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When Cg is in contact with Ag the metal donates electronic charge into the lowest unoccupied molec-
ular orbital of the Cq, molecules at the interface, resulting in a monomolecular metallic layer of Cq. We
find no evidence for the formation of a bulk Ag, Cy compound.

It is well established that Cg, forms interstitial, metallic
compounds with the alkali metals.! In these compounds
the metal atoms donate their outer electron into the
lowest unoccupied molecular orbital (LUMO) of C,,
which becomes the conduction band. Earlier investiga-
tions have shown that C¢, layers in contact with Cu (Ref.
2) or Au (Refs. 3 and 4) are modified by charge transfer,
but no bulk metallic noble-metal compounds have been
reported. We report here an investigation of the reaction
of Cg, with metallic silver.

EXPERIMENTAL DETAILS

Two different methods were employed to investigate
the nature of the interaction of Cg, with silver. In the
first Ag was deposited on top of layers of C¢, supported
by an inert substrate; in the second Cgq, was directly de-
posited on a single-crystal Ag(111) surface. The deposi-
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FIG. 1. Comparison of the valence-band spectra of Cq and
vitreous carbon. The data were taken with HeI radiation. The
work-function cutoff is at the same energy in the two materials.
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tions were made at room temperature. Data were taken
at room temperature after annealing at temperatures up
to 400°C.

Vitreous carbon (VC) was used as the inert substrate.
Although made of carbon, this material is actually quite
favorable for studies of the valence band of Cg,, because
it does not react chemically with Cq, and has no sharp
features between 15 eV and the Fermi level (see Fig. 1).
Since the loss of C¢, by sublimation may interfere with
the annealing experiments, some experiments were initial-
ly performed with only Cy, on VC to assess this problem.
This was necessary because the published vapor pressure
data for Cg, (Ref. 5) do not extend down to the annealing
temperatures used here. In subsequent experiments Ag
was deposited on top of the supported C¢y and the an-
nealing experiments repeated. It was found that the Ag
causes the Cg, to be retained on the surface at tempera-
tures where Cg, alone would desorb. This provides the
first indication of a chemical reaction between these two
materials.

The Ag substrate was first cleaned by etching with a
1:1 mixture of Superoxol (H,0,) and ammonium hydrox-
ide and immediately inserted into the UHV chamber of
the photoemission spectrometer. There the surface was
prepared by repeated sputtering and annealing and
characterized by photoemission. When a clean surface
had been obtained, Cq, was evaporated onto it from a
Knudsen cell operated at 425°C. The deposition rate was
~2 ML per minute. Layers of C4, with thickness rang-
ing from 0.5 to 30 monolayer (ML) were deposited onto
the substrate at room temperature. (1 ML denotes close-
packed coverage with one layer of Cy,.) Data were taken
for the layer as deposited and after annealing at tempera-
tures up to 400°C. The photoemission data were taken
with Hel resonance radiation using a Vacuum Science
Workshop 50-mm analyzer operated at a resolution of
100 meV. A 4.0-V negative bias was applied to the sub-
strate in order to shift the work-function cutoff well
above that of the spectrometer.

RESULTS AND DISCUSSION

A. Vitreous carbon substrate

The preparation of C¢, compounds by annealing Cgq
layers deposited on metal substrates depends critically on
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the competition between the rate of diffusion of substrate
metal atoms into the Cg, and the rate sublimation of the
pure Cq,. Since Cq, compounds generally have a much
lower vapor pressure than the pure material, they can be
separated from unreacted material by annealing above
300°C. The Cgy-derived material that remains after such
an anneal is not necessarily a bulk compound but may
amount to no more than the monolayer of Cg;, in direct
contact with the metal substrate. Because the electron
mean free path in Cg;, is no larger than the thickness of
one molecular layer,® photoemission spectra of bulk com-
pounds and adsorbed monolayers are not necessarily very
different. Some effort is required to distinguish between
the two cases.

We begin with a determination of the rate of sublima-
tion of pure Cq, from a bulk layer supported on a VC
substrate. This information is useful in the interpretation
of data taken with metal substrates. The desorption of
Cqo resulting from annealing for 4 min at the tempera-
tures indicated is shown in Fig. 2. The data are all plot-
ted with the same vertical sensitivity, so that they accu-
rately reflect the strength of the Cg, signal. We note that
there is a decrease in the Cg, signal even after the 175°C
anneal, suggesting that some clustering has taken place,
since desorption should be quite slow at this temperature.
After higher temperature anneals, the VC spectrum
emerges as the Cg, signal decreases. A 4-min anneal at
275°C suffices to remove almost all of the Cq,. This is in
good accord with an estimate of desorption obtained
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FIG. 2. Sublimation of Cq, from a vitreous carbon substrate.
The data were taken at room temperature after annealing for 4
min at the temperatures shown. The data labeled VC are those
of the clean substrate, prior to the deposition of Cq.
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from an extrapolation of the vapor pressure data,” which
yield a rate of 0.5 ML/min at 275°C. It is interesting to
note that there is no change in the binding energy of the
highest occupied molecular orbital (HOMO) with cover-
age in Fig. 2, confirming that there is no chemical in-
teraction, no pinning of the LUMO at the Fermi level
Eg, and no band bending for C¢y on VC. As a result,
good Cg, spectra are readily obtained, even for quite thin
coverages, from a VC substrate.

When silver is evaporated onto a thick Cg, film sup-
ported on VC, the valence-band spectrum undergoes
significant changes [see Figs. 3(a) and 3(b)]. A new com-
ponent appears next to the HOMO at smaller binding en-
ergy, broadening the spectrum and giving it an apparent
negative shift. The deep valley between 4 and 5 eV shows
the presence of an additional component and a small step
appears at Er. Annealing this composite layer at 225°C
removes most of the unreacted Cy, yielding the spectrum
shown in Fig. 3(c). Annealing also increases the ampli-
tude of the step at Ep.

The first question is whether the effect at Ey is due to
photoemission from the Ag itself or due to its effects on
the Cg. Comparison with the spectrum obtained after an
anneal at 400°C [Fig. 3(d)], which removes all of the Cq,
but leaves the Ag, shows that the step at the Ex due to
the Ag (and VC) is too weak to account for the step ob-
served when both Ag and Cq, are present. We conclude
that the response at the Fermi level is due to charge
donation into the LUMO of Cg,. [The data in Fig. 3(d)
also show that the Ag 4d band is responsible for the sig-
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FIG. 3. Deposition of Ag on Cgx, supported by vitreous car-
bon and the effects of subsequent annealing: (a) Clean Cg, (b)
after Ag deposition, (c) after annealing at 225°C, and (d) after
annealing at 400 °C.
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nal between 4 and 5 eV.]

The second question concerns the state of aggregation
of the evaporated Ag on the Cg,. Although Ag is known
to form clusters when deposited on VC, it does not follow
that it will do so on Cg, since we have evidence of a reac-
tion with this material. A likely morphology for the ma-
terial resulting from the deposition of Ag onto C, fol-
lowed by annealing is Ag clusters surrounded by ad-
sorbed Cq, molecules.

The spectrum after the 225°C anneal is shown in
greater detail in Fig. 4 with the region near the Fermi
level vertically magnified. These data are characteristic
of those obtained over a wide range of annealing temper-
ature. Quite similar spectra were obtained after anneals
ranging from 175°C to 325°C, a temperature where
desorption from clean VC would have been complete. As
mentioned above, the retention of the Cg, indicates that
the Cg, is chemically bound to Ag. The magnified region
near E shows a peaking that can be attributed to neither
the VC substrate nor to metallic Ag clusters. The
valence band of the VC substrate rises continuously from
the Fermi level with only a weak cutoff (see Fig. 1). The
Fermi edge of polycrystalline Ag has the form of a step
and is quite weak. The peaking must then be due to the
partial filling of the LUMO of Cg, by electrons from Ag.
The peak is quite narrow, ~0.5 eV, as one would expect
on the basis of band-structure calculations.””® However,
since we have no measure of the fractional filling of the
LUMO, this comparison may not be significant. More-
over, it is worth noting that there is evidence for filled
states between the HOMO and LUMO peaks. This is
quite similar to data for metallic compounds such as
K;C¢, where it has been attributed to electron-
correlation effects. If this mechanism also accounts for
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FIG. 4. Enlarged view of the region near the Fermi edge of
Fig. 3(c), showing a peak due to charge donation into the
LUMO.
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the present observations, a detailed comparison of the
width of the peak at the Fermi level with uncorrelated
band structures is not appropriate. Nevertheless, the nar-
row feature at the Fermi level provides definitive proof of
charge donation into the LUMO of C¢, when it is in con-
tact with metallic Ag.

B. Silver substrate

Data taken as the Ag surface was progressively
covered with Cq, at room temperature are shown in Fig.
5. The HOMO binding energy increases steadily with
coverage, from 1.85 eV at 0.5 ML to 2.7 eV at 30 ML.
The small binding energy at low coverage is due to the
pinning of the LUMO at the Fermi level, and is charac-
teristic of the first monolayer of Cg, in contact with the
Ag substrate. Spectra at submonolayer coverage are not
affected by annealing to 225°C. The HOMO binding en-
ergy is quite similar to that obtained after annealing C,
with Ag on VC at 225°C [Fig. 3(c)]. A fairly thick layer
of Cg, is required before the band bending allows the
spectrum to approach that of an unperturbed layer. The
work-function cutoff also shows the band-bending shift.
The fact that the step at the Fermi level remains visible at
2-ML coverage, where the Ag 4d band has been almost
completely attenuated, indicates that the Fermi cutoff is
due to a metallic Cg, band.!® This gives an independent
indication of the formation of a metallic C, layer.

When a thick Cg, film on the Ag(111) substrate was an-
nealed for 4 min at 275°C, the spectrum shown in Fig.
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FIG. 5. Valence-band spectra of the clean Ag(111) substrate
progressively covered by vapor-deposited Cq. The coverages
are approximately 0.5, 2, 8, and 30 ML.
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FIG. 6. Comparison of the valence-band spectra of (a) Cg
and Ag annealed on a VC substrate at 225 °C and (b) a thick Cg
layer annealed at 375°C on an Ag(111) substrate.

6(b) was obtained. The peaking just below the Fermi lev-
el is comparable to that in the spectrum obtained by an-
nealing Ag and Cg, on VC, as shown in Fig. 6(a). The
spectrum on the Ag substrate differs from the one on the
VC substrate mainly in the peak between 5 and 6 eV indi-
cated by the arrow, which is due to the 4d electrons of
Ag. It is much too strong to be due to Ag in a hypotheti-
cal AgCq, compound. A measure of the strength of the
Ag 4d signal obtained from Ag directly associated with
the Cg is provided by Fig. 6(a). The 4d peak in Fig. 6(b)
must then be due to the metallic Ag substrate. This pro-
vides a clear indication that only 1 ML of Cq, remains on
the Ag surface, i.e., that there is no bulk AgCq, com-
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pound. (We should point out that the 4d contribution of
the Ag does not resemble the angle-resolved spectrum ob-
tained from the clean Ag surface shown in Fig. 5 because
of the scattering by the Cgq, overlayer.) Additional 4-min
anneals up to 375°C produce little change in the spec-
trum, indicating that the Cy is strongly bound to the Ag
surface. This provides a simple method for the prepara-
tion of an Ag surface covered by a single layer of Cg,.
Continued annealing at 375°C will eventually desorb the
Cy¢o layer in contact with the Ag, an event that is recog-
nized by the reemergence of the d-band spectrum of the
clean surface. In fact, spectra essentially identical to the
one shown in Fig. 5 for 0.5 ML of C, deposited on the
Ag substrate were obtained by annealing the thick layer
for 28 min at 375°C.

Having demonstrated that Ag is able to donate elec-
trons into the LUMO of Cg,, the question remains as to
why no bulk compound is formed. The problem is cer-
tainly not due to ionic size, since the }.26-A radius of
Ag™ is actually smaller than the 1.33-A radius of K*,
which readily intercalates into fcc Cg, to fill both the
tetrahedral and octahedral sites. The main reason ap-
pears to be the larger cohesive energy of Ag,'' which
makes it energetically more favorable for Ag to have Ag
neighbors rather than Cg neighbors. These results and
this conclusion are not at odds with the report of the for-
mation of an AgCgq, complex in matrix isolation'? where
the molecular units are well separated.

CONCLUSIONS

We have found that metallic Ag will donate electrons
into the LUMO of adsorbed Cg, molecules, resulting in a
metallic conduction band. This reaction is confined to
those C¢, molecules in direct contact with the metal sub-
strate. There is no evidence for the formation of a bulk
Ag-Cg, compound.
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