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Abstract

The surface and electronic structure of Rh films on Ta(11l0) up to
several monolayers thick on Ta(1l0) are characterized by photoemission, Auger
emission, low energy electron diffraction and low energy ion scattering.

From the variation of the Rh Auger peak-to-peak intensity as a function of
evaporation time, Rh/Ta(ll0) appears to grow in the Stranski-Krastanov mode
at room temperature. However, the LEIS data shows that the Rh adatoms begin
to cluster on Ta(ll0) before growth of the monolayer is completed. Diffuse
LEED scattering suggests that the Rh films are disordered. Photoemission
shows that Rh chemisorption on Ta(l11l0) generates two peaks located at 1.2 and
2.5 eV binding energy during the initial phase of thin film growth (0 < © <
0.5 ML). By 0.75 ML Rh cove;age, those states merge into a broad structure
centered near 2 eV binding energy. Photoemission peaks typical of a Rh(11l1)
surface are seen at higher coverages (8 > 3.7 ML). Photoemission data for CO
covered surfaces shows that CO dissociates on the Rh/Ta(ll0) surface for Rh
coverages less than 2.5 ML and also shows that the Rh clusters develop at

least one site capable of molecular CO adsorption above 0.3 ML Rh coverage.



Introduction

Rhodium is an important industrial catalyst and also used in automotive
catalytic converters to reduce nitrogen oxides.1 Surface techniques are used
in a number of studies which examine the interaction of small molecules and
hydrocarbons with single crystal Rh surfac:es.z'8 More recent studies have
examined the catalytic properties of Rh clusters and small particles,9

10,11 12,13

Rh/A1203 , TiOox/Rh, and Ag/Rh(lll).14 It is well known that transi-

tion metal monolayers on transition metal substrates have altered surface,

. . 15-20 21 .
electronic, and chemical properties. Tauster and Fung first suggested
that bonding between the substrate and thin metal films or particles is

15,16 used

responsible for the change in catalytic properties. Ruckman et al.
photoemission data to show that CO has a negligible sticking coefficient on
Pd monolayers on Ta(l1l0) at 300K, and that the CO-Pd bond is weaker for the
Pd monolayer when compared to thicker Pd(11l) layers. This work also sug-
gested that changes in the density of states near the Fermi level are
responsible for this behavior. Recently, Koel and coworkers17 published
temperature programmed desorption (TPD) measurements showing an 18.6 Kca/mole
reduction in the activation energy for CO desorption from Pd/Ta(110) mono-
layers when compared to Pd(Lll).22 The properties of thin Rh films on
transition metal substrates are not as thoroughly studied as those of Pd
films and such information would be of value in understanding the physics and
chemistry of Rh catalysts.

In this paper we report results for a study of the growth and electronic
structure of thin Rh films on Ta(l10) and their interaction with CO. Low
energy ion scattering (LEIS) and low energy electron diffraction (LEED) show

that Rh forms three dimensional islands at 300K. Photoemission shows that



Rh-Ta bonding takes place and also shows that CO both dissociates and molecu-

larly adsorbs on ultrathin Rh overlayers.

Experimental Procedure

Surface studies of Rh/Ta(l1l0) were conducted in an ultra high vacuum
system equipped for LEED, AES, LEIS, and ultra-violet photoemission spectro-
scopy. Synchrotron radiation-based photoemission studies were conducted in
another UHV system installed on the U7B beamline at the Brookhaven National
Synchrotron Light Source (NSLS). Photoemission, AES, and LEIS were conducted
using a double-pass CMA. Our LEIS experimental set-up is sirilar to that
described by Vurens et al.23 A sputter iom gun (Perkin-Elmer model 04-300)
operated at 500 eV in a 2 x 10-6 Torr helium atmosphere produced the He' beam
for LEIS. For photoemission, the pass energy was set to 25 eV and the sample
was oriented with the sample normal ~42° from the CMA axis and ~45° from the
incident photon beam.

The substrate is a Ta(ll0) crystal grown by high temperature recrystal-
lization of a Ta foil (for details see reference 24). The crystal was large
enough to show the sharp hexagon-like LEED pattern expected for a Ta(ll0)
surface. Surface cleaning was done by resistive heating cycles (~2500K for
1-5 sec) and our surface experiments show only negligible levels of contamin-
ation.

Rhodium was deposited using a resistively heated coiled Rh filament and
the current was Kept constant at 7A during deposition cycles. It was found,
this procedure gives reproducible depositions of monolayer amounts of Rh in
two minute intervals. An evaporation rate monitor was used to monitor the

amount of Rh deposited but our surface studies do not indicate that Rh grows



layer-by-layer on Ta(11l0). Hence, the expression of Rh coverages (8) mono-

15 Rh atoms/cmz) is intended to provide infor-

layer units (1 MLRh = 1.6 x 10
mation about the amount of Rh deposited and not the thickness of the Rh over-
layer. CO dosing was conducted at a CO partial pressure of 5 x 10-8 Torr in

a turbo-pumped chamber. The ion pump was valved off to minimize CO gas con-

tamination and gas purity was checked using a quadrupole mass spectrometer.

Results and Discussion

A. Growth and Structure of Rh Films on Ta(110)

VV (302 eV) and Ta N VV (179 eV) Auger

The dependence of the Rh M4,5 4,5
peaks as a function of evaporation time (AST curve) is shown in figure 1.

The growth of the Rh peak and the attenuation of the Ta peak is linear up to
two minutes. At about two minutes, the slope of each curve changes and the
curves are non-linear for longer evaporations. The AST plot indicates that a
break occurs in the gradient at two minutes elapsed time and this usually
indicates that a monolayer has formed.25 The observation of no further
breaks is consistent with the layer-plus-islanding (Stranski Krastanov (SK))
growth mechanism.26 -

Rh(111l) has a slightly larger in-plane density of atoms than Pd(11ll) and
both Rh(11ll) and Pd(111l) monmolayers have significantly larger in-plane atomic
densities than the Ta(110) surface. Pd/Ta(110) was found to grow epitaxially
on Ta(l1l0) and has a (1lx1l) LEED pattern at submonolayer coverage.24 At
monolayer coverage, a complex LEED pattern similar to that found for Pd/Nb

(110) by Sagurton et al.27 is seen. Sagurton et al. suggested this (1x7)

LEED pattern is due to multiple scatteving of LEED beams from a Pd(111l)-like



overlayer by the Ta(110) substrate. Multilayer Pd coverages show a LEED

pattern like Pd(lll).28'29

LEED studies of Rh covered Ta(110) found that Rh
deposition caused a significant increase in diffuse LEED scattering and
weakened the sharp spots due to the Ta(l110) substrate. At higher Rh cover-
ages, faint and fuzzy LEED spots due to Rh(1lll) were seen along with a
considerable amount of diffuse scattering. The diffuse scattering suggests
disorder or surface roughness32 and the faint Rh{11l) spots are probably due
to the formation of small Rh(11ll) crystallites.

LEIS was done on Rh/Ta(l110) to check the conclusion derived from the AST
plot concerning the SK growth mechanism. Figure 2(a) shows a LEIS spectrum
obtained for a two minute Rh deposition, i.e., AST break point and "mono-
layer" Rh coverage. 500 He' ions are scattered from this surface at two
distinct energies and a hard sphere scattering calculation shows that the
component at 0.86 is due to Rh and the other component at 0.92 is due to Ta.
In figure 2(b), the normalized intensity of the Ta peak is plotted as a
function of evaporation time. This curve suggests that the deposition of
more than 2 ML (4 minutes) of Rh is needed to completely cover the surface
and also shows that clustering plays a major role in the growth of the Rh
overlayer. Extrapolation of the attenuation rate of the Ta peak for short
evaporation times suggests that the growth of two dimensional Rh islands
would lead to complete coverage of Ta by two minutes evaporation time. The
failure to completely cover the surface at 2 minutes evaporation time indi-
cates that the clustering begins at submonolayer coverage. We conclude that
Rh film growth on Ta(1l0) is an example of the Volmer-Weber (3d islanding)

growth mechanism26 rather than the SK growth mechanism.



B. Photoemission Studies of Rh/Ta(110)

Photoemission showed that interaction between Pd monolayers and Nb or Ta
substrates greatly modifies the electronic structure. Band structure and
density of states calculations3o for Pd/Nb(110) show that considerable
hybridization of the Pd 5sp-4d and Nb 5s-4d states takes place at the inter-
face and that the density of states near the Fermi energy Ef is greatly
reduced on the surface atom layer. This has a significant affect on surface
reactivity with simple molecules like CO. (Note: Hoffman points out in a
recent review artic1e32 that the states near EF are derived from the frontier
orbitals which play a crucial role in chemical bond formation with adsor-
bates.) The chemical interaction between Pd and Nb causes the Pd d-band to
shift away from Eg and become narrower. Good agreement between theory and

30 1

experiment was found by El-Batannouy et al. and Williams et al.3 for

Pd/Nb(110) and the strong correlation between spectra for Pd/Ta(110) and

24 that the bonding between Pd and Ta

Pd/Nb(110) suggested to Ruckman et al.
was similar. Other investigators find similar changes in the overlayer
electronic states for Pd/W(llO),19 Pt/W(llO),33 and the affect of interfacial
bonding on electronic structure is seen for other bimetallic systems - most
notably Cu/Ru(0001).2° .

Figure 3 shows photoemission spectra (He I (21.2 eV)) for a range of Rh
coverages on Ta(ll0). Spectra for a monolayer Rh coverage and a thick (8 > 5
ML) Rh film as a function of photon energy are shown in figures 4(a) and (b).
Interpretation of the photoemission spectra is more difficult for Rh/Ta(110)
than for Pd/Ta(110) because the islanding produces a wider range of Rh adatom

environments. At low coverages (0 < 8 < 0.47 ML), the islands are small or

the Rh sits on the surface as adatoms. Rh adsorption produces a single peak



near -2.5 eV binding energy. A second peak near -1.5 eV becomes visible
between 0.38 and 0.47 ML Rh coverage. The Ta valence band states near Ef
decrease in intensity and change in shape with increasing Rh coverage. The
modification of the Ta valence band states and the shift of the Rh derived-
states to higher binding energy when compared to the thick Rh film (figure
4(b)) suggest that hybridization of the Rh 5s-4d and Ta 6s-5d bands occurs.
Deposition of more Rh (8 > 0.47) produces a clustered or disordered Rh over-
layer. At monolayer Rh coverage (figure 3), new states near 2 eV become the
strongest states and there is a significant increase in the density of states
just below Ef. For multilayer coverages (# = 3.75 ML), the valence band
broadens and begins to resemble that calculated for Rh.34

Synchrotron radiation photoemission31 showed that certain parts of the
Pd/Nb(110) valence band had emission from Nb and Pd components leading to
their identification as interface related states. Houston et al. published
similar findings for Gu/Ru(OOOl)20 and Ni/Ru(OOOl)35 based on angle-resolved
photoemission. Both Rh and Ta show significant changes in photoemission
cross section in the photon range 40 to 80 eV. The Rh valence states go
through a minimum (48 eV) above the 4p threshold (37 eV) and are resonantly
enhanced by the 4p-4d interaction between 55 and 75 eV.36 The Ta valence
states are most intense between 50 and 60 eV and decrease faster in intensity
than those of Rh.37 Figure 4(a) shows photoemission from a monolayer cover-
age of Rh as a function of photon energy. The peak near Ef (identified with
the Ta substrate) and the peak near -2.8 eV binding energy are most intense
between 46 and 55 eV photon energy. The peak near -1.3 eV is the largest
feature above 55 eV photon energy. According to Williams et al.,31 a cor-

relation can be drawn between the cross section dependence of the metals and

their contribution hybridized bonding and anti-bonding states. The state



near -2.8 eV has Ta-5d as well as Rh 4d contributions because it is reso-
nantly enhanced near the Ta-5p threshold. The state near -1.3 eV shows its
relationship with the Rh 4d states rather than the Ta 5d states because it is
not resonantly enhanced near the Ta-5p threshold. We believe the state near
-2.8 eV is an interface bonding state because it has both Rh-4d and Ta-5d

components,
C. Carbon Monoxide Adsorption on Ta 0

Figure 5 shows photoemission spectra for a 20 L (1L = 10.6 Torr-sec) CO
exposure of Rh/Ta(110) surfaces at 300K. Vertical lines going from higher te
lower binding energy mark the CO 4o, lx-56, and O 2p peaks, respectively. CO
dissociates on Ta(l1l0) and the molecular CO peaks are absent. On Rh(11ll), CO
adsorbs molecularly with an activation energy for desorption of 31.6
Kcal/mole in the limit of zero coverage.2 The activation energy decreases
with CO coverage and at 300K a 1/4 ML of CO is retained on the surface.
Castner et a1.2 reported that CO dissociates on stepped Rh surfaces and argue
that CO should dissociate on rough Rh surfaces. Yates et 81.38 presented
data which argues that the dissociation of CO on stepped or rough surfaces is
unlikely. For our thickest Rh overlayer (6 = 10 ML), we find only the molec-
ular CO photoemission features and see no evidence of CO dissociation.

We concluded from LEIS that Rh clusters and the surface layer has both
Ta and Rh atoms. Photoemission from molecular and dissociated CO is observed
for thin (0.3 < 6 < 2.5 ML) Rh films. Since CO normally dissociates on
Ta(110) at 300K, we cannot determine whether CO also dissociates at the edges
or the surfaces of the Rh islands. The intensity of the O 2p feature

decreases with increasing Rh coverage. At 2.5 ML Rh coverage, where the



surface is almost fully covered by Rh, the molecular CO peaks are the largest
CO related feature but they are much weaker than those for the thick Rh film.

15,16 and it was argued that the

Similar behavior is seen for Pd/Ta(110)
strength of the CO peaks is proportional to the amount of CO present ou the
surface. A TPD experiment like that done by Koel’s group for Pd/Ta(110) is
needed to determine whether the changes in photoemission from CO are directly

connected to changes in CO coverage and to determine whether the strength of

the CO-Rh bond changes as a function of thin film coverage.

Summary and Conclusions

Using several different techniques to investigate the struc.ure of Rh
films on Ta(110), we find that Rh forms 3d islands on Ta(l10) at low coverage
(8 < 5 ML), and that the surface has both Ta and Rh adsorption sites. Con-
siderable diffuse LEED scattering from this surface prevents detailed struc-
tural studies and suggests the surface is highly disordered or rough.
Photoemission suggests that the Rh 5s-4d and Ta 6s-5d bands hybridize and
this has the greatest %ffect on photoemission from submonolayer Rh over- _-
layers. We identify a Rh induced state near -2.5 eV binding energy as a
possible Rh-Ta bonding state: CO dissociates as well as molecularly adsorbs
on thin Ta(110)-supported Rh films. Additional research is being conducted
to study the affect of the substrate on the chemical behavior of thin Rh
films. Similar work is underway on Rh/Mo(110) which grows layer-by-layer and
TPD will be used to accurately determine CO coverages and the activation

energy for CO desorption.
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Figure Captions

Auger peak amplitude versus evaporation time curves for the Rh M4, 5VV

and Ta N4,5VV transitions. A break in the slope is marked by a vertical

dashed line.

(a) LEIS spectrum for a monolayer Rh film on Ta(ll0).

(b) Normalized intensity (I/Io) for the 0.92 Ta LEIS peak as a function
of Rh coverage.

Photoemission spectra (h = 21.2 eV) for various Rh coverages on Ta(ll0).

(a) Photoelectron EDCs for a Rh monolayer on Ta(l1l0) over photon
energies from 40 to 80 eV.

(b) Photoemission spectra for a thick Rh film for 40 <hv <80 eV.

Photoemission (hv = 70 eV) for 20 L CO exposures of selected Rh/Ta(1l1l0)

surfaces.
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