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The electronic structure of carbon overlayers on Ni(111) has been investigated by using photo-
emission, energy-loss, and ionization-loss spectroscopy techniques. The combined use of these spec-
troscopies gives a detailed picture of these surfaces which have important catalytic implications.
The carbidic carbon overlayer shows states at ~ 1-, 4.2-, and 13-eV binding energy. Of particular
significance is the detection (both in photoemission and in ionization-loss spectroscopy) of a
carbon-derived state very near the Fermi level, in excellent agreement with recent theoretical predic-
tions. The graphitic overlayer has an electronic structure very close to the electronic structure of
pure graphite. We detect, however, an almost rigid shift of both valence and conduction bands
which points to a charge transfer of about 0.02 electrons per carbon atom between the nickel sub-

strate and the graphitic overlayer.

I. INTRODUCTION

Electron spectroscopies have been widely used for inves-
tigating the electronic properties of a vast range of
overlayer-substrate systems. Carbon overlayers on transi-
tion metals have received comparatively little attention,’
despite their obvious importance in a series of catalytic re-
actions.>?

Two substantially different forms of carbon adlayers
are known to exist and are termed “carbidic” and “graphi-
tic” carbon.>* These adlayers can be easily prepared on
transition-metal (TM) surfaces by dissociation of CO
(Refs. 2, 4, and 5) (or other hydrocarbons like C,H, and
C,H,) in appropriate temperature and exposition ranges.5’

The carbidic adlayer (C_,) obtained from CO dissocia-
tion consists of more or less isolated carbon atoms
dispersed on the surface of the TM substrate. Its Auger
fingerprint strongly resembles the KVV Auger spectrum
of carbon in transition-metal carbides®* (from which fact
the term carbidic originates). A few ordered phases are
known to exist [a (2 1) and a (4X5) on Ni(110) (Ref. 8)
and a (2X2)(p4g) on Ni (100) (Ref. 9). The carbidic car-
bon on Ni(111) shows a rather complicated low-energy
electron diffraction (LEED) pattern,® which has been in-
terpreted as a V39R 16.1°XV39R16.1° structure. This
geametry seems to be a slightly distorted square structure
similar to a (2 2) structure on Ni(100). Carbidic carbon
reacts readily with hydrogen above room temperature to
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form methane.>*'%!1 This suggests that it plays an im-
portant role as an intermediate species in catalytic reac-
tions and has stimulated experimental®'>!* and theoreti-
cal'* work.

The graphitic adlayers (C,,,n) can be formed again by
heating a TM surface in a CO atmosphere.>* The tem-
perature needed to obtain a graphitic layer is different for
different substrates [280°C—300°C for Ni(111)]. On
Ni(111) it can also be formed by heating a carbidic over-
layer to temperatures in excess of 300°C. It consists of a
more or less well-ordered hexagonal graphite monolayer
which may”!>¢ or may not!” be in registry with the sub-
strate. The term “graphitic” comes from its Auger line
shape which is almost identical to the KVV spectrum
recorded on a graphite single crystal.>*

The aim of the present paper is to provide a detailed ex-
perimental picture of the electronic properties of C,4, and
Cprapn 0n Ni(111). We have used photoemission, energy-
loss spectroscopy (ELS) at low energy losses, and at high
energy losses through a core-level-excitation edge [which
is called ionization-loss spectroscopy'® (ILS)]. While
photoemission spectra provide information about filled
electronic states, ILS spectra, taken by exciting the carbon
1s level, give a p-like projection of the local empty density
of states. This spectroscopy is a very sensitive “finger-
print” technique, and we show in the following that it can
easily discriminate between carbidic and graphitic species.

Energy-loss spectra in the (1—-30)-eV range are known
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FIG. 1. Photoemission energy distribution curves of the Ni-C
system. Solid line, clean Ni; dashed line, Ni plus 0.8 ML of
Corapn; dotted line, difference spectrum (Ni plus Cgrpn minus
clean Ni).

to contain information about the electronic excitations of
the surface region, and we have used this spectroscopy in
order to complement the picture of the filled and empty
carbon states obtained from the former techmiques. A
preliminary account of the photoemission results has ap-
peared elsewhere. '?

II. EXPERIMENTAL SETUP

The experiments were carried out at the low-energy
photoemission beam line of the PULS synchrotron radia-
tion facility in Frascati. In the following we give only a
brief description of the experimental apparatus and its
performances. The vacuum chamber is pumped with ion
pumps and liquid-nitrogen-cooled titanium sublimator
and its typical operating pressure is in the low 10~ - Torr
range. The photoemission studies were performed with a
double-pass cylindrical mirror analyzer (CMA), and syn-
chrotron radiation was impinging on the sample at 45° in
D polarization. The experimental chamber also contains
facilities for LEED spectroscopy and Auger electron spec-
troscopy (AES). ELS and ILS spectra were performed by
using the same CMA and its coaxial electron gun with
primary beam energies of 80 and 800 €V, respectively.
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The Ni{111) sample, oriented within 1° and cut to a size
of 6x6x1.5 mm>, was polished in order to obtain a
stress-free mirror-finished surface. The cleaning pro-
cedure was performed in situ by heating the Ni substrate
at 900°C in 10~7-Torr oxygen pressure or in UHV and by
argon-ion sputtering cycles. Residual contaminants
(mainly sulfur) were kept below 1% of a monolayer.

Carbidic carbon overlayers were reproducibly obtained
by heating the sample for 5—10 min at 200°C—250°C in a
(107°~107%)-Torr pressure range of CO. Details of the
kinetics of formation of carbon adlayers in this low CO-
pressure range will be published elsewhere.”” Graphitic
carbon overlayers were readily produced by heating the
sample above 300°C in CO atmosphere. In the intermedi-
ate temperature range (250°C—-300°C), carbidic and gra-
phitic carbon mixed phases were obtained. LEEI) obser-
vations showed that graphitic carbon formed an ordered
11 pattern [as expected, since the Ni nearest-neighbors
distance in the Ni(111) surface, i.e., 248 A, is close to the
graphitic lattice parameter, i.e., 2.46 A (Ref. 16)]. The
carbidic carbon overlayers produced the previously men-
tioned V'39R 16.1°X V'39R 16.1° LEED pattern.

IIL. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Graphitic carbon

Figure 1 shows ultraviolet photoemission spectroscopy
(UPS) spectra of Ni(111) taken at three different photon
energies, the corresponding results for a graphitic over-
layer on Ni(111) and their difference. The Cp,py cover-
age, as estimated from the Auger carbon intensity, is
~0.8 monolayer (ML).? The difference spectra show
strong similarity to the spectra taken on graphite bulk
samples.?l?

Figure 2 shows a comparison of our results at 35 eV
with the results of Bianconi et al.? on a graphite single
crystal at nearly the same photon energy. The results are
strikingly similar, with a one-to-one correspondence in the
peaks and an overall shift of ~1 eV towards higher bind-
ing energies for the graphitic overlayer. This observation
strongly suggests that the electronic structure of Cip,p
can be interpreted in terms of graphite band-structure cal-
culations. It also provides strong experimental evidence
that a single layer of graphite already has the complete
electronic structure of a bulk sample. Moreover, Fig. 2
shows that the UPS spectrum of the Ni-Cy,, system can
be considered, as a good approximation, a simple superpo-
sition of the energy-distribution curves (EDC’s) of pure Ni
and graphite. We deduce that the interaction of the gra-
phite overlayer with the metal substrate is very small and
shows up mainly as a charge transfer leading to a shift of
major features by about 1 eV. In analogy with UPS re-
sults on alkali-metal—intercalated graphite,??* we inter-
pret the average increase in binding energy as a rise of the
Fermi level. An approximate estimate of the charge
transfer necessary to induce such a shift gives ~0.02 elec-
trons per carbon atom. The 14-eV peak makes an excep-
tion, as its position in bulk graphite and in the graphitic
overlayer differs negligibly, pointing out that band shifts
are not perfectly rigid. Similar non-rigid-band shifts have



3418

Cqrapn 0N Ni (111) \
hy=35eV

.nl..

a /
P \\TiCPNERGY(eV
Ll
, ' / |
/ / \

'I | /1.\ u\//

Graphite

0=E, 10 20
ELECTRON BINDING ENERGY (eV)

FIG. 2. a: Difference spectrum for Cypn on Ni at Av==35
eV. b: Photoemission spectrum for crystalline graphite (hv=34
eV) takem from Ref. 22. Inset: secondary electron emission
spectra of clean Ni (solid line), Cyrapn on Ni (dashed line), and
their difference (dotted line). The clean Ni SEE spectrum has
been shifted 1 eV in order to take into account the work-
function change.

been detected in Li-intercalated graphite.** %

The peak in the difference curve located at 4.2 eV ap-
pears relatively stronger for a photon energy of 21 eV (see
Fig. 1). This finding can be again explained in terms of
the graphite band structure’® as a final-state effect.
Indeed this peak arises from s, initial states around the
symmetry point Q coupled, in the 21-eV spectrum, by an
allowed direct transition to states of the o3 band at Q.
For hv=14 and 35 eV, there are no allowed final states
starting from the same initial states, and accordingly the
UPS signature is less marked.

The measured work function for Cg,y, is 4.3 eV
(A@=—1.0 eV with respect to the clean surface), which is
very close to the bulk graphite value”® (4.4 €V) and in
good agreement with the prediction of Feibelman,'*

Some supplementary information about the empty lev-
els can be obtained from the secondary electron emission
(SEE), which has a different line shape in clean Ni and in
the graphitic overlayer. As shown in the inset of Fig. 2 a
careful subtraction of the clean Ni SEE part of the spec-
trum shows a peak at 2 ¢V above the vacuum level (6.3 eV
above the Fermi surface). We carefully checked that the
shape of the secondary electron peak does not depend on
the exciting photon energy. A similar peak has been
detected in SEE spectra of pure graphite at +7.6 eV with
respect to the Fermi level?’ and in alkali-
graphite—intercalated compound (at about 6 eV above the
Fermi level).?’ Tt has been shown in fact that the struc-
tures observed in the SEE spectrum of graphite are due to
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FIG. 3. a: 1s level ILS spectrum of graphitic carbon on Ni in
the second-derivative mode. b: ILS spectrum of crystalline gra-

phite taken from Ref. 28. ¢: Optical-absorption spectrum of
crystalline graphite from Ref. 29.

electrons emitted from high density-of-states levels located
at critical points in the conduction band. In particular,
the strong 7.6-eV peak has been attributed to the I';, criti-
cal point. The presence and the position of the peak in
Cgraph can be easily interpreted again in terms of the
model proposed above, i.e., a graphitelike band structure,
where the Fermi level has moved upward by about 1 eV.

Figure 3, curve a shows the ionization loss spectrum of
Coraph taken in reflection with the use of the second-
derivative mode with a primary electron energy E, of 800
eV. For comparison, b of Fig. 3 shows an integrated ILS
spectrum of graphite measured in transmission with
E,=200 KeV and zero exchanged momentum (taken
from Ref. 28), and ¢ shows the optical-absorption spec-
trum of crystalline graphite (taken from Ref. 29).

In an electron energy-loss experiment the differential in-
elastic scattering cross section in the reflection mode,
under appropriate hypotheses®® (forward scattering and
small momentum transfer), is given by

_ds

dQdw

c(kp,Q)Im

1+elw,q)

where kK k, is the momentum of the pnmary electrons, q is
the exchanged momentum, and c(kl,,q) is a kinematic
factor. In the core-level energy region (i.e., in the ioniza-
tion loss regime), Im{—1/[1+€(w,q)]}~€w,q). The
results of an ILS experiment are expected therefore to give
information similar to those extracted from optical-
absorption measurements. The kinematic factor c(fi,J )
should not contribute new structures since it is averaged in
our experimental configuration. Figure 3 shows a one-to-
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FIG. 4. a: Solid line, energy-loss spectrum of clean Ni (a
constant background has been subtracted); dashed line, surface
loss function —Im[1/(14€)]. b: Energy-loss spectrum of the
Coraph-Ni system (a constant background has been subtracted).
E, =80 eV. Inset: surface loss function of the Cyep-Ni system
for different ¢y d values.

one correspondence between structures in the three dif-
ferent sets of data [in our spectrum, which displays
—d?N(E)/dE?, the energy position of the transitions
should be located in correspondence with the positive
peaks]. ‘This gives us confidence for interpreting our ILS
spectrum as originating from the p-projected density of
states.

Here again the ILS spectrum of graphitic carbon closely
resembles the data taken on crystalline graphite.”® The in-
tegrated ILS spectrum of graphite (Fig. 3, b) consists of a
spike at 285 eV (ls-7 transition) and a second structured
peak at 292 eV (1s-o transitions).?® X-ray photoem ission
spectra 5 (XPS) and x-ray emission spectra’! give a bind-
ing energy of 284.5 ¢V for the 1s level of carbon in gra-
phite and 285 eV for a graphitic overlayer on Fe.*> The
density of states in graphite is known to be very small at
the Fermi level and shows a peak at about 3 eV above
it.263% In a one-electron picture the first peak of ILS is to
be expected at 287.5 eV in graphite and the observed 2.5-
eV shift (Fig. 3, b) is attributed to excitonic effects.”* Our
ILS spectrum of Cg,py displays the first positive peak at
286 eV with a shift of 1 eV with respect to the graphite re-
sults and 2 eV lower than the expected one-electron posi-
tion. Within the limits of our experimental accuracy, the
excitonic effects are therefore essentially of the same order
of magnitude as in pure graphite. The most important re-
sult in our spectra is the strong similarity of the empty
part of the density of states of Cgp,p, and in graphite.
This similarity extends well above the onset as showm in
Fig. 3.16

Figure 4 shows the ELS spectra in the low-energy-loss

regime for clean Ni (solid line in panel a) and for the gra-
phitic carbon covered surfaces (panel b). The spectra are
taken in the reflection mode with an 80-eV primary beam
energy. The clean Ni spectrum (Fig. 4, a) is in good
agreement with published data.’®> The graphitic carbon
overlayer (Fig. 4, b) shows two pronounced peaks at 3.3
and 7.5 eV plus a broad structure centered at 24 eV.
While the two higher energy features are very similar to
those observed in crystalline graphite,?5® the lower ener-
gy peak is characteristic of this carbon-nickel system.

It is well known** that even for low primary beam ener-
gy the experimental energy-loss distribution in the reflec-
tion mode is well explained by the function —Im1/(1+¢),
where € is the optically determined dielectric function.
The dashed line in a, Fig. 4, shows this function as calcu-
lated from the experimental data of Ref. 37. The agree-
ment is good. A priori, this was not necessarily so because
in our geometry we may, in principle, collect electrons
which have suffered a large ¢ transfer.

This result encouraged us in interpreting the spectra of
the carbon-covered surface in terms of an extension of a
model alread‘y applied in surface electronic structure deter-
minations.’”*® This model consists in evaluating an effec-
tive surface dielectric constant given by

1—Ae 2

€n{q),0)=€(w) -,
eff\qj|,@® @ 1+Ae—2q“d

where

€(w) is the dielectric function of a surface slab of thick-
ness d (in our case it is the carbon overlayer); €%(w) is the
dielectric function of the Ni substrate, and g); is the com-
ponent of the exchanged momentum parallel to the sur-
face. Reasonable values for ¢, and d are 0.3 A-'and 2.5
A respectively.’’

The inset in Fig. 4 shows the surface loss function
Im[—1/(14¢€)] obtained from the model for gd =0.5
and g;d =1. The spectra of clean Ni (g;d ==0) and of
graphlfte (g)d = ) are also shown for comparison. We
used the published graphite®® and Ni (Ref. 37) dielectric
functions for the surface slab and the bulk, respectively.
The first peak at 3.3 eV survives for every reasonable
choice of the parameter g)d. Since the real part of the
dielectric function of Ni and graphite have equal values
and opposite signs at this energy, we are tempted to inter-
pret it as an interface plasmon. Detailed calculations have
shown, however, that its origin may be due to a purely
kinematic effect.*! The peak at 7.5 €V in our experimen-
tal spectrum has the same origin as the corresponding
plasmon in pure graphite’® It is however noticeably
broader and shifted to higher energy by 0.5 eV because of
the large integration on different g values in our experi-
mental arrangement. Assuming a plasmon energy disper-
sion versus ¢ similar to the one found in pure grapimnt’,“2
we estimate an average q| value of 0.4 A~ I in goo»d
agreement with our previous assumption. The smearing
and weakening of the 27-eV peak can also be interpreted
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FIG. 5. Photoemission energy distribution curves for the Ni-
Ceary, system. Solid line, clean Ni; dashed line, Ni plus 0.3 ML
of Cem; dotted line, difference spectrum (Ni plus Ce,p minus
clean Ni).

as due to an effect of the integration over different ¢
values.

The rise of the Fermi level should give origin to a fur-
ther structure at ~ 1-eV energy loss*>** (due to plasma os-
cillation of the transferred charges). This feature is not
visible, however, in our experimental spectra probably be-
cause of lack of resolution.

B. Carbidic carbon

Figure 5 shows the UPS specira of the clean Ni(111)
surface and of the same surface covered with C .y (es-
timated carbon coverage ~0.3 ML) at photon energy
hv=14, 21, and 35 eV. Electronic levels of atomic ad-
layers usually are less detectable in photoemission spectra
than roolecular adsorbates, and also carbidic carbon does
not show pronounced peaks. On subtracting the clean Ni
spectrum, however, three distinct features show up at
~1-, 42-, and ~13-eV binding energy, while a weak
shoulder is present at ~6.5 eV.

These peaks can be interpreted in terms of recent sur-
face band-structure calculation by Feibelman'* on carbidic
carbon on Ru(001) and Rh(111). According to Feibelman,
carbon atoms form tetrahedral s-p bonds with three
neighboring substrate atoms, leaving a nonbonding, dan-
gling p, band partially filled. The band formation pulls
the C 2py, levels down to 3.5 eV with respect to the Fer-
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FIG. 6. K-edge ILS spectrum of C.,+ on Ni in the second-
derivative mode.

mi level and leaves a dangling unsaturated p, orbital right
at the Fermi level. This picture seems to be substantiated
by our photoemission results. We interpret the broad peak
which appears at 13-V binding energy (BE) as originating
from the carbon 2s states. The small feature appearing at
6.5 eV below the Fermi level should be associated with the
lower p,, states (which become an s-p, mixture at I') in
the theoretical calculations. The main bump centered at
4.2-eV BE is very likely correlated with the p, , states,
which Feibelman puts at 3.5 eV below Er. However, very
recent normal emission photoelectron measurements on
carbidic carbon overlayers on Ni(110) using polarized
light show that the 4-eV peak has a strong even com-
ponent with respect to the mirror plane.!* Finally, the
structure appearing at about 1-eV BE is associated with
the p, level and is recognized as the dangling partially
filled p, band (see the discussion of ILS results below).
Unfortunately this structure overlaps with the Ni d bands
and requires a delicate subtraction procedure. The feature
is always present at all photon energies. Although we
cannot give its exact line shape, still the level of confi-
dence of its existence is very high.

This last result is of particular catalytic significance.
Besides substantiating Feibelman’s theoretical results, it
points to the existence of a carbon-derived dangling bond
and explains the reason of the chemical activity of carbid-
ic overlayers.

Figure 6 shows the carbon K-edge ILS spectrum of car-
bidic carbon (for approximately the same coverage of the
UPS spectrum) taken with a primary beam energy of 800
eV. The spectrum, taken in the second derivative mode,
shows a marked feature (a negative and a positive lobe at
282 and 285 eV, respectively), which originates from the
onset of excitations of carbon 1s electrons to empty states
at the Fermi surface. A weaker feature is also present 6
€V above the onset. Owing to the metallic character of
this overlayer, a steplike onset is expected (which in
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FIG. 7. a: Energy-loss spectrum of C.y on Ni(111) (a con-
stant background has been subtracted). b: Second-derivative
energy-loss spectrum of the same system. Primary beam energy
80 eV.

second-derivative spectra gives rise to the experimentally
observed line shape). In this picture the onset of the tran-
sition should therefore be located at the zero crossing
(283.5 eV).

The main edge is shifted to lower energy with respect to
the graphitic overlayer results. The measured ls binding
energy of carbidic carbon on Fe is 283.3 eV (Ref. 32),
which coincides within experimental accuracy with the
threshold energy determined in our experiment. In this
case, owing to the metallic character of this surface, we do
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not expect excitonic effects. The strong structure that we
find just above the Fermi level originates very likely from
the empty part of the p, level giving therefore further sup-
port to Feibelman’s model. The weaker structure 6 eV
above the onset can be interpreted as originating from the
Px,y Orbitals antibonding between the C atoms and the sur-
face, again in reasonable agreement with Feibelman’s cal-
culations.

We note that the ILS line shapes of carbidic and graphi-
tic carbon are markedly different and offer therefore a
nice alternative to Auger spectroscopy for detecting car-
bon overlayers (especially when the carbon KVV spectrum
overlaps with peaks of the substrate).

The ELS spectrum of carbidic carbon on Ni(111) is
shown in a, Fig. 7. More informative is the second-
derivative spectrum (b, Fig. 7), which shows strong
carbon-derived peaks at 4.5 and 7 eV. Both are substan-
tially different from the corresponding clean surface spec-
tra.

The origin of the first structure at 4.5 eV can be easily
understood. Owing to the metallic character of this over-
layer the surface dielectric function is expected to have a
free-electron-like contribution. A rough estimate of the
plasma frequency associated with the metallic p, states
gives® 6 eV, in fair agreement with the experimental
structure. The dip at 6 eV followed by a peak at 7 eV in
the second-derivative spectrum probably originates from
electronic transitions from the p, , states below the Fermi
level and the p, level, as well as from the p, to the upper
D,y levels.

1IV. CONCLUSIONS

We have presented in this paper spectra obtained with
several different electron spectroscopies of the €4 and
Corapn Overlayers on Ni(111). From these we have ob-
tained a detailed picture of these surfaces in good agree-
ment with a recent theoretical result.
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