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Morphology and magnetic properties of thin films of Rh on highly oriented pyrolitic graphite
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The structure and magnetic properties of ultrathin Rh layers deposited on highly oriented pyrolitic graphite
~HOPG! have been investigated by means of core-level photoemission and scanning tunneling microscopy.
The Rh growth on HOPG follows the Volmer-Weber mode at 300 K for any coverage, while Rh may form a
commensuratep(131) ordered structure when deposited at 150 K for a coverage up to one monolayer. For
submonolayer or monolayer Rh films on HOPG the linear magnetic dichroism in the angle distribution of
photoelectrons shows no evidence of in-plane long-range magnetic ordering.
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I. INTRODUCTION

The growth of thin films, atomic chains, and clusters
transition metals on single-crystalline surfaces is of cons
erable interest for researchers, because it represents a
precedented scientific and technological opportunity for
signing interesting magnetic materials and devices. All th
objects have the common characteristic that the length sc
are small enough to exhibit quantum phenomena and, th
fore, unusual electronic and/or magnetic properties can
expected.1–3 In the last decade, theory and experiments h
opened the door to a whole class of low-dimensional s
tems, where the combination of large spin-orbit interact
and large local magnetic moments can produce sizable m
netocrystalline anisotropy with interesting effects on el
tronic, thermodynamic and magneto-optical behaviors.1–7

In the search for ultrathin magnetic systems one is
restricted to those transition metals that exhibit magnetism
the bulk. Recent experimental and theoretical efforts h
addressed the question of a possible onset of ferro- or a
ferromagnetism in nanostructures, free-standing clusters,
films, and surfaces of metals that are nonmagnetic in the b
form. Sc, Ti, V, Pd, Rh, and Ru have been singled out
potential candidates, Rh and Ru being the most promis
ones.1,8–28Since these metals almost satisfy the Stoner cr
rion of ferromagnetism in the bulk, they can become m
netic if the density of states at the Fermi level is enhan
due to either an expansion of the lattice parameter or a
duced atomic coordination number.

Calculations predict that Rh could be magnetic in t
form of a single layer on Ag~001! and Au~001!,14–16 or as
free-standing clusters of less than a hundred atoms,11–13

while it is at the onset of ferromagnetism at the Rh~100!
surface.29 Experimentally, indeed, magnetic ordering h
been found for the Rh~100! surface30 and for Rh clusters.31

However, a Rh monolayer on Ag or Au was found expe
mentally nonmagnetic.23,26 The reason for this could be re
lated to the experimental difficulties of growing these 4d
elements as ordered monolayers on Ag and Au. The gro
process depends dramatically on the experimental co
tions, such as the substrate temperature and cleanliness
0163-1829/2000/63~3!/035405~8!/$15.00 63 0354
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deposition rate, etc. In addition, most transition metal mo
layer systems on noble metal substrates are not in therm
namic equilibrium and diffusion of transition metal adatom
into the substrate represents a serious problem.1

To overcome some of these experimental problem
graphite has been suggested as an alternative substrate
transition metal atoms diffuse much less into it.20,21,24,28,32–35

The graphite~0001! surface is furthermore known to be ver
flat and, as in the case of noble metals, the overlap with
transition metald band is expected to be small.28,32–35

Moreover, spin-polarized secondary-electron emiss
spectroscopy24 applied to 1 ML~monolayer! of Ru on highly
oriented pyrolitic graphite~HOPG! seems to confirm the
presence of bidimensional ferromagnetism in this syste
This evidence of magnetism in a 4d monolayer is very en-
couraging and prompts verification with other experimen
techniques and other 4d materials like Rh.

In this paper we study the growth of Rh thin layers
HOPG at 150 K and room temperature~300 K! using x-ray
photoemission spectroscopy~XPS! and scanning tunneling
microscopy~STM!. By exploiting the element specificity an
surface sensitivity of photoemission, the presence of in-pl
magnetic order in these systems has been investigate
looking for linear magnetic dichroism in angular distributio
~LMDAD ! effects in the core-level photoemission expe
ments. We show that Rh monolayers and/or submonola
on HOPG~0001! do not present in-plane magnetic ord
down to 150 K and that this is probably due to the interact
with the substrate.

II. EXPERIMENT

The angle-resolved core-level photoemission meas
ments were performed in the ultra-high vacuum experime
chamber~base pressure 8310211mbar! of the SuperESCA
beamline at ELETTRA in Trieste,36 using linearly polarized
light. The photoelectrons were collected by means of a 1
mm hemispherical electron energy analyzer, with an ove
energy resolution better than 60 meV and an angular res
tion of 62°. Scanning tunneling microscopy was perform
in a different UHV experimental chamber~base pressure 8
©2000 The American Physical Society05-1
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A. GOLDONI et al. PHYSICAL REVIEW B 63 035405
310211mbar! using the standard Omicron VT STM at roo
temperature. This chamber was also equipped with a l
energy electron diffraction~LEED!/Auger apparatus.

The HOPG substrate was cleaved in air and immedia
inserted in the experimental chambers via a fast entry lo
Repeated annealing cycles up to 1200 K were perform
until a very sharp C1s core level was observed by XPS an
no trace of contaminants was detected by photoemission
Auger electron spectroscopy~AES!. Low background and
very sharp spots, forming the typical rings, characterized
LEED pattern of the clean HOPG. For magnetic measu
ments, the sample was inserted in the gap of a horse
yoke electromagnet. The magnetic field was applied para
to the sample surface and perpendicular to the photoemis
scattering plane~chiral geometry37!, by means of a curren
ramp through the electromagnet coil.

Rh deposition on the clean HOPG was performed in b
UHV experimental chambersin situ using a homemade
evaporator. The coverage was calibrated using AES
XPS.

III. RESULTS AND DISCUSSION

A. Growth and morphology of Rh films on HOPG

First we deposited Rh on the HOPG substrate kept at
K. We followed the Rh deposition in real time by collectin
subsequent Rh 3d and C 1s core-level photoemission spect
at a photon energy of 400 eV. During the deposition
photoemission area of the C 1s core level decreased linearl
as a function of time with a clear change in slope after 21
@see inset of Fig. 1~a!#. This is consistent with either a laye

FIG. 1. ~a! Rh 3d core-level photoemission spectra of a Rh fil
about 2 ML thick, as deposited at 150 K~dots! and after annealing
at 300 K ~line!. Inset: Integrated intensity of the C 1s core-level
photoemission spectrum as a function of time during the Rh de
sition at 150 K. The arrow indicates the breakpoint correspond
to the completion of the first Rh layer. The dashed line is the
pected behavior in the case of a layer-by-layer growth.~b! C 1s
core-level photoemission spectra of the HOPG substrate just
the deposition of about 2 ML of Rh at 150 K~dots! and after
annealing at 300 K~line!.
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by-layer or a Stransky-Krastanov growth mode, and we
sume that the change in slope indicates the completion of
first layer. To clarify this point, we have calculated the e
pected attenuation of the C 1s signal in the case of a layer
by-layer growth mode. Assuming an escape depth of 5 Å for
photoelectrons of 120 eV kinetic energy, from the atten
tion of the C 1s signal up to 1 ML we obtain a thickness o
2 Å for a single Rh layer. Using these parameters we
calculate the expected behavior~dashed line in the inset o
Fig. 1! during the growth of the second Rh layer. There is
considerable disagreement between the calculations and
experimental attenuation of the C 1s signal. The C 1s is less
attenuated than expected assuming a layer-by-layer gro
favoring therefore a Stransky-Krastanov growth mode
150 K.

In Fig. 1 we report the high-resolution C 1s and Rh 3d
core-level photoemission spectra just after the deposition
about 2 ML of Rh at 150 K~dots!. The width and shape o
both peaks are due to contributions from many compone
which suggests the presence of several inequivalent ato
sites. The LEED pattern resembles that of the clean HO
substrate, but with six spots, forming a hexagon, more
tense than the others. This indicates that the first layer m
form a commensuratep(131) structure of the Rh adatoms

By raising the substrate temperature to 300 K, both Rhd
and C 1s core levels become single sharp peaks, as a
shown in Fig. 1~solid line!. The absolute spectral intensit
of the C 1s core level strongly increases, suggesting th
large graphite areas are now uncovered. This indicates a
mobility of the Rh adatoms at 300 K and, possibly, the fo
mation of three-dimensional Rh islands. This behavior is
agreement with the substantial difference in surface ene
between HOPG and Rh,1 which favors the Volmer-Webe
growth mode. The LEED pattern is the same of the cle
HOPG. Annealing for 5 min to 450 K does not lead to fu
ther changes to the photoemission spectra and LEED pat
indicating that some form of thermodynamic equilibrium h
been achieved.

To further investigate the growth mode, we have also
posited an amount of Rh corresponding to about 3 ML~i.e.,
an evaporation time of;650 s! on the clean HOPG substrat
kept at 300 K. Figure 2 shows the evolution of the C 1s and
Rh 3d peak areas in XPS during deposition. Both pea
follow a continuous, apparently exponential, behavior wi
out any clear break point. The shape and the spectral in
sity of these core levels are similar to those of the spe
measured after the annealing at 300 K of the Rh film dep
ited at 150 K~see Fig. 1!. This behavior is consistent with
the growth of three-dimensional~3D! islands at 300 K with
large HOPG areas always uncovered during the gro
~Volmer-Weber growth mode!. In particular, as we will show
in the Appendix, the unusual concave behavior of the
creasing Rh 3d signal is consistent with the Volmer-Webe
growth mode and indicates that in the early stages of gro
the increase of the island volume dominates over an incre
of the island number.

The morphology of about 2.260.2 ML ~based on Auger
spectroscopy! of Rh deposited at 300 K has been inves
gated also with scanning tunneling microscopy. Figure
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MORPHOLOGY AND MAGNETIC PROPERTIES OF THIN . . . PHYSICAL REVIEW B63 035405
shows a 200032000 Å2 STM image of this film, where a
uniform distribution of Rh islands is visible on the HOP
substrate. The typical lateral size of these islands is ab
1003100 Å2. These islands seem to have the tendency
agglomerate in groups of less than seven islands. The
panel of Fig. 4 reports a 2003200 Å2 STM image of a group
of three islands showing that on top of the islands there is
clear atomic resolution. The inset highlights the atomic re
lution on the HOPG substrate. The bright spots in the HO
substrate image correspond to theb sites of the honeycomb
graphite lattice, i.e., carbon atoms of the first layer just

FIG. 2. Integrated intensity of the C 1s and Rh 3d core-level
photoemission spectra as a function of time during Rh depositio
300 K. The C 1s signal has been divided by a factor of 4 in ord
to plot the two curves on the same scale and enhance the expo
tial behavior.

FIG. 3. 200032000 Å2 STM image of a Rh film deposited a
300 K, showing a quite uniform distribution of Rh islands on t
HOPG substrate.
03540
ut
to
op

o
-

G

n
top of the center of the hexagons of the second layer.
rough morphology of the Rh islands is clear from the heig
distribution ~along the line cut shown on the top panel! re-
ported in the bottom panel, which also indicates that th
islands are formed by more than three Rh layers. The ap
ent vertical distance between the layers is about 2.8 Å, wh
must be compared with the step height expected for the l
index Rh surfaces, i.e., 2.2 Å for the~111!, 1.9 Å for the
~100!, and 1.34 Å for the~110!.

Very rarely we can observe an isolated adatom. Figur
shows a 50320 Å2 STM topography of an isolated adato
in a region of clean HOPG. The adatom is visible as e
hancement of the site brightness that extends for about
around theb-site position occupied by the adatom~see also
the bottom panel!. The local enhancement of the corrugatio
is due to the high density of states at the Fermi level of
adatom, as compared to thespstates of the HOPG substrat
whose wave function extends away from the atomic positi
The bottom panel of Fig. 5 indicates that the apparent he
of the adatom is 1.0 Å, that is about five times the corru
tion we measure on the clean HOPG substrate, but is m
less than the height of one Rh layer in the 3D islands~2.8 Å!.
Moreover, the fact that this single adatom can be reprod
ibly imaged for several STM scans demonstrates that i

at

en-

FIG. 4. Top: 2003200 Å2 STM image of a group of three Rh
islands. The inset highlights the atomic resolution on the HO
substrate. Bottom: Height distribution of a Rh island along t
white line cut shown on the top panel. The horizontal lines indic
the positions of different planes.
5-3
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A. GOLDONI et al. PHYSICAL REVIEW B 63 035405
bound relatively strongly to the substrate. This bondi
which contrasts with the high mobility required for the fo
mation of the observed Rh islands, may be due to the p
ence of defects, but we note that no defects were image
the clean HOPG by STM prior to the Rh deposition.

The STM topographies confirm that Rh grows on
HOPG at 300 K following the Volmer-Weber mode. Th
kind of growth has been observed at 300 K also for T35

Mo,38 V, Cr, Mn, Fe,28 and Pd,39 deposited on graphite. Th
case of Ru deposited on HOPG represents instead a co
versial situation. Pfandzelter, Steierl, and Rau24 interpreted
the attenuation of the carbon Auger signal and the increas
the Ru Auger signal, for Ru deposited at 300 K, as a stra
line with change in slope, consistent with the lateral grow
of a single layer of Ru/HOPG. They also showed, using sp
polarized secondary-electrons spectroscopy, that this
layer has a long-range in-plane magnetic order, provid
evidence of magnetism in 4d thin films supported on a non
magnetic substrate.24 These results have been questioned
Binnset al.28 who, on the basis of photoemission and refle
tivity measurements, suggest a Volmer-Weber growth m
at either 300 or 70 K. The attenuation of the C 1s photo-
emission signal at 300 K in the data of Binnset al.,28 where
two linear segments with change in slope were identified
very similar to the behavior of the carbon Auger signal o
served by Pfandzelteret al.,24 but their interpretation is dif-
ferent, mainly based on their very clear reflectivity measu
ments. Binnset al.,28 also failed to observe LMDAD effects
on the Ru film grown at 300 K.

Binns et al.28 suggest a 3D island growth of Ru/HOP
also at 70 K where the linear behavior and the change
slope in the attenuation of the C 1s photoemission signal ar

FIG. 5. Top: 50320 Å2 STM topography of an isolated metalli
adatom on ab site of clean HOPG. The inset highlights the s
brightness enhancement around the metallic adatom. Bottom:
parent height distribution along the line cut shown on the top pa
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indeed very similar to our XPS data for Rh deposition at 1
K ~see Fig. 1!. Again, these authors28 support the XPS data
with reflectivity measurements at low temperature, but in t
case there are too few experimental points to exclude a la
by-layer or a Stranski-Krastanov growth mode.

To summarize this section, the above arguments indic
that at 300 K Rh thin films grow on HOPG by formin
three-dimensional islands as other 3d and 4d transition met-
als do. At 150 K, instead, our XPS and LEED data stron
suggest that Rh grows in a Stranski-Krastanov fashi
where the first layer forms a metastable single pseudom
phic p(131) structure that transforms into an islanded fi
as the temperature rises.

B. Magnetic properties

We investigated the possible existence of long-ran
magnetic order in these Rh films by means of LMDAD
core-level photoemission. For a given experimental geo
etry, photoemission spectra were acquired for two oppo
orientations~up and down! of the magnetic field applied par
allel to the sample surface, but perpendicular to the sca
ing plane~chiral geometry!. In the presence of in-plane mag
netization of the sample, this provides a series of mir
experiments for testing LMDAD effects.37

First we looked for magnetic effects in the Rh films d
posited or annealed at 300 K, where three-dimensiona
lands are present. Figure 6 reports the Rh 3d core-level pho-
toemission spectra of these films cooled down to 150 K,
the two opposite orientations of the magnetization, show
the absence of a LMDAD signal. A null LMDAD signal ha
also been observed in presence of a small magnetic fiel~5

p-
l.

FIG. 6. Rh 3d core-level photoemission spectra of an island
Rh film measured at 150 K and 40° emission angle, upon rever
the magnetization field fromMup to Mdown in chiral geometry. The
corresponding LMDAD asymmetry~Ref. 37! is shown in the bot-
tom panel.
5-4
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MORPHOLOGY AND MAGNETIC PROPERTIES OF THIN . . . PHYSICAL REVIEW B63 035405
G! applied to the sample. All the available calculations ab
the possible magnetic configurations of Rh thin films ag
in predicting the survival of magnetism only for a sing
atomic layer. When two or three monolayers are conside
the magnetism is destroyed.14,20,28 The morphology of the
Rh/HOPG films grown or annealed at 300 K is, therefo
unsuitable for retaining long-range ferromagnetic ord
which is consistent with the absence of LMDAD in the R
3d core-level spectra of Fig. 6.

On the other hand, Rh deposited on HOPG kept at 15
forms a two-dimensional ordered structure~see Sec. III A!
that in principle is able to retain a nonzero magnetic mom
of the Rh adatoms. Therefore, after a new cleave and cl
ing procedure of the HOPG substrate, we repeated the
deposition under the same experimental conditions with
HOPG substrate kept at 150 K, stopping it just before
completion of the first layer. Figure 7 shows the Rh 3d core
levels of this film taken for the two opposite orientations
the magnetization field in chiral geometry. The measu
ments were performed at 150 K. It is evident that t
LMDAD asymmetry is again null, indicating the absence
long-range in-plane magnetic ordering. Even in this case
absence of LMDAD in the photoemission spectra was a
verified when a small magnetic field was left on after t
magnetization cycle.

There are two possibilities to explain the absence
LMDAD in the photoemission spectra of this Rh film. Th
first obvious explanation is that the film is nonmagnetic. A
though the graphite surface is naively expected to have l
influence on the magnetism of the Rh overlayer, recent
culations have disproved this picture.20,21 The magnetic mo-

FIG. 7. Rh 3d core-level photoemission spectra of 1 ML of R
deposited at 150 K and measured at 150 K and 40° emission a
upon reversing the magnetization field fromMup to Mdown in chiral
geometry. The corresponding LMDAD asymmetry~Ref. 37! is
shown in the bottom panel.
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ments are found to depend strongly on the overlay
substrate intralayer distance and on the nearest-neig
distance of the Rh adatoms.20,21,28A metal-to-metal distance
increased by at least 5% relative to the Rh bulk near
neighbor distance~2.69 Å! and an adatom/substrate intr
layer spacing larger than 2.5 Å are both crucial conditio
for the stabilization of magnetism in single-layer films
Rh/HOPG.20,21,28

Our LEED data suggest that the monolayer deposited
150 K can have ap(131) hexagonal ordered structure wit
a Rh-Rh distance of 2.46 Å, i.e., the same distance betw
b sites or the centers of the hexagons as in HOPG. T
value corresponds to a contraction of the Rh bulk near
neighbor distance of about 9%, which according to the t
oretical prediction is unable to preserve the atomic mome
Also, the STM topography of the isolated metallic adato
suggests that Rh atoms are preferentially adsorbed onb
sites, as observed in the case of other 4d and 3d transition
metals.40 In the above calculations the only stable magne
configuration of Rh/HOPG is obtained for ap(232) struc-
ture of the Rh adatoms, which implies the presence of a
toms on both hollow~centers of the hexagons! and b
sites.20,21,28It is worth noting that, in these calculations, on
the adatoms on a hollow site retain a net magnetic mom
while the magnetic moment of Rh adatoms onb sites is null
for any reasonable Rh-C bond distance.28

There is a second possible explanation. As shown by
cent calculations, in a free-standing Rh monolayer the ori
tation perpendicular to the surface of the magnetic mome
is strongly favored relative to the in-plane orientation.41 A
magnetization perpendicular to the surface breaks the ch
ity of our experiment and as a consequence LMDAD can
be observed.

The perpendicular or in-plane orientation of the magne
moments depends on the magnetocrystalline anisotropy
ergy, which can be approximated by the band energy dif
ence when the moments are oriented in plane or out of pla
In a free-standing monolayer this quantity is mainly det
mined by the spin-orbit coupling. In an overlayer system
depends also on the hybridization of the out-of-plane sta
with the substrate states.42 For example, in the case of
free-standing monolayer of Co the strong tendency to
plane orientation of the magnetic moments is found to or
nate from the spin-orbit coupling between the occupieddxz,yz
and unoccupieddz2 anddx22y2 states.42 When adsorbed onto
Pd, thedxz,yz states are appreciably pushed up because of
hybridization with the substrate, favoring the perpendicu
orientation of the moments.

The above discussion highlights the important role play
by the orbital hybridization~Rh-Rh and Rh-C! and by the
spin-orbit interaction in the hybrid bands in determining t
magnetic properties of Rh/HOPG. The importance of the
bital hybridization is further confirmed by growing a thic
Rh layer on HOPG. This system does not present long-ra
order, but the corresponding Rh 3d5/2 core level~see Fig. 8!
shows a surface component as a clear shoulder on the
binding-energy side of the photoemission spectrum. By
ting this photoemission spectrum with two components
obtain a surface core-level shift of 415620 meV at 150 K.

le,
5-5
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This value is comparable to the surface core-level shift
served on Rh~111! at the same temperature (48
620 meV),43 while for the other low-index surfaces the su
face core-level shift is larger.43–45 Therefore, in the spectra
of the Rh thick film, the surface component probably aris
from the presence of~111!-terminated Rh islands. Figure
reports the Rh 3d5/2 core level taken for the two opposit
orientations of the magnetization field in chiral geometry.
this case, we do observe a LMDAD asymmetry similar
that observed on the Rh~100! surface.30,45 As in the case of
the Rh~100! surface LMDAD effects are observed only whe
a small magnetic field is left applied to the sample after
magnetization cycle.45 This result indicates that the Rh atom
at the surface are polarizable, retaining a net magnetic
ment. The appearance of magnetic moments, therefore, i
only a phenomenon related to the reduced dimensionalit
the system, but strongly depends on the interface struc
the adatom configuration, and nanomorphology.

IV. CONCLUSIONS

We have studied the growth mode and magnetic prop
ties of ultrathin Rh layers deposited on highly oriented p
rolitic graphite using photoemission and scanning tunne
microscopy. At room temperature Rh grows on HOPG
forming 3D islands~Volmer-Weber mode! at every cover-
age, while it probably forms a commensuratep(131) or-
dered structure when deposited at 150 K for coverage u
one monolayer. The possible presence of in-plane ferrom
netic ordering in these low-dimensional Rh systems has b
checked by means of linear magnetic dichroism in ang
resolved photoemission. For submonolayer or monolayer
films on HOPG there is no evidence of in-plane long-ran
magnetic ordering down to 150 K. In addition, when thi
Rh islands were grown we observed the presence of a su

FIG. 8. Rh 3d5/2 core-level photoemission spectra of a thick R
layer on HOPG deposited at 300 K and measured at 150 K and
emission angle, upon reversing the magnetization field fromMup to
Mdown in chiral geometry. The corresponding LMDAD asymmet
is shown in the bottom panel. The arrow indicates the surface c
ponent.
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component in the Rh 3d5/2 core-level photoemission spectr
and the appearance of a net magnetic moment in the sur
atoms, as in the case of the Rh~100! surface. This suggest
that the magnetic properties of Rh atoms are related not o
to the reduced dimension of the system, but also to the
teraction~orbital hybridization! with the surrounding atoms

APPENDIX

Here we simulate how the signal of the adsorbate sho
increase in core-level photoemission experiments on no
terdiffusing adsorbate-substrate systems that follow
Volmer-Weber growth. The simple model we use is sch
matically shown in the inset of Fig. 9. We consider the pr
ence of three-dimensional islands that cover a fractionX(0
<X<1) of the substrate area. We simply assume that all
islands are formed by the same numbern of layers~i.e., the
islands have the same height!. As already shown,46 this as-
sumption does not compromise a correct understanding
the growth process. Finally, we also assume that the ove
W(0<W<1) between the different layers in a given islan
is the same for each layer~i.e., the layern11 covers a frac-
tion W of the layern, which also covers a fractionW of the
layer n21!. This further assumption strongly simplifies th
calculations in order to find a recursive formula, but does

0°

-

FIG. 9. Photoemission intensityI (X,W) of the overlayer as ob-
tained for a Volmer-Weber growth mode, considering islan
formed byN54 layers~bottom! and forN→` ~top! ~see Appendix
for details!. Inset: Schematic representation of the Volmer-Web
model used for the calculations.
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influence the final result, since the same final formula can
obtained by assuming a random overlap between the lay
Under these conditions, it is easy to demonstrate that
photoemission intensity of the growing adsorbate is given

I ~X,W!5I oX(
n51

N FW expS 2
d

l D Gn21

5I oX
12@W exp~2d/l!#N21

12W exp~2d/l!
,

where I o is the overall photoemission signal of one sing
layer of adsorbate,N is the maximum number of layer
present in the islands,d is the thickness of one adsorba
layer, andl is the electron escape depth. A similar formu
has been obtained in another work.46

Figure 9 showsI (X,W) for N→` ~top panel! andN54
~bottom panel! assumingd52 Å and l55 Å in order to
v

i-
Re
h

R

n

g

v.

. H

,

03540
e
rs.
e
y

simulate the Rh 3d signal in our working conditions.
I (X,W) is a concave surface, made by a family of straig
lines inX with increasing angular coefficient asW increases.
The concavity also depends onN, but in our working condi-
tions for N.10 rapidly converges to the limit forN→`.

The behavior of the Rh 3d signal as a function of the Rh
evaporation time reported in Fig. 2 should stay on this s
face and, therefore, the observed concave behavior is in
fect agreement with a Volmer-Weber growth. The conca
behavior in Fig. 2 is mainly seen in the early stage of grow
while for evaporation times higher than;330 s the depen-
dence is almost linear. We can understand that at the be
ning the growth is dominated by the change in the volume
the islands~change ofW! rather than by changes in the num
ber of islands or in the lateral size of the basal plane of
islands ~change ofX!. These latter mechanisms domina
instead, at higher coverages.
.
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