD
spectra, and one can easily associate the various
maxima with the layer-specific desorptive contribu-
tions. For well-separated TD maxima there are
deep ‘‘valleys” in the layer plots whenever the
population of an individual layer becomes
exhausted (resulting in a sharp drop of the desorp-
tion rate). Slightly higher temperatures remove the
material of the next layer underneath so that the
desorption rate rises again, and so forth. Thus, the
various layers can be well distinguished from one
another.

Fig. 4 displays the layer-plot representation of
some of the TD curves of Fig. 1b (the thin perpen-
dicular lines are explained below). The aforemen-
tioned ““valleys” in the layer plot allow the accurate
determination of the monolayer coverages.
However, a careful inspection of the minimum
between the first, second, and third layers reveals
a slight shift of the minimum towards smaller
residual coverages as the overall Ag coverage
increases from the monolayer into the multilayer
range. Interestingly, the extent of this shift — which
is a direct measure of the population of Ag atoms
within the first layer — depends on how much
material is contained in the second layer. This is
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Fig. 4. “Layer” plots of some of the TD spectra shown in
Fig. 1b. For their construction, the “ordinary” TD spectra are
integrated from left to right to yield the residual coverage
[i2F Pag d1=0,, before the desorption rate is plotted against
O,.,. Absolute coverage calibration is provided by the minimum
between the contributions from the first and second layer. The
thin perpendicular lines indicate the nominal Ag monolayer
coverages. See text for the details.

illustrated by means of Fig. 5 which displays the
residual coverage of the first monolayer (in an
enlarged scale) as a function of the initial Ag
coverage prior to the desorption experiment (for

Moes (AQ) [a.U]

© [ML]

Fig. 5. Plot of the residual coverage O, of the first monolayer
against the initial Ag coverage, i.e. prior to the desorption
experiment. The figure reveals two clear linear sections which
separate the first “bilayer” from all subsequent Ag layers, thus
demonstrating that the populations of the first and second Ag
monolayer are not independent of each other. The inset shows
a magnification of the minimum occurring in the Ag desorption
rate between the first- and second-layer contribution, cf. Fig. 4.

the scaling of the axes in ML units, see below).
Fig. 5 reveals two clear linear sections that separate
the first “bilayer” from all subsequent Ag layers,
thus demonstrating that the content of Ag atoms
of just the first layer is strongly affected by the
population of the second layer in such a way that
a greater filling of the second layer reduces the Ag
content of the first layer. This behavior indicates
that the maximum number of first-layer atoms
and, hence, the morphological stability of the first
layer is not independent of the second-layer pop-
ulation. We will return to this point in Section 4.

The absolute coverage calibration was carried
out using the layer plots of Fig. 4. The minimum
which separates the desorptive contributions of
the first and second layer is enlarged in the inset
to Fig. 5. The trace corresponding to an initial
coverage of ©®=1.1 exhibits the minimum at the
highest residual coverage O, i.e. it marks the
point on the coverage scale with the maximum
amount of Ag present in the pseudomorphic first
monolayer. Therefore, we assign this particular
coverage as @ =1 (substrate units). However, since
the pseudomorphic growth is restricted to the first
monolayer only, this @ calibration also holds for
the first monolayer only. (In the second and third
Ag layer, the monolayer Ag content is somewhat
smaller.)

In order to derive (coverage-dependent) activa-
tion energies for desorption, frequency factors,
and reaction orders, two (quite similar and entirely
equivalent) TD data analyses have been suggested
and successfully applied for various metal-on-
metal and gas-on-metal interaction systems
[18,41]. Both make use of the (©-dependent)
Polanyi-Wigner equation. We applied both analy-
ses to our sets of data and obtained identical
results. We will therefore focus here only on
Bauer’s procedure [18]. The thermal desorption is
expressed in terms of a residence time t of the
individual particle on the surface, as given by the
equation:

e 1 <E§es(9)>
— = exp
do/d:  v(©)e 1 kT

(2)

The TD spectra are then integrated with res-
pect to small T intervals, and, for a given temper-
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ature, one obtains the residual coverage
@m:ﬂ‘” de/dt, while the rate is given by the
respective ordinate at 7+ d7. More details of the
evaluation procedure can be found in the original
work [18]. This analysis allows us to determine
both the frequency factor v and the activation
energy of desorption Es. as a function of Ag
coverage. For the first monolayer, both relations,
v(©), upper graph, and E* (@), bottom panel, are
shown in Fig. 6. Note that the evaluation of Ej
does not depend on an assumption for the reaction
order x, while the determination of v makes sense
only if x is independent of @. However, since x
changes with ® at medium coverages from values
around 1 to 0, the ® dependence of v presented in
the following is only qualitatively correct.
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Fig. 6. Result of the line-shape analysis according to Bauer et al.
[18], which was applied to the series of Ag TD spectra shown
in Fig. la for the coverage range 0 <® <1 ML. Upper panel,
frequency factor v; lower panel, activation energy of desorption
Es., as a function of Ag coverage. At low O, Ej, =250
kJ mol ~%; for @>0.3 to 0.4, Ej., ~290 kJ mol ~!. Also indi-
cated in the figure is the result of the simple zero-order analysis
as a bold horizontal line.

For both functions, Ej. (@) and v(0), we find
an absolute parallel @ dependence (which may
indicate a pronounced compensation effect [42]).
At low coverages, the activation energy for desorp-
tion is quite small, namely 250 kJ mol ~!, and
increases almost linearly with coverage, until
around ©~0.3 to 0.4 a practically constant value
of 290 kJ mol ! is reached. Quite close to the
filling of the monolayer there occurs a sharp drop
of Ej, (which is well known to occur with metal
desorption [24,25] and is partially attributed to
the data evaluation procedure, see below). All in
all, the data we obtain for the activation energy
of desorption at medium and high coverages agree
quite well with the result of the simple data analysis
which rested on a zero-order rate process and
coverage-independent Ej... The frequency factor v
is around 5x10''s™! near zero coverage and
increases to values around 10* s~ ! at medium and
high coverages, compatible with immobilized
layers.

However, the apparent deviations from zero-
order desorption kinetics in the submonolayer
regime (0<® <0.2) call for a more sophisticated
data evaluation procedure based on fundamental
statistical mechanics. Such an analysis has been
carried out and will be described in a separate
paper [43]. An important result of this evaluation
is the apparent change of the reaction order which
can be entirely understood assuming a 2D gas-
phase—2D solid transition in which “solid” 2D
islands with immobile Ag atoms are in equilibrium
with “gaseous”, mobile, Ag atoms. It is well feasi-
ble that an Ag atom must first dissolve from the
2D solid and transform to the 2D gas phase before
it can desorb. This phenomenon of phase separa-
tion has previously been described in the literature
on metal desorption [23,44].

Another problem arises if the data analysis
procedure described above is applied to the TD
spectra for ®>1 ML. In order to obtain genuine
information on the TD peak shape of the second
layer, the first-layer contribution must be
subtracted from the integral signal. This requires
that the peaks are sufficiently separated. In our
evaluation, we subtracted the “artificial” mono-
layer spectrum (see above) from all spectra that
contained a second-layer contribution. However,
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since — for reasons pointed out above — the absolute
coverage for the first layer varies somewhat with
the second-layer population (@ =1) this difference
is sensitively affected, if the population of the
second layer is still low or already quite high.
Therefore, we had to cut off the high-temperature
tail from the spectra after subtraction. Further-
more, it should be kept in mind that some Ag
atoms will change from the first to the second or
from the second to the third layer and vice versa
during desorption, so that one should not overint-
erpret the Ej., and v data near the filling of a
complete monolayer (0.86<®<1.1 and ©>1.7).
This @ range was therefore omitted from Figs. 6
and 7.

The resulting @ dependence of the second mono-
layer is illustrated in Fig. 7. It resembles somewhat
the course of Ej. (@) for the first monolayer, i.e.
it shows a first slight increase from 250 to
~275kImol ~! at medium coverages, where it
remains practically constant, until it decreases
slightly near the completion of the layer. The
frequency factor, in turn, increases from 10'? to
10** s~ ! in the same O range.

The TD spectra of Fig. 1 clearly show that a
fourth or fifth desorption peak can no longer be
separated from the third one, demonstrating that
energetic differences between the Ag atoms bound
in the respective layers are so small that desorption
from several layers can occur simultaneously and
a single rate equation is no longer a valid descrip-
tion of the desorption process. Accordingly, for
the third and all subsequent layers our analyses
yield values close to the heat of sublimation of
bulk silver, AHy,,, as characteristic for metal-on-
metal desorption experiments.

3.2. X-ray photoelectron spectroscopy (XPS)

Most of our XPS data were obtained with
unannealed Ag films deposited at room temper-
ature at a rate of ~1.3 ML s !. Some control
measurements were also performed with HT films
in order to investigate alloying effects that could
possibly occur at elevated temperatures. However,
no differences between RT and HT films could be
detected. This statement is valid both for the signal

10" -
14 ’ . . .'-.“ e o'
Rl s e T B e e
. -. o o . L4
8 13 oo e o
S5 107 ¢ .
10 :
10" - = 1 I —t——1
0, (2. ML)
T T T T T T T T T T T T T
300 009 018 027 036 045 054 063 |
g ]
[]
i -280 I s ET»,!E;@ S 7 -
T 2733 I ST T it = REEY
T { Tﬁs}gz fﬁm : fﬂf T
3 266 |- f { [
W 260 - ﬁ ﬁ t # i
-240 P R R | [ . J} \

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
0 /[ML]

Fig. 7. Same representation as Fig. 6, but for the second Ag
monolayer. Upper panel, frequency factor v; lower panel, acti-
vation energy of desorption Ej, as a function of Ag coverage
(within the second monolayer). Again at low 0, Ej,=250
kJ mol ~%; for @>1.3, Ej,, reaches 280 kJ mol ~ !, but decreases
again for ©>1.5. The result of the zero-order evaluation
(= Ej,s =273.3 kI mol ~') is practically identical to the heat of
sublimation of bulk Ag, i.e. AH,, =275 kJ mol ~%.

intensity — coverage dependence and for the ener-
getic positions of the various Re and Ag core levels.

Fig. 8 shows two sets of (@-dependent) XP
spectra obtained from RT films. Fig. 8a displays
four complete spectra including the clean Re sur-
face and a 10 Ag ML film and gives an impression
of the relative peak intensities of the spin—orbit-
split d core levels. Fig. 8b contains the spectra of
the energy ranges of the Re 4ds;, and 4d;;, levels
(250-300eV) and the Ag3ds;, and 3ds, levels
(360-390 eV). 18 spectra are presented, with the
Ag coverage varying in 0.2 ML steps up to 4.0 ML.
It can be seen that there occurs — within the limits
of accuracy — no core level binding energy shift,
neither of the Re nor of the Ag eclectron energy
levels. This absence of a chemical shift supports
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Fig. 8. Two sets of (coverage-dependent) XP spectra obtained
from Ag films deposited at 300 K. (a) Four complete spectra
including the clean Re surface and a 10 Ag ML spectrum and
showing the spin—orbit-split doublet of the Re 4d and the Ag 3d
core level excitation. Note the absence of any core-level shifts
in both Re and Ag signals. (b) Series of XP spectra, obtained
under the same conditions as in (a), but displaying the energy
range in which the Re 4ds), and 4d;), levels (250-300 ¢V) and
the Ag3ds, and 3d;, levels (360-390eV) are visible.
Altogether 18 spectra are shown, with the Ag coverage varying
in 0.2 ML steps up to 4.0 ML. Again, there are no core level
shifts recognizable.

our suggestion made above that the chemical inter-
action between Ag and Re is weak. This point will
be taken up again in Section 4.

In Fig. 9 we plot the respective peak areas for
both Re and Ag as a function of deposition time
under constant flux and temperature conditions.
Thin vertical lines indicate the deposition times at
which the completion of individual monolayers is
expected from the thermal desorption experiments.
Especially the Ag XPS signal intensities exhibit
fairly abrupt distinguishable changes of the slopes
coinciding with the expected fillings of the mono-
layers. Not only does this behavior confirm our
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Fig. 9. Integrated peak areas for both Re and Ag XP signals
(Re 4f and 4d, and Ag 3d orbital excitations) as a function of
deposition time under constant flux and temperature conditions.
Thin vertical lines mark the deposition times at which, accord-
ing to the TD spectra of Fig. 1, the individual monolayers are
filled. Especially in the Ag signal, two clear breaks in the slope
support our layer calibration and suggest a layer-by-layer
growth mode.

TDS coverage calibration, but it allows us in
addition to determine the inelastic mean free path
(Zimgp) Of the ejected (kinetic energy~300eV)
photoelectrons. We may take the ;g data sug-
gested by Tanuma et al. [45] (presented in Table 1)
as a reference. In our XP spectra of the 10 ML Ag
film, the Re photoelectrons possess merely ~14%
of their intensity of the clean Re. Using the data
of Table 1 and assuming a 10 ML film with a
thickness of ~25A, the Re electron intensity
should have become damped to about 12% of the
initial value. The good agreement with the calcu-
lated value supports the idea of a layer growth of
the Ag. The other, even more relevant, information
accessible from Fig. 9 concerns the growth mode
of the Ag deposit on the Re(0001) substrate. The
distinct breaks especially in the Ag intensity—cover-
age relation can be correlated with the deposition
of one, two, and three Ag monolayers, and there-
fore suggest a layer-by-layer growth mode
(Frank-van der Merwe growth mechanism) with
the formation of predominantly flat Ag layers.
Just this growth mode has already become appar-
ent in our previous STM study [5].
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Binding energies, kinetic energies, and inelastic mean free paths of photoelectrons excited from Ag or Re by Al Ka radiation [45]

Core level Binding energy (eV) Kinetic energy (eV) Inelastic mean free path (10\)
Ag 3ds, 367.9 1118.7 17.1
Ag3d;, 373.9 1112.7 17.0
Re 4f,), 40.1 1446.5 20.7
Re 4f5), 42.5 1444.1 20.7
Re 4ds), 258.8 1227.8 18.3
Re 4d;), 272.6 1214.0 18.1
Re 4ps), 445.1 1041.5 16.2
Redp,), 517.7 968.9 15.3
Re 4s 623.5 863.1 14.1

3.3. Work function change (A®) measurements

In the A® experiments (performed with the
Kelvin method) we paid particular attention to
temperature and annealing effects. We measured
the work function change of the Re surface after
each deposition step. The necessary readjustment
of the sample in front of the Knudsen cell and the
Kelvin reference electrode, respectively, produced
a somewhat larger error (+20 meV) in the indivi-
dual measurement than otherwise achievable with
the Kelvin method (+5 meV). To minimize this
effect, we always prepared a fresh Ag film after
each A® measurement; no cumulative deposition
was performed. One series (triangles) refers to a
surface temperature of 300 K, the other series
(circles) to 740 K. The A® values of both series
are plotted against the deposition time as displayed
in Fig. 10. The constant flux conditions and the
©-independent condensation coefficient make the
abscissa entirely equivalent to a coverage scale.
Again, we have marked the filling of the first and
second monolayer, respectively, by thin vertical
lines, based on the TDS coverage calibration.
Triangles refer to room temperature, circles to
high-temperature films. The general A@ behavior
of the Ag films is fairly similar: we find a strong
initial decrease of F of 600—-700 meV as the first
monolayer is populated, followed by another (but
much smaller) decrease of 50-100 meV during
filling of the second Ag monolayer. Still higher Ag
coverages lead to a slight re-increase of A® by
some 10 meV, until a final A@ of —700 meV is
reached. The influence of the deposition temper-

ature is manifest especially during the formation
of the first monolayer. Here, the decrease dA®/d¢
(AdA®D/dO) is steeper for the 740 K film, and its
A® values are generally somewhat higher until the
two curves merge again as the second monolayer
is completed.

4. Discussion

The results presented in the foregoing section
revealed several details about the physical and
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Fig. 10. Dependence of the Ag-induced work function change
of a Re(0001) surface on the deposition time for two different
temperatures. Using the monolayer calibration of Fig. 9, the
time scale can easily be converted to a coverage (@) scale.
Triangles refer to data points obtained for 300 K, circles to the
740 K (HT) data. Vertical lines mark the completion of the first
and second monolayer, respectively. See text for further details.
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chemical interaction of Ag with an Re(0001) sur-
face. In our discussion of these features, we will
focus (1) on the energetics of the desorption process
in the presence of lateral Ag-Ag interactions, (ii)
on the coverages associated with the individual
layers, and (iii) on the growth mode, which can
be deduced from the coverage-dependent XPS
measurements. Thereafter, a few points concerning
the “chemical” interaction between Ag and Re
will be added.

The detailed analysis of the thermal desorption
spectra revealed strongly coverage-dependent acti-
vation energies for desorption. They amount to
merely 245 kJ mol ~! at low Ag surface concen-
trations (up to 10-15% lower than the heat of
sublimation of bulk Ag of ~270 kJ mol ~'), rise
almost linearly with the Ag coverage and reach a
plateau of 293 kJ mol ~! at medium and high Ag
concentrations within the first monolayer. The
reason for this behavior is, as mentioned above
and discussed below, attractive lateral Ag-Ag
interactions. We regard the 293 kJ mol ~* as char-
acteristic of the Ag-Re interaction within the first
monolayer and find this number a little higher (by
~6.5%) than the heat of sublimation AH,,, of
silver. This may be interpreted as evidence of a
(small) “extra’ interaction energy between Ag and
Re. That such “extra energy’” must indeed be quite
small, is expected from a comparison of the
Pauling electronegativities of Ag and Re, which
are identical (x=1.9 [46]), so that a strong
electronic interaction with noticeable transfer of
charge appears unlikely. We shall take up this
matter again when we discuss the work function
properties of our interaction system.

Further support for the correctness of the eval-
uation of the desorption parameters is given
by TD spectra simulated according to the
Polanyi-Wigner equation (Eq.(1)). With the
values taken from the complete analysis
(cf. Section 3.1), i.e. v=1.5x10"s"1 Ej =290
kJmol ™!, and f=2.5Ks ! TD spectra were
simulated for several initial coverages (@ =0.1,
0.2, ..., 09). In a © range of +0.15ML the
desorption order was mathematically changed
from 0 to 1 by a symmetric function as soon as
the residual coverage became lower than 0.3 ML.
The result of this simulation is shown in Fig. 11.

950
temperature [K]

Fig. I1. Simulated (solid curve) and experimental (dashed
curves) TD spectra up to ®=1ML based on Eq.(1). The
parameters v=15x10s"!, E;,=290kJmol~!, and p=
2.5K s~ ! were taken from the evaluation of the TD spectra,
cf. Fig. 6.

Solid lines represent the simulated data, and
dashed lines the experimental data. There is a
surprisingly good correspondence between the two
data sets. It could be conjectured that the range
of matching parameters for simulation of TD
spectra is quite large and that good agreement
between calculated and measured spectra can be
achieved with physically unreasonable parameters,
but we emphasize that even tiny variations of the
chosen parameters (< 5%) rendered the fit between
the data sets significantly worse. Taking into
account that also the variation of the reaction
order at low coverages is entirely reproduced by
our simple model, the idea of desorption of Ag
atoms from a 2D phase equilibrium in a zero-
order rate process seems quite likely.

For the multilayer range, the activation energy
for desorption turns out to be practically identical
with the heat of sublimation of bulk silver, namely
273 kJ mol ~!. No “extra” energy shows up, and
we may take this result, especially in conjunction
with the observation that the Ag-induced work
function change has reached the bulk Ag(111)
value after deposition of two to three Ag mono-
layers, as evidence that the electronic (and, hence,
the chemical) properties of the film are those of
bulk silver. In other words, the interfacial modifi-
cation of the Ag film is confined to the coverage
range 0<@,,<2 ML.
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In order to illustrate the specific energetic beha-
vior of the first Ag monolayer on Re(0001) it is
worthwhile to compare the desorption energy and
its coverage dependence with the same quantities
reported in the literature for similar systems.
Combined A® and TPD measurements on the
deposition of silver films on refractory metal sur-
face were, to a great extent, carried out in the
laboratories of Bauer and Kolaczkiewicz, and we
rely in particular on their comprehensive data
body for metal-on-metal interaction as determined
from combined TD and A® measurements. We
refer especially to reports dealing with Ag on
tungsten [18,20,22,47,48] and molybdenum sur-
faces [24,25] with their very accurate determina-
tion of the coverage dependences of the activation
energy for desorption. Another valuable source of
information especially about the Ag (and Cu)
interaction with the Ru(0001) surface (which, as
an hcp metal, resembles the Re(0001) surface even
more) arises from the various studies performed
in the laboratory of Wandelt [9,16,49-52].

It is thereby established that the coverage depen-
dence of the activation energy of noble metals
desorption from low-index surfaces of refractory
metals exhibits a remarkable trend: with the atomi-
cally smooth (densely packed) bec (110) surfaces
of W and Mo, Ej starts from a relatively low
level at very low coverages and rises strongly with
O up to medium coverages. The rather more open
(100) and (111) surfaces, on the other hand, show
just the reverse behavior, namely a decrease of
Ej,, with @ and the stabilization on a lower level
in the medium coverage range [18]. An exception
to this rule is the Ag/W(211) system, where a
moderate initial increase of Ej,, with @ is reported
in the submonolayer coverage range [20]. This
peculiar behavior may be attributed to the strong
anisotropy of the bec (211) surface which induces
special lateral Ag—-Ag interactions in one direction,
but may screen these interactions in the perpendic-
ular direction. A comparison of our results for
Ag/Re(0001) with Niemantsverdriet’s results for
the Ag/Ru(0001) system [16] proves to be particu-
larly revealing. The basal Re(0001) plane with its
hexagonal symmetry is also very smooth on the
atomic scale, the average corrugation amplitude
being only 0.1 A [53]. The Ag/Re(0001) system

follows exactly the aforementioned trend in that it
exhibits an initial value for EZES,O of merely
250 kJ mol ! (2.59 eV at ~!) which rises, because
of attractive lateral interactions, to FEje =290
kJ mol ! (3.00 eV at ~!) at medium coverages, an
increase of 12%. Two points deserve attention
here, the absolute value of the characteristic energy
for Ag desorption from the monolayer, Ej., and
the initial rise, Eje, —E:es,o (which reflects the
strength of the Ag-Ag interactions).

For Ag on W(110), Ej,=342.5kJmol !
(3.55eVat ) and Ej — Ejes0=72.4kJ mol !
(0.75 eV at ~1) [22], while for Mo(110) the same
quantities are 300 kJmol ! (3.11eVat~!) and
78 kI mol ~! (0.81 eV at 1), respectively [24,25].
Turning to the literature data for silver desorption
from Ru(0001) [16,49-52], we emphasize the close
correspondence between the energetic behavior of
this system with that of our system: the observation
of an initial increase of the activation energy for
desorption as well as the absolute energy values,
namely EZes,o and Ej,, which agree within
5kImol !, are features of both systems. For
vanishing Ag coverages Epe o~ 250 kJ mol ~!
while Ej.,~300kImol !, leading to Ej, —
E:es,o ~50kJmol ~!'. In addition, a first-order
rate process was observed for @<0.5 ML and
interpreted as indicative of attractive lateral inter-
actions. As already emphasized in early reports
about the interaction between Ag and Au with the
(100) and (110) planes of W [48] the properties
of these systems depend mainly on the substrate
geometry and less on the adsorbate. It is therefore
not surprising that the Ag-on-Ru(0001) and
Ag-on-Re(0001) systems behave almost iden-
tically. This close similarity pertains also to the
issue of the 2D phase equilibrium which was also
reported for Ag/Ru(0001) [52] and other metal-
on-metal systems as various detailed desorption
and work function studies revealed [44,49,51-57].
For the Ag-on-Re(0001) system, we could evaluate
part of the two-dimensional phase diagram of the
2D solid—2D gas transition, according to a pro-
cedure suggested by Nagai et al. [58,59]. More
details will be communicated in a forthcoming
publication [43].

While lateral interactions determine the mor-
phology of the Ag layer in the submonolayer range
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the situation changes dramatically as the first
monolayer saturates. We know from our STM
study that this first monolayer is pseudomorphic
and under the influence of a high strain which can
be relieved as soon as the second and third layers
begin to form [5]. This (essentially microscopic)
property of a “buried” interface invisible with
STM measurements is accessible from our thermal
desorption spectra, especially in their “layer-plot”
representation, cf. Fig. 4. The high strain induced
by the misfit of 4.6% in the pseudomorphic first
monolayer is partly accommodated by the uniaxial
expansion in the second layer. We interpret the
distinct break in the plot of Fig. 5 in terms of a
“reconstructed” bilayer. The first layer coverage is
continuously lowered by up to ~ 5% during growth
of the second layer. The completed bilayer there-
fore contains 10% fewer atoms than a hypothetical
pseudomorphic bilayer. Further support for this
interpretation is provided in Fig. 4 by the position
of the minimum between the desorptive second-
and third-layer contributions. It is located at O =
1.9 ML. The filling of the uniaxially expanded first
and second monolayers is indicated by the vertical
lines. That this physical relation between the first
and second monolayers is indeed relevant informa-
tion (which is intimately correlated with the layer
misfit) is demonstrated by the Cu-on-Re(0001)
system [55]. Here, a discontinuity of the shift of
the first-layer minimum does not occur and the
first- and second-layer maxima appear at similar
coverage increments A®, the reason being the
negative misfit of —7.6% between Cu and Re. In
this system the coverage increment between the
maxima of the first and second layer steps is simply
1. Quite generally, a bilayer reconstruction is not
uncommon in metal-on-metal growth as investiga-
tions of the systems Cu/W(110) [60], Ag/W(110)
[61-63], and Cu/Ru(0001) [13] show.

For higher coverages, our previous STM and
LEED investigation [5] revealed the formation of
fairly regular misfit dislocation domains in the
third and fourth layer of the HT films, but the
overall orientation of the Ag crystallites was (111).
Here, the monolayer “population density”’ has
almost reached the value characteristic of an
Ag(111) surface, and a clear layer-by-layer growth
has occurred. (This is evident also from the XP

spectra, cf. Fig.9.) Layer growth is regularly
observed for Ag deposition on smooth (i.e. closely
packed) transition metal surfaces. We refer to
respective publications by Kern and his collabora-
tors [60-63], who investigated the Ag-on-Pt(111)
system by means of STM techniques and found,
in many respects, similar growth features as we
did with Ag films on the Re(0001) surface.
Whether or not the relaxation processes of the
third layer will have an effect on the relaxation of
the bilayer underneath cannot be deduced from
our TPD measurements. From our previous STM
investigations [5] we have, however, clear hints in
this direction, because the corrugation caused by
the uniaxially expanded first bilayer can no longer
be seen in the STM images of the third layer.
Turning to a discussion of the work function
changes, we have to consider both (i) the coverage
dependence of A® (at fixed temperature) and (ii)
the temperature dependence of each individual
A®(O) curve. Starting with (i) we note that the
steep initial decrease of the 300 K curve, cf. Fig. 10,
is followed by a shallow minimum near the mono-
layer and a slight re-increase of A® as the second
layer grows on top. If we neglect any kind of site
exchange between Ag and Re, the experimentally
measured decrease of A@ would indicate a slight
positive polarization (6*) of the Ag adatoms,
probably caused by a small transfer of electronic
charge to the Re substrate. Then the A@ minimum
at higher coverages could be due to depolarization
of the interacting Ag dipoles. This principal A®(O)
behavior is commonly observed in metal-on-metal
adsorption systems including alkali-metal adsorp-
tion [64,65], and Cu, Ag, and Au films on, e.g. W
or Mo surfaces [22,26,48]. We recall that our
STM study [5] revealed the build-up of a pseudo-
morphic first Ag monolayer without any buckling.
From a mere geometric point of view the respective
Ag atoms can only be accommodated in a flat
layer on the Re(0001) surface if the diameter of
the Ag atoms shrinks by ~5% to overcome the
positive lattice misfit. This “shrinkage™ could be
accomplished by the partial charge transfer to the
substrate. With regard to the sign of the work
function change, it is clear from the different
chemical potentials of the electrons in the Re and
Ag bulk (and hence the different positions of the
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Fermi levels of Re and Ag) that a finite work
function decrease must finally arise if the metal
with the higher work function becomes covered by
a film of the metal with the lower work function.
Taking the work function of the clean Re(0001)
surface (determined from UV photoemission
experiments) as 5.4eV [66] and our measured
difference of —0.7 €V, we obtain an absolute work
function of @=4.7¢V for the ~4 ML Ag film.
This agrees very well with the work function of
the clean Ag(111)surface, @4111)=4.74€V [67]
and indicates that the electronic properties of the
surface of a ~4 ML film are already very close to
what one would expect for the (111) surface of a
bulk Ag crystal. The same conclusion was reached
by TPD, LEED, and STM measurements.
Finally, with regard to the temperature depen-
dence of the A@ (@) function, a consideration of
the individual dipole moments associated with the
Ag atoms will be added. Adatoms located in an
island, at the edge of an island, or delocalized as
surface gas atoms (monomers, dimers, or trimers)
will exhibit (slightly) different dipole moments,
owing to their different local bonding situation.
These differences should show up in sufficiently
accurate A® measurements, as was, for example,
shown by Kolaczkiewicz for the Ag-on-W(110)
and Ag-on-Mo(110) systems [47,54] and by
Nohlen et al. [52] for the Ag-on-Ru(0001) system.
Generally, the temperature-dependent distribution
of the adatoms within the first layer will also make
the work function change temperature dependent.
If we associate higher dipole moments with isolated
Ag atoms compared with Ag atoms bound in the
2D islands, a given number of Ag atoms should
produce a greater work function change if they
exist in the 2D gas phase (which is the case at
elevated temperatures) but a smaller A@ if they
are condensed in solid islands, i.e. at lower temper-
atures. This is just what Fig. 11 reveals, namely, a
steeper initial decrease of A@® with coverage for
the HT films, compared with the 300 K films.
Unfortunately, the fairly poor accuracy of our A@
measurement does not reveal further details of the
experimental A@(O) curves, in contrast to the
work by Nohlen et al. [52] who were able to
record work function changes continuously using

a pendulum device based on a suggestion by Holzl
and Schrammen [68].

5. Conclusions

In summary, we find very satisfactory correspon-
dence between the previously published STM and
LEED data and the TDS, XPS, and A® results
reported in this work, and have extracted valuable
energetic information which allows conclusions
about the structure and dispersion of the Ag
adatoms at temperatures close to the thermal
desorption. Silver on Re(0001) grows pseudomor-
phically in the first layer, but rearranges in the
second and third layers and then forms large
islands with (111) orientation; the growth mode is
layer-by-layer. Accurate TDS experiments revealed
the structural rearrangement of the first layer
during growth of the second layer. In addition to
the strong enthalpy of condensation of Ag vapor
on the Re surface we find a very minor chemical
Ag—Re interaction. The activation energy of
desorption increases strongly with coverage as a
result of attractive Ag-Ag interactions; at suffi-
ciently high temperatures, a two-dimensional phase
equilibrium can be established, and we argue that
desorption of Ag occurs from the 2D gas rather
than from the 2D condensed phase.
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