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We present the results of an investigation of Rh films on Ag(100). The films are studied using
Auger-electron spectroscopy, low-energy electron diffraction, x-ray photoelectron spectroscopy, ul-

traviolet photoemission spectroscopy, ion-scattering spectroscopy, and scanning Auger microscopy.
Overlayer characteristics are examined at substrate temperatures of 300 and 600 K. We find that
the equilibrium configuration is not predicted by any of the three traditional growth modes
(Frank —Van der Merwe, Stranski-Krastanov, or Volmer-Weber). Rather, the equilibrium film

structure is that of a Ag-Rh-Ag sandwich, most probably fIat. Formation of the sandwich is ther-
modynamically driven by the difference in surface free energies between Ag and Rh, and is kineti-
cally accessible because of the high mobility of the Ag atoms.

INTRODUCTION

In recent years there has been a tremendous increase in
the number of investigations of metal-on-metal systems.
Interests have ranged from fundamental studies of epi-
taxy to catalytic studies of bimetallics (e.g., Refs. 1 —3).
In most studies the motivation has been to determine the
inAuence of the substrate on the properties of the over-
layer film. To fully understand these substrate-overlayer
interactions one must first know the structure of the over-
layer film. Therefore, many efforts have focussed on
overlayer growth and the way in which electronic proper-
ties depend on the structure of the overlayer.

Most metal-on-metal studies are approached with the
expectation that the film will grow in one of the three
classical modes: sequential filling of layers (Frank —van
der Merwe mode); agglomeration into three-dimensional
crystallites (Volmer-Weber mode); or growth of one or
more layers followed by agglomeration (Stranski-
Krastanov mode). The equilibrium growth mode in these
systems is thought to reAect a balance between three
thermodynamic factors: the surface free energy of the
film yf the surface free energy of the substrate y„and
the interfacial energy y,-. It is often beneficial to have or-
dered layer growth, e.g. , layer growth is desired when
studying the electronic states of metal overlayers because
this makes it possible to model the substrate-overlayer
system. For this reason, as well as for practical reasons
of ease of preparation, substrate-overlayer combinations
are often chosen such that yf ~ y, . However, recent in-
terest in the area of ferromagnetism has led to work on
systems such as Fe/Cu, " Fe/Au, ' and Fe/Ag, ' and

the interesting catalytic properties of Pt-Au alloys have
motivated studies of the system Pt/Au. ' These are all
systems where yf & y, and y; is expected to be small and
often positive. For these systems, Bauer s criteria predict
Volmer-Weber growth.

The present work concerns a system somewhat analo-
gous to Fe/Cu and Fe/Ag in terms of free energies:
Rh /Ag(100). The surface free energy of Rh, 2.83 J/m, is
more than twice that of Ag, 1.30 J/m, ' and so one
would expect three-dimensional clustering of the Rh film
here as well. However, we find that the equilibrium
configuration of the film falls outside of the three classical
modes. Our results indicate that the overlayer structure
depends on additional factors which may also be relevant
in some analogous systems where controversies have
arisen. ' '"

EXPERIMENT

The experiments are performed in three separate
ultrahigh-vacuum systems. One chamber is equipped for
ultraviolet photoemission spectroscopy (UPS), x-ray pho-
toelectron spectroscopy (XPS), and ion-scattering spec-
troscopy (ISS). A second chamber is equipped for
thermal-desorption spectroscopy (TDS). Both of these
systems have base pressures ~2X10 ' Torr and are
equipped with optics for low-energy electron diffraction
(LEED) and Auger-electron spectroscopy (AES), shut-
tered Rh evaporators, and provisions for CO exposure.
The sample manipulators allow for resistive heating, from
120 up to 1000 K for TDS, and from 300 to 1000 K for
UPS, XPS, and ISS measurements. Scanning Auger mea-
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surements are performed in the third chamber, a Perkin-
Elmer PHI 600 scanning Auger system, operating in the
high 10 ' to low 10 Torr range.

The Ag samples, Aat disks approximately
10X10X2 mm in size, are cut from the same single-
crystal boule, oriented parallel to the (100) face to within
+0.5, and polished by standard metallurgical pro-
cedures. Sulfur is the only bulk contaminant observable
by AES and is removed by repeated argon-ion bombard-
ment at 500 eV ( =2 pA/cm ) and annealing to 800 K.
The surface region is determined to be free of sulfur when
prolonged heating (1—2 h) at 800 K results in a sulfur sig-
nal which is undetectable with AES. After annealing at
800 K, LEED shows the characteristic (1 X 1) pattern.

Rh is deposited on the sample surface from a resistive-
ly heated, tungsten filament wrapped with 0.25-mm-diam
Rh wire (99.8%), following the design of DeCooman and
Vook. ' The Rh source is enclosed in a double-walled,
liquid-nitrogen-cooled shroud with a 1.5-cm orifice to al-
low Rh vapor to escape toward the sample. After
thorough outgassing of the filament, the pressure rise in
the chamber is about 4X 10 ' Torr after 60 sec. No im-
purities are detectable in the deposited Rh overlayer us-
ing either AES or XPS. From AES, the Rh distribution
across the sample surface is uniform to within
+(5—10%). The Rh is removed by argon-ion bombard-
ment after each experiment. The conditions of bombard-
ment are 1 keV, -4 pA/cm at 300 K.

RESULTS

Our initial investigations involved monitoring the
growth of, the film via AES, XPS, h, P (work-function
change), and LEED measurements at a substrate temper-
ature of 300 K. It is common to characterize film growth
using AES by monitoring the overlayer and substrate sig-
nal intensity versus deposition time (e.g. , Ref. 17). Ac-
cordingly, we measure the Ag356 eV (MNN) and Rhz2z eV
(MNN) Auger transitions. The results are shown in Fig.
1. It can be seen that the measured peak-to-peak ampli-

tudes of the derivative spectra, plotted as functions of
deposition time, are smooth, continuous curves, with no
clear changes in slope. The AES data are thus ambigu-
ous in their meaning, since they fail to exhibit the clear
straight-line segments, with discontinuities in slope,
which are often associated with sequential layer
filling. ' The absence of such a form in Fig. 1 does not
rule out layer-by-layer growth, however. '

An absolute determination of Rh coverage is dificult.
This is because the Auger data (Fig. 1) do not exhibit
clear linear segments which demarcate various layers,
and because we have no experimental way to monitor the
absolute Rh llux from the evaporator. However, we esti-
mate the Rh coverage by assuming that growth is
pseudo-layer-by-layer at 300 K. The nominal coverages
given in Fig. 1 are based on ion scattering results which
indicate that after an 80-sec exposure to the Rh source
the Ag surface atoms are approximately 70% covered.
Such a value is consistent with pseudo-layer-by-layer or
nondifFusive growth processes ' in which the second
layer begins to populate before completion of the first.
Also included in Fig. 1, and represented by the solid
lines, are the curves calculated for the Ag356 v signal at-
tenuation and the Rh2z2, v signal increase assuming
layer-by-layer growth as suggested by Gallon. ' We as-
sume the interlayer spacing in the Rh film is the same as
for bulk Rh, 1.90 A, and use inelastic mean free paths
calculated from the equations of Seah and Dench. Sub-
sequent coverage values given are based on this data.

Figure 2 illustrates the work-function change b,P mea-
sured from the shift in the low-kinetic-energy cutoA of
the He I photoemission spectrum. The work function in-
creases smoothly (by -0.5 eV) as Rh, three layers, is de-
posited at 300 K. Measurements of hP, using a retarding
potential method, similarly show a smooth increase
(-0.7 eV). These data are also shown in Fig. 2. Both
measurements are consistent with the higher work func-
tion of Rh(100) relative to Ag(100): 5.11 eV (Ref. 26)
versus 4.65 eV (Ref. 27), respectively.

Finally, the LEED pattern shows an increase in back-
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ground intensity with subsequent deterioration and loss
of the (1 X 1) pattern during Rh deposition. The LEED
pattern is obliterated at a coverage of —1 Rh layer.
There is no evidence of LEED oscillations, as we have
observed during growth of Pt films on Pd(100).
These oscillations would be indicative of layer-by-layer
growth.

It is often believed that the equilibrium configuration
of the overlayer can be attained by annealing a film de-
posited at room temperature. When a fresh Rh film is
heated to 600 K, a very diffuse (1 X 1) LEED pattern re-
turns, indicating that some ordering of the overlayer has
occurred. The spacing of the large diffraction spots is
most consistent with the bulk lattice constant of Ag at
low-Rh coverages, and with that of Rh at high-Rh cover-
ages. In addition, gross changes in the system are evi-
dent, as illustrated by the AES data of Fig. 3. XPS data
(not shown) indicate a similar result. In both cases, the
Rh signal shows a striking decrease in intensity while the
Ag signal intensity increases appreciably. Observation of
such spectral changes could, in principle, be due to loss of
the film via bulk dissolution and /or agglomeration of the
film from Hat layers into three-dimensional clusters.
However, Rh should be completely insoluble in Ag in this
temperature regime, ' and so we do not consider the first
explanation to be feasible. Since agglomeration would be
expected to occur upon equilibration due to the difference
in surface free energies of Rh and Ag, we initially adopt-
ed the latter explanation as the more likely. A similar
effect has been reported for Pd films on W(110), where
the film grows layer-by-layer at room temperature but ag-
glomerates at higher temperatures, resulting in a loss of
Pd intensity relative to W.

However, additional data are not consistent with the
simple hypothesis of Rh agglomeration. Annealing a Rh

overlayer not only causes a loss of Rh spectral intensity
but also causes P to drop close to the value of clean Ag,
and completely poisons the surface to CO chemisorption.
This latter effect is observed by measuring CO uptake at
high exposures, 20 L, using both UPS and TDS. [1 lang-
muir (L)=10 Torr sec.] In these experiments Hett
UPS indicates that CO adsorbs molecularly on all Rh
films.

The TDS data are illustrated in Fig. 4. In these mea-
surements the sample is exposed to 20 I. CO at —120 K,
then the temperature is ramped upward while measuring
the partial pressure of CO. Curve (a) shows the result for
clean Ag(100), and curve (b) shows the result after ap-
proximately 4 monolayers of Rh are deposited at 120 K.
There is a single major desorption peak at -470 K,
which completely disappears after the film is annealed to
600 K, curve (c). Thermal desorption of CO from pure
Ag occurs at very low temperatures, below —120 K,
whereas the desorption from Rh is known to take place
with maximum rates between 500 and 570 K. We
thus attribute the peak at 470 K in Fig. 4 curve (b) to
desorption of CO from Rh. We believe that desorption
below 200 K in these spectra is largely due to sample
heating wires and other manipulator parts, rather than
desorption from Ag. These TDS data, combined with the
UPS and h(t measurements, lead us to believe that an Ag
layer diffuses to the Rh surface upon annealing, thus
poisoning the surface to CO chemisorption.

The data of Fig. 5 support this hypothesis. Figure 5
shows results from an experiment in which the annealed
Rh film is slowly argon-ion etched, =0.02 —0.03
monolayer/min, while monitoring the Rh and Ag Auger
signal intensities, hP, and CO uptake. This experiment is
performed on a Rh film about three layers thick, deposit-
ed at 300 K, annealed to 600 K for 15 min, and cooled to
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FIG-. 3. Auger spectra in the energy range 200—400 eV. (a)
Clean Ag(100). (b) Following deposition of approximately three
layers of Rh at 300 K. (c) As in (b) following heating to 600 K.

FIG. 4. Thermal desorption of CO. (a) Following exposure
of clean Ag(100) to 20 L CO at 120 K. (b) Following deposition
of approximately four Rh layers on Ag(100) at 120 K, followed
by exposure to 20 L CO at 120 K. (c) Following the experiment
of curve (b). Note that at the end of that previous experiment,
the sample was heated to 600 K.
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300 K. For the as-deposited and annealed data points in-
dicated, the Auger ratio and work-function change were
measured first, followed by saturation of the surface by a
20 L CO exposure and measurement of the CO uptake
via the CO 4' peak area of the He II photoemission spec-
trum. Each successive point thereafter represents the
same sequence of measurements taken after argon-ion
etching to remove the CO and underlying surface atoms.
The depth profiles of Fig. 5 clearly show that the surface
has become Ag-rich upon annealing. This Ag layer can
be removed to reveal a Rh-rich layer with properties very
similar to the fresh Rh film. However, it is evident that
the i(Rh)/i(Ag) Auger ratio and CO uptake never quite
return to the same values as for the freshly deposited film
at 300 K. This is most likely due to the presence of some
Ag mixed in with the Rh, either as a result of the ion
etching or the annealing treatment itself. The higher
value of b,P, as deposited at 300 K and after sputtering is
thought to result from background CO adsorption, which
is known to increase the work function by as much as 1.2
eV at coverages of 0.60 monolayers on Rh(100).

He-ion-scattering experiments provide further support
for this picture. We find that dosing an unannealed, Rh-
covered surface with CO completely attenuates all the
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metal scattering signal intensity, i.e., adsorbed CO com-
pletely occludes all the Rh sites. Since CO will not stick
to Ag at 300 K, this provides a means for detecting the
presence of Rh at the surface of an annealed overlayer by
looking for a decrease in signal intensity when CO is ad-
sorbed. The results of this experiment, performed using a
1-keV incident ion beam with the system back filled to a
pressure of 5 X 10 Torr He, are shown in Fig. 6. These
spectra are taken with an aperature (12') double-pass cy-
lindrical minor analyzer (CMA) (with appropriate poten-
tials reversed), the ions are scattered through an angle of
150'. The ions are incident on the surface at an angle of
72' with respect to the surface normal. For clean
Ag(100), the scattered He ions have an energy of 850 eV,
as seen in Fig. 6(a). After deposition of about three layers
of Rh, the spectrum of Fig. 6(b) is acquired. The scatter-
ing from Rh also occurs at 850 eV due to the poor energy
resolution of He for high-mass atoms. The reduction in
scattered intensity is believed to result from some disor-
der in the film surface, as indicated also by LEED mea-
surements, and/or attenuation from gas adsorption rath-
er than a large difference in scattering coefficients or neu-
tralization efficiencies. When this surface is exposed to
CO, the peak at 850 eV disappears as shown in Fig. 6(c).
The peak at 380 eV in this spectrum is a result of He
scattering from the oxygen of the adsorbed CO mole-
cules. The ISS spectrum after annealing to 600 K is
shown in Fig. 6(d). It is clear that there is a large
recovery of the peak at 850 eV. Dosing again with 20 L
of CO and repeating the scattering experiment has no
effect on the peak height, indicating that all the Rh sites
have been completely covered with Ag. This is also sug-
gested independently from the absolute peak intensities of
Figs. 6(a) and 6(d), which are identical within experimen-
tal error. These data show that there is Rh exposed at
the surface of the film deposited at 300 K and that Ag
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FIG. 5. Measurements of I(Rh)/I(Ag) Auger intensity ratio
(top), work-function change (middle), and CO- 4o. peak area
(bottom) while a Rh film, approximately three layers deep and
annealed to 600 K, is argon-ion etched (1 keV, 1X10 Torr
Ar) at 300 K.

FIG. 6. Ion-scattering spectra taken with a rastered (=1
cm ) 1-keV ion beam at 5X10 Torr He. (a) Clean Ag(100).
(b) Following deposition of approximately three layers of Rh at
300 K. (c) As in (b), followed by exposure to 20 L of CO at 300
K. (d) As in (c), following heating to 600 K.
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covers the surface upon annealing to 600 K. This is in
complete agreement with the results from TDS.

We estimate the thickness of the top Ag layer to be one
to two atoms. This depth is consistent with the condi-
tions required to sputter through the top Ag layer, as-
suming a sputtering yield of unity. This value is also sug-
gested, independently, from the ratio of i(Rh)/i(Ag)
Auger intensities, 0.10, which we obtain after annealing
very-thick-Rh layers, about 16 layers deep. For one and
two monolayers of Ag on Rh(100), this ratio is known to
be 0.25 and 0.09, respectively. The LEED data indicate
that, at low-Rh coverages, the top Ag layer adopts ap-
proximately the same lattice constant as bulk Ag (and the
Rh must follow suit), whereas for thick-Rh films, both
the Rh and Ag adopt the two-dimensional lattice con-
stant of bulk Rh.

Several experiments, including AES, ISS, and TDS,
have been used to ascertain more precisely the conditions
under which Ag moves to the Rh surface. The AES data
are shown in Fig. 7, where the sample is heated at a rate
of 1 —2 K/sec with successive 60-sec pauses at each tem-
perature to record the Auger spectrum. The t(Rh)/?(Ag)
Auger intensity ratio is shown as the ordinate. The
abrupt decrease in this ratio reflects the onset of Ag mi-
gration to the surface. It can be seen that when the ini-
tial coverage of Rh is about 1 monolayer, Ag migration
occurs at —360—380 K, whereas at higher coverages (up
to 4 monolayers) it begins at -420 K. Another interest-
ing aspect is the fact that the final ratio of Rh:Ag intensi-
ties always approaches the same value, 0.1, for all initial
Rh coverages above approximately 1 monolayer.

ISS can be used to study this phenomenon as well, by
exploiting the ability to mask ion scattering from the sur-
face Rh atoms using adsorbed CO. This is accomplished
by saturating a fresh Rh deposit with CO, and then moni-
toring the intensity of the He ion-scattering peak at 850
eV as a function of temperature. The result of this exper-
iment is shown in Fig. 8, for an initial Rh coverage of -3
monolayers. This measurement indicates that Ag begins
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FIG. 8. Intensity of the He-ion-scattering peak at 850 eV as a
function of temperature. (1 keV at 5 X 10 Torr He, 1 cm ras-
ter. )

to appear at the surface at about 400 K, slightly lower
than the onset determined with AES. This is most prob-
ably due to the higher surface sensitivity of the ISS exper-
iment.

It is useful to compare the ISS and AES data with the
TDS results, shown as a function of Rh coverage in Fig.
9. The onset of desorption for the three-layer film of Fig.
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FIG. 7. Variation of I(Rh)/I(Ag) Auger intensity ratio as a
function of sample temperature, for several initial coverages of
Rh as deposited at 120 K.

FIG. 9. Thermal desorption of CO from Rh films deposited
at 120 K and exposed to 20 L CO at 120 K. Each curve
represents a different initial coverage of Rh.
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9, 400 K, is identical within experimental error to the
temperature at which the ion scattering intensity first in-
creases, and the peak temperature corresponds to the
inAection point of the ISS curve of Fig. 8. Combining the
AES, ISS, and TDS data allows us to conclude that the
desorption of CO is not a simple unassisted event, but
rather CO is being displaced by diffusing Ag. These ob-
servations explain the low temperature at which the CO
desorption peak maximum occurs, 30—100 K lower than
for the surfaces of bulk Rh.

The temperature of CO desorption shifts upward as Rh
coverage increases in Fig. 9. Both the desorption onsets
and the desorption peak maxima move to higher temper-
atures. The TDS measurements reveal that these in-
creases must reAect an increase in kinetic limitations for
diffusion by Ag, in the case of the thicker film. This sug-
gests that the mechanism for Ag diffusion is somewhat
different at low-Rh converges than at higher-Rh cover-
ages. A reasonable scenario is one in which bare patches
of silver are exposed at low-Rh coverages, so the migra-
tion of Ag to the Rh surface involves simple lateral mi-
gration. However, at higher-Rh coverages the Ag must
break through a more contiguous Rh film, and this is
more difficult. This mechanism is illustrated schematical-
ly in Fig. 10.

Auxiliary measurements, obtained by transferring the
sample to a scanning Auger microscope (SAM), lend sup-
port to the diffusion mechanism described in Fig. 10. A
fresh Rh film, —16 layers deep, is deposited and annealed
to 600 K for 30 min in order to bring the Ag to the sur-
face. The sample is then transferred (in air) to a SAM in-
strument. Initial measurements show that after exposure
of the sample to atmosphere, the surface is predominant-
ly Rh, with only a small amount of Ag still detectable.
Sulfur and carbon are also present. Apparently, the Rh
must have a higher amenity for the contaminant species,
and the Ag is thus driven back off the surface.

Only after removal of the contaminants by ion etching
does Ag migrate back to the surface. This migration is

0 Rh

Ag

FICx. 10. Schematic model of Ag diffusing to coat the Rh
Alm. (a) Low-Rh coverages; (b) high-Rh coverages.

again found to occur at about 380 K. We are fortunate,
in that the secondary-electron yields for Rh and Ag are
sufficiently different so that the Ag can be monitored
visually in this device as it migrates to the surface. A
series of time-lapse micrographs, indicating the evolution
of the Ag layer at the surface, is shown in Fig. 11. Figure
11(a) is a micrograph of the carbon- and sulfur-
contaminated surface while it is held at 380 K. No
changes in surface composition are evident even after
several hours at this temperature. When the surface is
lightly ion etched to remove the contamination, Ag
spreads almost immediately out onto the surface. This is
evident in Fig. 11(b), which is taken in the first 60 sec
after turning the ion beam off. The sample temperature
is maintained constantly at 380 K. The diffusing Ag
shows up as light spots on the darker Rh background.
The changes are even more pronounced in Fig. 11(c), tak-
en 15 min after sputtering. It must be noted that the
changes in the micrographs are due to changes in elemen-
tal composition of the surface layers, not changes in to-
pography.

The diffusion of Ag appears to begin at randomly
dispersed point sources and then slowly spread out over
the surface. The Ag does not seem to emerge uniformly,
as would be envisioned for surface segregation from an
equilibrium alloy. Auger spectra taken from the Ag
patches indicate again that the Ag is only one to two
atoms deep. A lower-magnification picture of the same
area, Fig. 11(d), shows that the size of Ag islands are
mostly uniform, except for a few larger patches. The
larger Ag islands could result from faster diffusion
through larger defects or possibly through thinner areas
of the film. The firm conclusion that we can reach, how-
ever, is that the Ag appears to spread outward from ran-
domly distributed, point sources, rather than emerging
uniformly across the surface.

Some insight into the structure of the Rh films, and the
way in which this structure depends upon temperature, is
provided by XPS. These data are shown in Fig. 12. It
can be seen that the Rh binding energy (BE) increases
with deposition time at 300 K, which undoubtedly
reAects the increase in average atomic coordination of Rh
atoms as the bulk configuration is approached. This
trend is evident for submonolayer to -3—4 monolayers
of Rh. The Ag binding energy decreases continuously, in
a way which is independent of the film's thermal history.
The decrease of the Ag BE must be due to an increase in
the contribution from the less-highly-coordinated Ag at
the interface or at the surface and concurrent attenuation
of signal from the bulk Ag as Rh coverage increases. A
more puzzling result is the fact that there is no measur-
able change in Rh BE when a Rh overlayer, deposited at
300 K, is annealed to 600 K. This is true for low (( one
layer) as well as high coverages (three to four layers) of
Rh. On the other hand, when a Rh film is deposited at
600 K, the shift in BE for fixed deposition time is smaller
than at 300 K. These results are shown also in Fig. 12.
In other words, the BE shift depends quite strongly on
the history of the film; annealing to 600 K has a much
different effect than depositing at 600 K. There are two
possible explanations for this. One is that the composi-
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tion of the Rh layer is different in the two cases. More
intermixing of Ag with Rh may occur when Rh is depos-
ited at the higher substrate temperature, thus leading to a
decrease in the Rh BE. This intermixing could be due to
the high mobility of Ag at 600 K, which allows it to con-
stantly migrate toward the surface and be buried by the
incoming Rh atoms. Another explanation is that the
morphology of the films is different in the two cases. If
the film deposited at 300 K is significantly rougher than
the one grown at 600 K due to limited Rh diffusion at the
lower substrate temperature, this would be consistent
with the data as well. However, one would then have to
conclude that annealing a rough film to 600 K does not
allow it to become more smooth. This would be reason-
able, since cooperative, large-scale rearrangement of an
already-rough film would undoubtedly be relatively
diScult and may simply not occur on the time scale of
our annealing experiments. Homoepitaxy experiments
may be a possible means of ascertaining experimentally
whether Rh is much more mobile at 600 K than at 300
K.

The XPS data lead us, then, to conjecture that the con-
tent of the middle Rh layer may depend upon the film's

history. To test this hypothesis, depth profiles (sputtering
rate =0. 1 —0.2 monolayer/min) were performed with
AES, following different thermal treatments. Figure 13
shows the results of these profiles for films about three
layers thick. There is obviously little difference between
the profile of the film heated to 600 K, Fig. 13(b), or that
of the film deposited at 600 K, Fig. 13(c). The change in
composition needed to bring about the observed
difference in Rh BE is unknown, and it may be so small
that we cannot differentiate between the two in the
profiles. In addition, the ion beam used in the depth
profiling tends to roughen and mix the interface, making
it difficult to distinguish small changes in the concentra-
tion profiles. However, we conclude that the differences
in film composition, if present, are relatively small (less
than about 20%). The Rh signal remaining after 60 min
of sputtering can be explained by the overlap of the
Rh302, v transition (used to monitor the Rh concentra-
tion) and the Ag30, ,v transition, and/or Ar-ion mixing or
knock-on from the sputtering process.

If there is intermixing between the two metals in the
middle layer, we do not believe that this reAects
significant alloy formation. We have measured the
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FIG. 11. Electron micrographs of a thick, =16-layer Rh Alm. Sample temperature is held at 380 K. (a) Carbon- and sulfur-
contaminated surface (2510X). (b) As in (a), ion-etched to remove the carbon and sulfur, 60 sec after turning o6' the ion beam
(2510X). (c) As in (b), 15 min after turning off ion beam (2510X). (d) As in (c), magnifIcation of 508 X.
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FIG. 12. Variation of core-level binding energies (BE), mea-
sured with XPS using Mg Ka radiation, for both Rh and Ag as
a function of deposition time during growth of Rh films.
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FIG. 13. Depth profiles, using the peak heights of the
diA'erentiated Rh302 v and Ag356 v Auger transitions, for Rh
films which have undergone various thermal treatments. (a)
Three layers of Rh deposited at 300 K. (b) Three layers of Rh
deposited at 300 K, then annealed to 600 K for 15 min. (c)
Three layers of Rh deposited at 600 K.

angle-integrated, He II, UPS spectra for the Rh/Ag films,
both before and after annealing. These spectra are shown
in Fig. 14. Alloying may be accompanied by a mixing or
hybridization of states which can give rise to new features
of shifts in the existing features of the valence-band densi-
ty of states. Such effects have been observed, for in-

FIG. 14. Angle-integrated He II photoemission spectra of the
4d-band region of the valence band, taken with a He resonance
source. (a) Clean Ag(100). (b) Following deposition of approxi-
mately three Rh layers at 300 K. (c) As in (b), following heating
to 600 K. (d) As in (c), sputtered to remove the top Ag layer.

stance, in the systems Pd/Cu, ' ' Pd/Ag, and
Cu/Au. The data of Fig. 14 show that the spectra for
Rh/Ag are just a superposition of the bulk Rh and Ag d-
band spectra, both before and after annealing. This data
is not to be taken as unequivocal evidence against alloy
formation since alloying may result in only small changes
in the density of states, especially for dilute alloys, and
may not be observable in these spectra.

Another question about the structure of the film is
whether any Ag is present at the surface following Rh
deposition at 300 K, i.e., before any annealing. None of
the data presented until now would be sensitive to small
amounts of Ag at the surface under these conditions, in-
cluding the ISS. In Fig. 13(a), however, the profile of the
unannealed Rh film shows an initial decrease in the Ag
intensity, indicating some small surface enrichment in
Ag. This shows that even at room temperature, Ag has
enough mobility to diffuse (slowly) onto the top of the
Rh. However, the rate at which the Rh film is grown and
the moderate temperature of the substrate serve to kineti-
cally limit the diffusion process, and the equilibrium
configuration is only reached on a reasonable time scale
after annealing the system.

A final question about the nature of the film is, what is
its three-dimensional structure? Is it largely smooth, or
does the Rh form three-dimensional crystallites? The
best available answer to this question is given by the AES
data shown in Fig. 15. As mentioned earlier, the
t(Rh)/t(Ag) Auger intensity ratio for an annealed film of
= 16 layers is 0.1. This same ratio is obtained for all films
thicker than two to three layers, whether they are an-
nealed to 600 K after deposition, or grown at 600 K.
This is evident in the data of Fig. 15. For films grown at
600 K this ratio plateaus at a coverage of about three to
four Rh layers. For a 16-layer film the coverage is =4
times that required to completely attenuate the substrate
signal, and Ag is detected only after the film is annealed.
For the unannealed, three-layer film the Ag signal inten-
sity is still 20% of the clean substrate signal, yet after an-
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FIG. 15. AES ratio during film deposition at 300 K (approxi-
mately three layers) and 600 K (approximately nine layers).

nealing the Rh/Ag ratio is identical to that of an an-
nealed 16-layer film. If the Rh does agglomerate upon
heating, the Rh:Ag ratio should still increase with in-
creasing Rh coverage, only at a lesser rate, and plateau
only when the crystallites have grown large enough to
coalesce and completely attenuate the substrate Auger
signal. It is dificult to envision how the Auger ratio for
three- and 16-layer annealed films could possibly be iden-
tical, if significant agglomeration occurs upon annealing.
However, for a Aat Rh overlayer with a layer of Ag on
the. surface, the constant Auger ratio for the large range
of Rh coverages is more easily explained.

This second explanation of the identical Auger ratio is
also reasonable, in light of the attenuation of Ag Auger
electrons emitted from the substrate. Assuming the
thickness of an ordered, Aat Rh rnonolayer to be bounded
by the values for the interlayer spacings of bulk Rh and
Ag (100) planes, 1.90 and 2.05 A, respectively, and using
an inelastic mean free path of 7.0 A, the attenuation
length of the Ag356 v electrons should be approximately
four monolayers. A Rh film of three layers which has
been annealed to bring a layer of Ag to the surface results
in a total coverage of 4 monolayers, approximately the at-
tenuation length of the Ag356, v Auger electrons. This
would indicate that the majority of the electrons contrib-
uting to the measured Auger signals originate from layers
above the Ag substrate/Rh interface for all Rh coverages
greater than three layers. Therefore if the Rh layers
remain Hat, and the concentration of Ag dispersed
throughout the Rh and at the surface remains essentially
constant, for all Rh coverages, a constant Rh/Ag ratio
would. be expected for films greater than about three lay-
ers. This seems to be a more acceptable explanation for
the constant Auger ratio than agglomeration. Our AES
data thus seem to support the formation of a Aat Ag-Rh-
Ag sandwich.

DISCUSSION

The following picture emerges from the data of the
preceding section.

Structuve of the metallic film T. he equilibrium struc-
ture of a Rh film on Ag(100) is that of a Ag-Rh-Ag
sandwich. The top Ag layer is only one or two atoms
deep, and it completely blankets the Rh. The energetic
driving force for this silver migration is undoubtedly the
reduction in the system's surface free energy, which is ac-
complished by this very thin layer of Ag. However, the
Ag layer is also highly strained, especially at high Rh
coverages, since our LEED data indicate that it adopts
the lattice constant of the Rh substrate, 8% lattice
mismatch. This creates an unfavorable energy term in
the total energy balance, a term which apparently dom-
inates at coverages above one or two atomic layers of Ag.
This strain energy may also prevent more Ag from mov-
ing to the surface.

It is informative to compare our results with work of
Peebles et al. in which Ag films on Rh(100) were stud-
ied. Those authors find that Ag grows layer-by-layer up
to at least three atomic layers at 300 K, and follows
Stranski-Krastanov growth at 640 K, close to the anneal-
ing temperature of many of our experiments. They re-
port that clustering begins during Stranski-Krastanov
growth at coverages in excess of 1 monolayer. They also
find that the film grows epitaxially up to a coverage of 1

monolayer at 300 K, but reconstructs into a pseudohex-
agonal lattice at higher coverage. Both of these findings
suggest that Ag coverages above 1 monolayer cannot ac-
commodate the 8% lattice misfit with the Rh substrate,
and either reconstruct (at 300 K) or agglomerate (at 640
K) to relieve the strain. To the extent that our Rh films
are electronically and structurally similar to their
Rh(100) substrate, their results can be extrapolated to our
system. This suggests that the top layer of our sandwich
is probably limited to a single Ag atom in thickness.

The middle layer of the sandwich is mainly Rh. The
bimetallic phase diagram ' indicates that a dilute Rh-Ag
alloy, consisting of ~ 5 at. % of Ag, exists at room tem-
perature, and so there may be a small amount of Ag truly
dissolved in the Rh layer. However, this possibility is
disfavored by the results of Peebles et al. , who find no
evidence for dissolution of Ag into Rh(100), even at tem-
peratures up to 1370 K. Presumably, the detection limit
in their AES experiments is on the order of 1% or 2%.
There may be some pure Ag phase trapped in our Rh
films, especially those grown at elevated temperatures.
This is because the Ag tends constantly to migrate to-
ward the surface as the film is being grown at elevated
temperature, and some of it may become buried within
the growing film.

We believe that the substrate is pure Ag, with no dis-
solved Rh. We have no experimental data to this effect,
but the phase diagram ' indicates that less than 0.5 at. %%uo

of Rh is soluble in Ag at room temperature. Thus, we
propose that the layers of this sandwich are rather pure,
with some metallic intermixing in the middle layer, but
none in the top and bottom layers.

For the reasons given in the third section, we believe
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that the Ag-Rh-Ag sandwich is essentially Aat. In this
case, Rh films thicker than 1 monolayer must develop
misfit dislocations in order to accommodate the S%%uo lat-
tice mismatch between the Rh and the Ag. The misfit
dislocations presumably account for the diffuse nature of
the (1X1) LEED pattern which we observe for the an-
nealed films, even for thick-Rh sandwiches.

The morphology of the Rh films grown at 300 K,
where silver migration is slow on the time scale of our ex-
periments, is also questionable. The sharp (1 X 1) LEED
pattern of the substrate is obliterated after one layer of
Rh is deposited at room temperature, which may indicate
that the Rh atoms are randomly and uniformly distribut-
ed over the surface. If significant agglomeration oc-
curred under these conditions, one might expect the un-
derlying Ag substrate to give a residual LEED pattern
even at much higher Rh coverages. It may be that the
film grows via random deposition of Rh atoms, and that
thermal diffusion is slow at 300 K. In this case, the grow-
ing film would be rough, yet would have some layer-by-
layer quality, especially for the first 2—3 monolayers.
The observation of layer-by-layer quality in films grown
at temperatures where single-atom diffusion is negligibly
slow has been a topic of some recent discus-

23, 29, 30,43 —45
0

Mechanism of Siluer Migration. The data presented
clearly show the ability of Ag to migrate to the surface of
a Rh film, the kinetics of this process depending on the
substrate temperature and the film thickness. The exact
mechanism which leads to the sandwich structure is not
clear. It is well known that binary alloys often show a
tendency for surface enrichment or segregation of one of
its components. Many theories exist which can be used
to predict the surface segregation of transition-metal al-
loys. ' These theories predict the segregation of Ag in
the Rh/Ag system. Therefore it is possible that the
sandwich forms as a result of the segregation of Ag from
a dilute Rh-Ag alloy. However, SAM results indicate
that the Ag diffusion appears to begin at randomly
dispersed point sources and then slowly spreads out over
the surface. The Ag does not seem to emerge uniformly
as would be envisioned for surface segregation from an
equilibrium alloy.

There exists a more plausible explanation for the devel-
opment of the Ag-Rh-Ag sandwich, as illustrated previ-
ously in Fig. 10. The migration of Ag at low-Rh cover-
ages may involve simple lateral migration of Ag atoms
from bare patches of the substrate. This is easy to en-
vision. However, at higher-Rh coverages the Ag must
break through a more contiguous Rh film. For these
higher-Rh coverages it is possible that Ag arrives at the
surface via diffusion through defects which may exist in
the overlayer. We know that the film is disordered when
deposited at 300 K and annealing restores a LEED pat-
tern. However, the LEED pattern is diffuse, possibly
from a large population of defects. We also know from
the depth profile of Fig. 8(a) that there appears to be
some Ag on the surface of the film even before annealing.
This migration of Ag at 300 K, in addition to the devel-
opment of misfit dislocations in the film could be respon-
sible for creating channels in the Rh layers through

which more Ag diffuses at higher temperatures. The
population of these channel defects would then be expect-
ed to be larger for films grown at 600 K due to the con-
tinuous diffusion of Ag at this temperature. The XPS re-
sults which indicate a lower average atomic coordination
for the Rh atoms for films grown at 600 K lend support
to this statement. These results lead us to believe that
diffusion of Ag (driven by the large difference in surface
free energies) through defects created in the Rh film is the
dominant mechanism which leads to the formation of the
sandwich structure.

Comparison with other work. Ours is not the first evi-
dence for surface enrichment of Ag in a Rh/Ag system.
Anderson et a/. and Rouco et a/. , working with
silica-supported, Rh-Ag particles, found evidence of Ag
on the surface of Rh particles in a thin layer, perhaps
only one atom thick. Their x-ray-diffraction results sug-
gest the presence of separate Rh and Ag phases. These
observations are similar to our own.

We have found only three other cases of "sandwich"
structures in the literature. Chen et a/. , working with
Ag on Pb(1 1 1), Rawlings et al. ,

' working with Ag on
Pb(111) and Cu on Pb(111), and Bader et al. , working
with Fe on Au(100), all report results similar to our own.
In all cases a monolayer of the substrate metal is found to
be present at the surface after deposition of the overlayer
material. These are metals which should be totally im-
miscible, or at least have very limited miscibilities, in the
temperature range under consideration. Similar to the
Rh/Ag system, the driving force in these cases is thought
to be the large difference in surface free energies (the sub-
strate being the much lower surface-free-energy material)
and immiscibilities of the overlayer and substrate metals.
These findings indicate that for metal-on-metal systems of
this category sandwiches may be a general phenomenon
and should be considered in addition to the three long-
standing modes of equilibrium growth.

We believe that this phenomenon may not be restricted
to these three systems. There are several instances where
the growth mode of analogous systems is controver-
sial. ' "" In these instances the substrate is often as-
sumed to be a rigid, stationary template, with the struc-
ture of the overlayer depending only on overlayer atom
mobility, electronic interactions, lattice mismatches, and
surface-energy constraints. However, we have shown
that substrate atom mobility can provide additional path-
ways to satisfying thermodynamic requirements.

CONCLUSIONS

We have found that the mode of growth of the
Rh/Ag(100) system does not follow any of the three clas-
sical growth modes, (i.e., Frank —van der Merwe,
Stranski-Kranstanov, or Volmer-Weber modes). In a sys-
tem such as this where the free energy of the film is
greater than that of the substrate, and the free energy of
the interface is thought to be small, Volmer-Weber
growth mode is expected. Traditionally it is thought that
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the film will grow as three-dimensional crystallites to ex-
pose a large area of the substrate and thus keep the sur-
face energy at a minimum. However, if the mobility of
the substrate atoms is sufBcient to allow diffusion which
results in a lowering of the surface energy, agglomeration
need not be invoked. We believe that this is the case for
the Rh/Ag(100) system which leads to the formation of a
Ag-Rh-Ag sandwich structure. The essential feature in
this system is the substrate atom mobility. Growth in
this manner may be typical for immiscible systems and
those with limited solubility which also possess large
differences in surface free energies, the extent of substrate
diffusion being governed by the magnitude of these ener-

gy differences and solubilities.
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