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Abstract 

The temperature induced changes in the morphology of a xenon sub-monolayer adsorbed on a platinum (111) surface 
have been investigated using a variable temperature scanning tunneling microscope (STM). The morphology changes of Xe 
layers adsorbed at 17K and annealed in the temperature range between 17 and 34K were compared to the morphologies of 
Xe layers adsorbed at different temperatures in the same range. Effects of the single Xe atom diffusivity on Pt( 111 ) as well 
as of the 2D evaporation rate of the Xe islands could be observed. The corresponding activation energies were estimated to 
be 0.7 kcal/mol (31 meV) and 1.5 kcal/mol (64 meV), respectively. 
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1. Introduction 

Rare gases adsorbed on metal surfaces have a long 
tradition as model systems in surface science. Consid- 
erable effort has been devoted to the investigation of  
the adsorption, the binding and the structure of  rare- 
gas films, especially in the sub-monolayer range. The 
rare gas/metal  interactions are o f  particular theoret- 
ical interest [ 1,2] and are ultimately responsible for 
the morphology of  thin films grown on surfaces [ 3 ]. 
Except for a few experiments [4] ,  most of  the struc- 
tural aspects o f  thin rare-gas films have been deter- 
mined using reciprocal space methods, such as LEED 
[5] or thermal energy He diffraction (TEAS) [6] .  
It is therefore interesting to look at ultrathin rare-gas 
films also in real space. 

*Corresponding author. Fax: +49 2461 613907; E-mail: 
p.zeppenfeld @kfa-juelich.de. 

Since the advent of  the STM it is, in principle, pos- 
sible to study these systems in real space on an atomic 
scale. The problem, however, has been the technical 
realization of  a low-temperature STM needed for such 
experiments. Eigler et al. were the first to obtain high 
quality images for Xe with a low-temperature STM. 
Their results, obtained on Pt(111)  [7] and Ni(110)  
[ 8 ], give interesting insights in the adsorption o f  Xe 
in the dilute case, but the experiments were limited to 
low coverages and fixed surface temperature (4 K).  

With a new variable temperature STM [9] we have 
recently been able to study the system Xe on Pt (111)  
as a function of  coverage and surface temperature. 
In these experiments the main aspect was to under- 
stand the initial steps of  adsorption and the nucleation 
of  2D Xe islands [ 10]. In the present contribution 
we focus on the temperature dependence o f  the mor- 
phology of  Xe on Pt(111)  at higher coverages (0 .3-  
0.7 monolayer).  The structural changes of  a Xe sub- 
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monolayer upon thermal annealing as well as the mor- 
phology of layers adsorbed at different temperatures 
have been investigated and the results are compared. 

2. E x p e r i m e n t a l  

The experiments have been carried out using a vari- 
able temperature STM that allows images to be taken 
in the entire range of sample temperatures between 10 
and 400 K. A detailed description of the experimental 
setup is published elsewhere [9]. The features perti- 
nent to the present experiments are only briefly sum- 
marized here. 

We use a modified version of the "beetle"-STM 
[11 ] located in an ultrahigh vacuum chamber (base 
pressure < 10-1°mbar).  The sample is mounted on 
a specially designed manipulator which comprises a 
liquid helium continuous-flow cryostat. In the present 
studies, the STM is operated at sample temperatures 
between 13 and 5 0 K  by computer-controlled regu- 
lation of the sample heating. Temperature reading is 
performed via a Ni-CrNi therrnocouple spot-welded 
directly to the crystal. 

Sample preparation is carried out under ultrahigh 
vacuum conditions and consists of  repeated cycles of  
ion sputtering ( l k e V  Ar*) ,  heating to 750K in a 
1 × 10 -6 mbar oxygen atmosphere for 10 min, and 
annealing at about 1200K. Afterwards, the P t ( l l l )  
crystal typically exhibits terraces about 1000/~ wide 
separated by single atomic steps. 

Before exposure to Xe, the sample is flashed to 650 
K to desorb any low-temperature contamination (e.g. 
CO).  After the sample has reached the desired tem- 
perature, Xe is adsorbed onto the surface using a leak 
valve. During adsorption the STM is temporarily re- 
moved from the sample. The incident Xe atoms are 
therefore undisturbed by the STM and the sample ex- 
posure can be calculated directly from exposure time 
and 3D Xe pressure. After the desired exposure is 
reached, the valve is closed and the 3D Xe gas pumped 
off. Then the STM is placed onto the sample and al- 
lowed to accommodate to the low temperature. The 
first images are recorded 10-15 min later, when the 
thermal drift is sufficiently small. 

3. Results  and  discuss ion 

Fig. 1 shows the changes of the morphology with 
increasing annealing temperature of  a sub-monolayer 
of  Xe adsorbed on Pt(111) at 17 K. As will be shown 
later, these changes become observable at about 27 K 
- so that in order to image a stable morphology, all 
images were recorded at or below 17 K, i.e. well below 
this temperature. In Fig. la  the structure directly after 
adsorption at 17 K is presented. At this temperature Xe 
forms numerous 2D islands on the Pt(111) terraces 
[ 12]. 

Due to the presentation (apparent illumination from 
the left), the Pt steps appear as bright lines. Usually, 
the steps are straight (see e.g. Fig. 2c). In Fig. 1, how- 
ever, they are bent due to the presence of pinning cen- 
ters. This series of images has been chosen on purpose 
to allow a better comparison of the successive images 
as the characteristic structures of  the pinning centers 
guide the eye from one image to the next. The pres- 
ence of these pinning centers does not influence the 
morphology of the Xe layer as has been checked by 
comparison to images without pinning centers. 

In Fig. lb, the same area was scanned once more 
immediately after the first image (a) was taken. No 
changes in the morphology of the Xe layer are visible. 
This indicates that at these temperatures the thermal 
mobility of Xe is sufficiently small (compared to the 
time scale of about 10min necessary for recording two 
STM micrographs) to image the individual 2D Xe is- 
lands reproducibly, i.e. repeatedly at the same location. 
Furthermore, it shows that the tip scanning this area 
has no significant influence on the morphology, e.g. 
it does not drag the 2D Xe islands along. Single Xe 
atoms not adjacent to surface defects, however, can- 
not be imaged on Pt(111) without being disturbed by 
the tip even at the lowest temperatures, as has already 
been reported by Weiss and Eigler [7]. 

Before each of the following images the sample 
temperature was raised for a few seconds to the tem- 
peratures indicated and then quenched again to 17 K. 
Due to a small residual lateral drift the images slowly 
shift towards the top left corner, but the overlap from 
image to image is large enough to allow a direct com- 
parison of the structures. In (c) ,  after annealing to 
19 K, the morphology is almost indistinguishable from 
that in (a) and (b).  The same holds for (d),  which 
shows the morphology after further annealing at 26 K. 
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Fig. 1. Series of STM micrographs showing the structural development with increasing temperature of a sub-monolayer of Xe adsorbed at 
17 K onto Pt( 111 ). All images were recorded at 17 K and using the same parameters: scan width 2800/~, tip bias -0.4V, current 1 nA. 
(a) structure directly after adsorption, (b) second scan over this area showing the stability of the structure at this temperature. Before 
recording (c) to (f) the sample temperature was raised shortly to 19, 26, 29 and 34K, respectively. Changes in the morphology of the 
Xe layer start to become significant at about 27 K. 

Heating the sample shortly to 29 K, however, results 
in a visible island coarsening (e).  At the same temper- 
ature, a considerable mass transport of Xe atoms takes 
place also towards the lower edges of the Pt steps. In 
( f) ,  after annealing at 34K, the effect is more pro- 
nounced and thus can be seen even more clearly. In 
(e) and (f) the "pearl chains" of Xe atoms decorat- 
ing the upper edge of the Pt steps [13] can be used 
to locate the original Pt steps: indeed, since the Xe 
2D islands are imaged in the STM to within a few per 
cent at the same height as a Pt terrace, it is otherwise 
hardly possible to detect the transition from the com- 
pact Xe islands nucleated at the lower edge of the Pt 
steps to the adjacent upper Pt terraces [ 10,13]. 

In (d) to (f) one can follow in detail the coarsen- 

ing process and see which of the Xe islands are the 
"winners", i.e., which islands do not disappear. The 
"winners" are the initially larger islands which grow 
larger at the expense of smaller ones. As the location 
of the islands appears to be stable from one image to 
the other it seems likely that the mass transport in- 
volved in the coarsening process is not due to a mo- 
bility of entire Xe islands but to the motion of single 
Xe atoms on the Pt terrace. These single Xe atoms get 
on the terraces by evaporation from the rim of the 2D 
Xe islands. In this annealing experiment, therefore, the 
enhanced rate of the mass transport which accounts 
for the observed onset of the changes in the Xe-layer 
morphology is due to the increasing 2D evaporation 
rate from the Xe islands. 
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(a) (b) 

(c) (d) 

Fig. 2. Structure of a sub-monolayer of Xe adsorbed at different temperatures and quenched to below 17K before imaging. Adsorption 
temperatures are (a) 17, (b) 20, (c) 30 and (d) 50K. Scan width in all images 3000/~, tip bias -0.4V, current 1 hA. 

To further clarify this, a somehow complementary 
experiment was performed (Fig. 2) : instead of  adsorb- 
ing Xe at a fixed low temperature and monitoring the 
evolution o f  the morphology with increasing anneal- 
ing temperature, now given amounts o f  Xe were de- 
posited at different adsorption temperatures. The im- 
ages themselves were taken after quenching the sam- 
ple temperature to below 17 K in order to image stable 
structures. The amount o f  Xe adsorbed is similar in 
all images. 

In (a) the morphology of  the Xe layer after adsorp- 
tion at 17K is shown. As expected from Fig. 1, at this 

temperature Xe forms many small islands on the Pt 
terraces. The situation changes drastically if  Xe is ad- 
sorbed at 20 K (b).  Xe now forms larger islands:on 
the Pt terrace as well as at the lower edge of  the Pt 
steps. The effect becomes even more pronounced i fXe  
is adsorbed at 3 0 K  (c) now forming large contigu- 
ous 2D structures. These can be distinguished from 
the Pt terraces by the more ragged rim as compared 
to the straight Pt step edges. The original position of  
the Pt steps can again be located with the help o f  the 
Xe atomic chains decorating them. 

Adsorbing at higher temperatures, e.g. 5 0 K  (d) ,  
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also leads to ragged or "curly" structures rather than to 
hexagonally shaped islands with straight edges as ob- 
served, for instance, for Pt on P t (111)  [ 14]. Instead, 
the Xe island shapes resemble those proposed by the- 
ory [ 15]. Further experiments to clarify the origin of  
this "edge roughness" are in progress. 

In the adsorption experiment,  the same type of  Xe 
morphologies  as the ones which in the annealing ex- 
per iment  could only be observed above 27 K are now 
obtained at temperatures as low as 20 K. This indicates 
that now the observed mass transport is mainly gov- 
erned by the thermal diffusion of  individual Xe atoms 
on the Pt surface. These Xe atoms are provided di- 
recfly from the 3D gas phase and, hence, the 2D evap- 
oration from the edges of  the Xe islands no longer 
plays the rate-l imit ing role. 

Based on a random-walk  model  of  the STM images 
can provide a rough estimate o f  the activation ener- 
gies of  these processes: a value of  about 0.7 kca l /mol  
(31 meV) is inferred for the diffusion of  single Xe 
atoms and about 1 .5kca l /mol  ( 6 4 m e V )  for the 2D 
evaporation. Both values are in good agreement with 
those obtained previously from TEAS measurements 
[161. 

4. Conclusion 

Comparison o f  the two experiments shows that an 
"onset" of  changes in morphology of  adsorbed Xe 
structures on the t ime scale of  seconds to minutes can 
be located at about 27 K. Below 27 K, no substantial 
lateral mass transport  occurs within the Xe layer. The 
2D evaporation rate of  the Xe islands is sufficiently 
small to guarantee their stabili ty at these temperatures. 
The observed mass transport  above 27 K is controlled 
by the 2D evaporation rate of  the Xe islands providing 
the single Xe atoms which can then diffuse over the 
Pt(  111 ) surface. 

I f  the Xe atoms are provided directly from the gas 
phase during adsorption (as in the experiment pre- 
sented in Fig.  2) ,  an enhanced mass transport occurs 
at much lower temperature. The mass transport  is now 
governed pr imari ly  by  the thermal diffusion of  indi-  
vidual  Xe atoms. Below 20 K, this thermal mobil i ty  is 

too low to allow a significant fraction of  the adsorbing 
atoms to reach the Pt step edges. Adsorpt ion then leads 
to the formation of  2D Xe islands on the Pt terraces. 
Above 20 K the single atoms are highly mobi le  and 
most of  them can reach the step edges. This then leads 
to the formation of  large contiguous 2D structures at 
these edges. At  higher temperatures, however, these 
Xe structures are subject to thermal fluctuations, which 
are reflected in the ragged r im and the irregular shape 
of  the islands. 
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