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Angle-resolved photoemission measurements of the valence-electronic structure of the
Nif 100}(2 X 2)C structure are compared with the results of self-consistent density-functional calcu-
lations of the two-dimensional band structure for a ¢(2X2)C overlayer on Ni{100}. Good agree-
ment is found for the energies of the main C2p— and C2s—related features at T and the computed
dispersion is similar to, but somewhat greater than, that observed experimentally. These experimen-
tal features map in the ¢(2X2) surface Brillouin zone defined by the carbon overlayer, and not the
(2 2) zone of the surface reconstruction. Changes in the d band structure are attributed to this
reconstruction and are not found in the calculated bands or in experiments on a ¢ (2X2)O overlayer,

both of which involve unreconstructed surfaces.

I. INTRODUCTION

In this paper we present the results of an investigation
into the electronic structure of the Ni{100}(2X2)C sur-
face using both angle-resolved ultraviolet photoelectron
spectroscopy (ARUPS) and self-consistent calculations on
slab structures using the density-functional formalism.
This carbidic surface phase is known to be the steady state
(“active”) phase of the surface of a Ni{100} catalyst in
the methanation reaction.! Indeed, several such carbidic
transition metal surfaces are known to be similarly active
but although some photoemission studies of such surfaces
have been performed [e.g., on Ni{111} (Ref. 2) and
Ni{110} (Ref. 3)] the only previous detailed band map-
ping study of a carbon overlayer by ARUPS appears to be
the study of the catalytically inactive graphitic phase on
Ru(0001) (Ref 4).

The particular case of the Ni{100}(2x2)C structure is
of special interest, however, because the chemisorbed car-
bon in this structure is known to induce a reconstruction
of the top nickel surface layer.’ Low energy electron dif-
fraction (LEED) patterns show characteristic beam ab-
sences which indicate the space group of this structure is
p4g (Ref. 6) and the associated glide lines can best be in-
terpreted as implying a rotation of the groups of nickel
atoms surrounding the fourfold hollow adsorption sites on
the surface. A quantitative LEED analysis® indicates that
the carbon atoms are situated in these hollow sites which
are enlarged through the rotation and translation of the
top layer nickel atoms. Figure 1(a) shows this real space
structure schematically while Fig. 1(b) shows the various
corresponding Brillouin zones. Note that the carbon cov-
erage is 0.5 monolayers with the carbon atoms defining a
¢c(2X2) mesh. However, the true mesh is (2X2) due to
the opposite rotational sense of the nickel atom displace-
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ments around the “centered” site in the (2X2) unit mesh.
A recent study of the surface phonon bands for this
(2X2)C structure’ appears to confirm the LEED-derived
structure of Fig. 1 and recent work also indicates that a
similar (2X2)N structure may be formed,*° particularly
through decomposition of NH; over the surface. This ni-
trogen structure also shows p4g symmetry and therefore
probably involves a similar reconstruction. By contrast,
oxygen adsorbed on Ni{100} to the same half-monolayer
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FIG. 1. (a) Schematic plan view of the proposed structure
(Ref. 5) of Ni{100} (2Xx2)C. The small filled circles represent
C atoms, the large hatched circles top layer Ni atoms. The
dashed circles show the positions of the top layer Ni atoms be-
fore the reconstruction. The lateral movements of these Ni
atoms are shown at their maximum hard-sphere values; struc-
ture analysis indicates the true values are not so large (Ref. 5).
(b) Brillouin zones corresponding to (a). Solid lines and
unprimed symmetry points indicate the (1X1) zone, dashed
lines and single primed symmetry points the ¢(2X2) zone, and
the dashed-dotted lines and double primed points the (2X2)
zone.
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coverage involves occupation of the same fourfold hollow
sites'® but leads to a ¢(2X2) structure with no reconstruc-
tion. In order to investigate this difference and to try to
cast some light on the nature of the adsorbate-induced
reconstruction we have carried out some comparative
studies of the ¢(2X2)O structure as well as of the
(2X2)C and (13X 1) clean surface structures.

In the following sections we describe briefly the experi-
mental and theoretical methods we have used in this
study. We then present the main results in the form of
theoretical and experimental two-dimensional band struc-
tures for those features induced by the adsorption of car-
bon on Ni{100} to form the (2X2)C structure. Finally
these data, and other relevant results, are discussed in the
context of the reconstruction and the adsorbate-substrate
and adsorbate-adsorbate interactions of the surface car-
bide phase.

II. EXPERIMENTAL DETAILS

The experiments were performed at the National Syn-
chrotron Light Source at Brookhaven National Laborato-
ry taking light from the 750-MeV storage ring using a
6-m torroidal grating monochromator and high-resolution
angle-resolving electron spectrometer described in detail
elsewhere.!"!? The Ni{ 100} sample, prepared in the usual
way, was cleaned by neon ion bombardment which re-
moved impurities other than carbidic carbon, and by ex-
posing the crystal at 400°C to molecular oxygen in order
to remove this remaining carbon. The oxygen left on the
surface after this treatment was removed by heating to
500—550°C. Many cycles of cleaning were needed to de-
plete the carbon impurity level in the subsurface region to
prevent carbon segregating to the surface in this final an-
neal. Although we concentrate here on the spectral
features associated with the (2X2)C phase, extensive
clean surface measurements were made under identical in-
cidence and take-off conditions in order that the weak
carbon-induced features could be positively identified.
During studies of the clean surface the sample was period-
ically flashed to 400°C to remove CO adsorbed from the
background (at a typical pressure of 2—4x 10~!% Torr),
care being taken to check for carbon segregation to the
surface during this treatment. The (2X2) carbide phase
was formed by exposing the crystal at ~250°C to
ethylene gas at local pressures (from a gas doser) estimat-
ed to be about 10~7 Torr. Both the clean surface and the
(2% 2)C phase were monitored by Auger spectroscopy and
LEED. The (2X2)C structure showed a LEED pattern
at normal incidence with the (0,0.5n) and (0.5n,0) beams
missing (with n an odd integer), the features characteristic
of the p4g symmetry. The Auger electron spectrum for
this phase showed the C KVV¥ line shape characteristic of
carbidic carbon on this surface.!

Photoemission experiments were conducted in two prin-
cipal geometries; one with the electron spectrometer in the
plane of incidence (and of polarization) of the light in-
cident at 45° to the surface normal, and the second in the
plane perpendicular to this and containing the surface
normal, in this case with 25° incidence angle. By making
all measurements in the (110) and (100) mirror planes

of the Ni{100} substrate, photoemission selection rules'?
ensure that the first geometry samples only initial states
of even parity relative to the mirror plane, while the
second yields a mixture of odd and even states. Spectra
showing only odd parity states can be obtained only at
normal incidence and by collecting electrons in the out-
of-plane geometry and this was only possible at large
(> 40°) take-off angles due to the intrusion of the electron
spectrometer in the light beam. Positive identification of
odd symmetry initial states was aided, however, by addi-
tional measurements at fixed take-off angles relative to
the crystal in the out-of-plane geometry and at several dif-
ferent incidence angles; the relative emission intensity
from odd symmetry states in such an experiment is ex-
pected to grow as the incidence angle is reduced. The ap-
plications and limitations of this technique have been re-
viewed elsewhere.'?

Most photoemission data were collected at photon ener-
gies of 37 and 45 eV, after tests had been made in the
range 25—45 eV to establish the conditions under which
the additional, carbon-induced, features could be best ob-
served.

III. THEORETICAL DETAILS

The electronic structure of the clean and carbon
covered Ni{001} surface was calculated using the self-
consistent Full-potential linearized augmented-plane-wave
(FLAPW) method.'* This method has been shown to give
very accurate solutions to the (local) spin-density func-
tional equations.'”> The surfaces were modeled by a slab
consisting of five layers of nickel plus a ¢(2X2) overlayer
of either carbon atoms or “empty” spheres in the fourfold
hollows. No shape approximations were made to either
the density or potential and all nonmuffin-tin contribu-
tions to the Hamiltonian were taken into account self-
consistently. In addition, the spin-polarization of the den-
sity, i.e., magnetism, was included in the calculations and
will be discussed elsewhere.'6

The carbon covered surface was approximated as a
¢(2x2) structure for computational reasons. The present
¢(2X2) calculations involve 10 Ni and 2 C atoms per unit
cell; the correct p(2X2) structure doubles these numbers
making the calculations unwieldy. While features that are
associated with the surface reconstruction obviously can-
not be obtained from this calculation, one still expects
that the main carbon-induced features will be given ap-
proximately. The difference between the unreconstructed
and reconstructed surfaces can be expressed in terms of a
pseudopotential, which for small displacements, is also
small. Differences in the electronic structure between the
¢(2X2) and p4g structures will depend on this pseudo-
potential, which is much weaker than the bare C-Ni in-
teraction. Hence, the electronic structure should be dom-
inated by the c(2X2) net and its associated interactions
and symmetries.

This discussion brings up the question of comparing the
results of a ground-state calculation to experiment. The
calculated eigenvalues are not directly related to the
quasi-particles energies measured in experiment, but the
correspondence is best for the more delocalized states for
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which a band theory description is valid. Comparison be-
tween theory and experiment for Ni is particularly diffi-
cult since final-state effects are known to be important in
order to describe the Ni d-band width. Bearing these dif-
ficulties in mind, however, one still expects a correspon-
dence between the experimental and theoretical results al-
though possibly slightly misplaced in energy.

1IV. RESULTS AND DISCUSSION

The main results consist of the computed, and the ex-
perimentally determined, two-dimensional band struc-
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tures. Figure 2 shows the results of the full slab calcula-
tion for a ¢(2X2) overlayer of C atoms on Ni{ 100} with
the C atoms adsorbed in the fourfold hollow sites with a
spacing of the C layer and the top Ni atom layer of
0.58 A corresponding to a Ni-C nearest neighbor distance
of 1.85 A. This structure is similar to the LEED deter-
mination of the (2X2)C structure except that it fails to
take account of the top Ni atom layer reconstruction. Be-
cause this reconstruction opens up the fourfold hollow
sites, the interlayer spacing at a similar C-Ni nearest
neighbor distance (1.80 A) is smaller (0.1 A) in the LEED
result. Clearly the failure to include the reconstruction

C/Ni(001)
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FIG. 2. Computed two-dimensional band structures for the Ni{100} ¢(2x2)C model calculations to the even (top) and odd (bot-
tom) parity states and for majority (left) and minority (right) spin states. Circles are plotted on those states having more than 65%
weight at the surface. Note that band symmetries can change upon changing symmetry lines in the surface zone.
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means that some aspects to the electronic structure will
not be correctly reproduced. Unfortunately, as discussed
above, the true p(2X2) structure is computationally
unwieldy for this sophisticated calculation. We might
have hoped that the electronic structure of the unrecon-
structed surface would give some clue to the origin of the
reconstruction but there are no obvious features in the re-
sults in Fig. 2 to help us understand this effect. In order
to identify those parts of the band structure which are
most strongly associated with the carbon adsorption and
its interaction with the surface layers of the metal, those
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states having more than 65% of their weight in the sur-
face layer are marked with circles in Fig. 2. For compar-
ison, Fig. 3 shows similar plots for the clean Ni{ 100} sur-
face but with the bands folded back into the same c(2X2)
first Brillouin zone. The k-space indexing in all figure is
with respect to this c¢(2X2) zone with the symmetry
points labeled as X ' and M’ to distinguish them from the
(1x 1) Ni{100} zone points M and X [with X=M ' as in
Fig. 1(b)].

To give some indication of the relative roles of
adsorbate-adsorbate and adsorbate-substrate interactions

c(2x2) Ni(001)
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FIG. 3. Computed two-dimensional band structures for clean Ni{ 100} folded back into the ¢(2 X 2) surface Brillouin zone. Other-

wise as Fig. 2.



in determining the band structure of Fig. 2, the results of
similar calculations for a single layer of carbon atoms on
the same ¢ (2X2) lattice are shown in Fig. 4. In this case
the states can be clearly labeled as derived from the C 2s,
2p,, 2p,,, states [the x and y axes being defined relative to
the same ¢(2X2) mesh used to plot the band structure].
Comparison of Figs. 2 and 4 shows that the well-
separated C 2s states are pulled down in energy by more
than 4 eV by interaction with the nickel substrate and the
dispersion is also substantially increased.

The main experimental data (measured only along TX'
and I’ M ' but beyond the first Brillouin zone) are present-
ed in the same form in Fig. 5. In addition to plotting the
energy-wave vector locations of carbon-induced features
in the spectra, this figure shows two additional pieces of
information. First, shown as shaded regions are the parts
of k space in which our spectra from the clean surface
show sufficiently strong features for all but the strongest
adsorbate-induced features to be lost in the substrate emis-
sion. Generally the carbon-induced features in the spectra
are not strong and we have taken the rather demanding
view that only clearly resolved features, not seen in the
equivalent clean surface spectra, should be plotted in Fig.
5. We have therefore not made use of difference spectra
which, particularly for angle-resolved studies, can be po-
tentially misleading. For this reason the shaded regions
indicate sections of k space in which adsorbate-induced
states would only be detected if they had substantial
photoemission cross sections. Also shown in Fig. 5 as full
lines are those bands of the full calculations (Fig. 2) with
more than 75% weight in the surface region (including
both majority and minority spins which cannot be dis-
tinguished in the experiment). Note that in plotting the
experimental points, the circles represent photoemission
peaks which correspond to kj; values in the first c(2x2)
Brillouin zone while squares relate to peaks seen in higher
zones and folded back into the first zone.

In some cases the carbon-induced features were very
weak in the first ¢(2X2) Brillouin zone but appeared
strongly in higher zones. Figure 6 shows a typical set of
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FIG. 4. Computed two-dimensional band structure for an
isolated ¢(2X2)C layer. The p, band is dashed.
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FIG. 5. Comparison of experimentally derived two-
dimensional band-structure data points for the (2X2)C struc-
ture with the results of the theoretical calculations. Theoretical-
ly computed bands, of both spins, having more than 75% weight
on the surface are shown as full lines. The shaded regions indi-
cate where experimental photoemission peaks occur from the
clean Ni{100} surface. Circles represent k| values in the first
zone while squares relate to measurements folded back from
higher zones.

photoemission spectra which illustrate this effect. At nor-
mal emission only the shoulder near 4.0-eV binding ener-
gy is due to carbon, while strong features only appear at
emission angles greater than about 30°. Note, in particu-
lar, the C2p—related peak around 4—6 eV binding energy
and a peak within the d band at a binding energy of about
1 eV. M, which folds back to T in the ¢(2x2) structure,
is sampled at about 40° emission angle at this photon ener-
gy (37 eV).

One final remark regarding the experimental data
points in Fig. 5 concerns the distinction between odd and
even parity states, particularly in the T M ' direction. As

(2x2)C
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FIG. 6. Photoemission energy distribution spectra recorded
at various angles of emission in the T X’ azimuth for a photon
energy of 37 eV from the Ni{ 100}(2 X 2) structure.
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we have already described, our measurements will clearly
identify even parity states in a mirror plane but odd states
must be inferred from the incidence angle dependence in
the “odd plus even” out-of-plane collection geometry. In
fact (see Fig. 5) all observed states of odd parity lie ener-
getically close to states of even parity. However, the in-
tensities of the associated photoemission peaks in these
cases behave quite differently from those of other states
which have even parity alone. The second point concerns
the symmetry along T'M' and, indeed, the fact that we
are plotting data on the c(2X2) rather than true p(2X2)
Brillouin zone represented by the LEED pattern. In the
(2X2)C structure (Fig. 1) there is a mirror plane in the
T X' direction [which is the T M " direction of the (2X2)
mesh] but along T M’ (T X) there is only glide line sym-
metry. This reduced symmetry derives only from the
reconstructed top layer Ni atoms, the substrate and car-
bon overlayer retaining the mirror plane. This same
reconstructed layer is the only element of the structure
reducing the size of the reciprocal net from c¢(2X2) to
p(2X2). In fact the experimental data indicate that the
electronic structure is dominated by the c(2X2) net and
its associated symmetry. Thus the mirror plane selection
rules appear to distinguish states satisfactorily along T M’
while the C2s related peak around 12—13 eV binding en-
ergy clearly folds back at the M’ point of the c(2X2)
mesh and not halfway along T M’ at X". In this sense,
therefore, the experimental data are clearly best compared
with calculations for the ¢(2<2) mesh structure although
the LEED patterns clearly show the (2X2) reconstruc-
tion. In fact, observations of surface-related states
dispersing according to a larger unit mesh than that seen
in LEED are by no means rare.!’

In many respects the agreement between theory and ex-
periment displayed in Fig. 5 is very satisfactory. At T the
energies of both the C2s and C2p related states around
13 and 4 eV binding energy are reproduced well; in view
of the marked contribution of the adsorbate-substrate in-
teraction indicated by comparison of Figs. 2 and 4 this is
a significant result. The degree of dispersion in both re-
gions, however, is probably overestimated by the calcula-
tions although in the C2s band it is clear that the experi-
mentally observed dispersion is greater than that predicted
for the isolated carbon layer, indicating that adsorbate-
substrate as well as adsorbate-adsorbate interactions are
important in establishing the dispersion of this band as
well as it energetic location. Theory and experiment are
also in agreement over the dominant dispersion direction
(to deeper binding energies away from T') for the observed
C2p-related states around 4—5 eV binding energy. Some
features below the Ni d band predicted by the theory are
not observed experimentally although this may, of course,
be due to low photoemission cross sections. In particular,
no state is seen near 4 eV binding energy of odd parity
(2p,-derived) in the T X' direction while the bottom of
the odd symmetry 2p-related state near M’ is not seen.
As may be seen from comparison of Figs. 2 and 3, this
state lies below the calculated Ni bands and so might be
expected to be easily observed. In fact substrate emission
is seen in this energy range, probably deriving contribu-
tions from both even parity state emission and from the

many-body excitation observed in this region of the
photoemission spectrum from nickel.!

Although this agreement for the lower-lying states is
extremely encouraging, features relevant to the recon-
struction might be expected to be found closer to the Fer-
mi level. For example, one view of the driving force for
some clean metal surface reconstructions is that if a sur-
face state of the unreconstructed surface crosses the Fermi
level midzone, the band gap opened by the reconstruction
could result in a reduction of the total energy. This, and
other arguments also relating to the Tamm surface states
separated from the d band close to the Fermi level have
been proposed, for example, to understand the reconstruc-
tion of W{100} (Ref. 19). [It should be noted that this in-
terpretation has been questioned'® even for W(001).] In
the case of Ni{100} the only surface states proposed ap-
pear to be spin-specific (“magnetic”) ones close to X and
M (Ref. 20). In addition to the possible role of states
close to the Fermi level in influencing the reconstruction,
Feibelman has proposed that a key feature of the catalytic
activity of the carbided Ru(0001) surface is the presence
of C2p,—derived states close to the Fermi level.?!

As may be seen in Fig. 5, we do, in fact, observe experi-
mentally a clear carbon-induced state over much of the
surface Brillouin zone in the nickel d band, with a binding
energy around 1.0 eV. Moreover, comparison of the
photoemission data with those from the clean surface re-
veals a clean surface feature just below the Fermi level,
particularly around midway along T M’ which is strongly
suppressed by carbon adsorption. By contrast, measure-
ment on the ¢(2X2)O structure on Ni{001}, in which the
oxygen occupies the same fourfold hollow sites but does
not cause substrate reconstruction, show neither strong
suppression of the substrate feature nor development of
the extra d-band peak. These effects are seen in the
representative spectra shown in Fig. 7, taken at 37 eV
photon energy and take-off angles of 12.5° and 22.5° along
' M’ corresponding k)| values for states close to the Fer-
mi level of approximately 0.62 and 1.10 A~V (M’ is at
1.26 A~!). These effects are not obviously predicted by
the computed band structures of Figs. 2 and 3. While for
the clean surface, minority states of both even and odd
symmetry exist near the Fermi level near M ', these states,
although surface enhanced, are not particularly localized
to the surface. (The states of interest have only on the or-
der of 50% of their weight at the surface). Likewise, the
¢(2x2)C calculations do not show any highly localized
features that are obviously carbon induced in this energy
range. Hence the calculations do not support a Fermi sur-
face nesting-type driving force for the reconstruction, but
suggest rather a local bonding or electrostatic origin.

Extracting more detailed information from the comput-
ed band structure of Fig. 2 in the d-band region is difficu-
It, however, because of the many bands which are present.
Some further information can be gained by plotting the
computed densities of states at specific atomic sites. Fig-
ure 8 shows a pair of these, evaluated at top layer Ni atom
sites (which are adjacent to C atoms in the adsorption
structure) for the minority spin states. The density of d
states is generally much higher than of s and p states
which are barely visible on the same scale. At deeper
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FIG. 7. Comparison of photoemission spectra at two takeoff
angles in the T M’ azimuth at a photon energy of 37 eV for
clean Ni{100}, the (2XX2)C overlayer, and a ¢(2X2)O over-
layer.

binding energies significant extra density of states, at the
metal atoms, is seen in the C2p and C 2s regions. At the
Fermi level there is a strong suppression of the metal
(minority spin) d states. Plots of the majority spin states
are qualitatively similar although in this case there are no
states at (or above) Ey to suppress. Evidently this differ-
ence between the majority and minority spin states leads
to a strong loss of magnetic moment in the surface layer
following carbon adsorption. Of particular interest in
comparison with experiment is that the density of states
plots do provide some basis for understanding the loss of
photoemission intensity close to Ex on carbon adsorption,
but do not show any obvious feature which can be corre-
lated with the additional intensity at a binding energy of
about 1.0 eV.

In view of the absence of this feature from the theoreti-
cal results or from the oxygen adsorption structure it is
tempting to ascribe it to the reconstruction; we note that
the role of carbon 2p,-related states of the kind discussed
by Feibelman is already included in the calculation which
fails to predict the new peak. Although the suppression
of the photoemission intensity close to Er can be associat-
ed with the interaction of C with the top Ni layer, it is
still possible that the reconstruction may cause the d-band

Ni(001) [ C/Ni(001)

Density of states

-12 -8 -4 0 4 -2 -8 -4 0 4
E(eV) E(eV)

FIG. 8. Local densities of minority spin states at top layer Ni
atoms calculated for the clean Ni{100} surface and the
Ni{100}c(2x2)C surface in states/eV.

structure of this single Ni layer to be modified significant-
ly. In particular, if the d-band states were shifted down
in energy for this layer we might observe qualitative
changes of the kind seen in Fig. 7. The loss of photoemis-
sion intensity close to the Fermi level and the new peak at
somewhat lower energy could therefore be correlated and
characteristic of the top layer reconstruction. Presumably
this energy lowering of the d band for the reconstructed
layer could also be related to the overall reduction of ener-
gy which must occur if the structural change is to be
favored. Furthermore, we note that since the minority
density of states at the Fermi level is strongly suppressed,
such a shift of the d bands is possible without drastically
upsetting the approximate layer-by-layer charge neutrali-
ty, and hence without incurring the large energy penalty
associated with charging of the surface. Of course, this
separation of the features into metal d band and C2p is
somewhat artificial in that the reconstruction does not
occur on the clean surface, but only on interaction with
the adsorbed carbon layer. Nevertheless, these d-band
features may well be the fingerprint of the electronic
structure changes which characterize the positional rear-
rangement.

V. CONCLUSION

Comparisons of ARUPS data from the Nif{100}
(2X2)C structure with slab calculations for this system
which fail to include the top layer reconstruction of the
real surface show good agreement in the energetic location
of the carbon-induced features below the Ni d band. In
particular the energies at T of the C2s- and C2p-derived
features are in excellent agreement and while the qualita-
tive character of the dispersion of these states is also
reproduced in the calculations, the absolute magnitude of
these dispersions appears to be somewhat overestimated.
The C2s states, for example, show a bandwidth midway
between that calculated for an isolated carbon layer and
for the same layer interacting with the Ni substrate. Both
the energy location and dispersion of these states is very
different to those found for graphite overlayers on
Ni{100} (Ref. 22). In addition the experiments reveal
changes in the d-band region close to the Fermi level
which are not seen in either the calculations or in experi-
ments on the ¢(2X2)O structure. We propose that these
changes are characteristic of the carbon-induced recon-
struction of the top substrate layer. In view of the fact
that recent work indicates a similar reconstruction can be
induced by the adsorption of nitrogen, an ARUPS study
of this system would also be of considerable interest.
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FIG. 5. Comparison of experimentally derived two-
dimensional band-structure data points for the (2x2)C struc-
ture with the results of the theoretical calculations. Theoretical-
ly computed bands, of both spins, having more than 75% weight
on the surface are shown as full lines. The shaded regions indi-
cate where experimental photoemission peaks occur from the
clean Ni{100] surface. Circles represent k| values in the first
zone while squares relate to measurements folded back from
higher zones.



