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Electronic states of the pristine and alkali-metal-intercalated monolayer graphite/Ni(111) systems
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The electronic states of the pristine and alkali-metal-intercalated monolayer graphite (MG)/Ni(111)
systems are investigated by using angle-resolved ultraviolet photoelectron spectroscopy and x-ray-
photoelectron spectroscopy (XPS). The electronic structure of the MG is modified largely by hybridiza-
tion of the 7 orbitals of the graphite layer with the d orbitals of the substrate. The deposition of alkali-
metal atoms onto the graphite overlayer at room temperature results in the penetration of the adsorbates
into the interface between the MG and the Ni(111) surface. This intercalation causes the change in the
band structure of the system because of the dilation of the MG-Ni interlayer distance. The intercalation
of the alkali-metal atoms also shows the broadening of the XPS peak of the C 1s core level of the MG.

I. INTRODUCTION

The behavior of carbon overlayers on transition-metal
(TM) surfaces has been of great interest for a long time in
relation to catalysis.! ™! There exist two distinct states
of carbon adatoms which are termed ‘carbidic” and
“graphitic,” respectively. While the carbidic carbon is
active for CO methanation, the graphitic one is inac-
tive.!™* The graphitic carbons on the surfaces of the TM
and transition-metal carbide (TMC) are known to form
monolayer graphite (MG).2!14718 Thijs overlayer has
long been considered to have almost identical properties
with those of bulk graphite because of its anisotropic
bond nature, which reflects the chemical inertness men-
tioned above.

From surface extended energy-loss fine-structure ex-
periments, Rosei et al. have gstimated the C-Ni distance
of the MG/Ni(111) to be 3.1 A, which is smaller than the
interlayer C-C distance of the bulk graphite by ~0.3 A.?
Taking into account the larger radius of the Ni atom
than that of the C atom, this result has suggested the
strong bond between the MG and the Ni(111) surface in
comparison with the weak interlayer bond in the bulk
graphite. Nevertheless, from the results of angle-
integrated ultraviolet photoelectron spectroscopy
(ATUPS), Rosei et al. concluded that the interaction of
the graphite overlayer with the metal substrate is very
weak and shows up mainly as a charge transfer.” On the
contrary, recent studies by wusing high-resolution
electron-energy-loss spectroscopy have shown a large
difference in the phonon dispersion between the bulk
graphite and the MG, depending on the substrate.!6!3
On chemically reactive substrates such as (111) and (100)
surfaces of Ni and (111) surfaces of the TMC’s, the MG
shows a large weakening of the in-plane C-C bond and
the strengthening of the interplane bond compared to the
corresponding bulk ones. In contrast to this, on relative-
ly inert surfaces such as Pt(111) and the (100) surfaces of
the TMC’s, such changes in the bonds of the MG have
not been observed.'”!® These results indicate that the
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precise investigation of the electronic states of the graph-
ite overlayer is indispensable for clarifying the nature of
the bond between the MG and the metal substrate. For
this purpose, the combination of angle-resolved UPS (AR-
UPS) and x-ray-photoelectron spectroscopy (XPS) is
powerful, since it presents information on both the
valence and core electrons. Especially, the ARUPS mea-
surement enables one to acquire the dispersion relations
of the valence bands, which is impossible with the AlI-
UPS.

In this experiment, we have explored the electronic
states of the pristine and alkali-metal-dosed MG/Ni(111)
systems by using ARUPS and XPS. Electronic structure
of the MG is changed strongly from that of the bulk
graphite by hybridization of the 7 orbitals of the graphite
layer with the d orbitals of the substrate. This is different
from the case of alkali-metal graphite intercalation com-
pounds (AGIC’s), of which the band structure is changed
by the electron transfer from the intercalants to the
graphite layer.!® The absence of such charge transfer in
the MG/Ni(111) system seems reasonable since the elec-
tronegativity of the Ni atom (1.7) is larger than those of
the alkali-metal atoms (~0.8). Here, an additional ques-
tion may arise in connection with this result; when the
alkali-metal atoms are deposited onto the MG, do they
interact with the graphite overlayer via charge transfer,
i.e., do they serve as a donor similar to the case of the
AGIC’s? This was the first motivation to undertake the
study of the alkali-metal-adsorbed MG/Ni(111) system.
In contrast to such simple expectation, however, the ad-
sorbed alkali-metal atoms were found to behave in a com-
plicated way. The alkali-metal atoms penetrate under the
MG at room temperature and dilate the interlayer dis-
tance between the graphite overlayer and the substrate,
which introduces the weakening of the interlayer bond.
In addition, we have observed the large broadening of the
XPS peak; the C1ls peak of the MG has become very
broad and asymmetric upon the intercalation of the
alkali-metal atoms. This phenomenon is attributed to the
s electrons of the alkali-metal atoms which screen the po-
tential of the C 1s core hole.
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II. EXPERIMENT

The experiments were done in an ultrahigh vacuum
(UHV) chamber equipped with a low-energy-electron-
diffraction (LEED) optics, a gas inlet, a hemispherical en-
ergy analyzer, an ultraviolet discharge lamp, and an x-ray
source. The unpolarized Hel (hv=21.2 eV) and Hell
(40.8 eV) resonance lines were used for ARUPS and the
characteristic x-rays of Mg Ka (1253.6 eV) and Al Ka
(1486.6 eV) were used for XPS. For the UPS and XPS
measurements, the analyzer was set to have the resolu-
tion of 0.2 and 0.5 eV, respectively. Since the linewidths
of the Mg Ka and Al Ka x rays are 0.7 and 0.8 eV, the
overall energy resolution for the XPS measurements was
about 0.91+0.04 eV. The base pressure in the vacuum
chamber was ~1X 1078 Pa. The substrate used in this
experiment was a Ni(111) surface. One face of the speci-
men was mechanically polished and chemically etched.
In the UHV chamber the specimen was further cleaned
by repeated cycles of Ar-ion sputtering and annealing at
about 800°C. After these procedures, the LEED pattern
of the clean surface showed sharp diffraction spots in a
low background, corresponding to a 1X1 atomic struc-
ture. No impurities such as oxygen or carbon were
detected in the XPS spectra.

The graphite overlayer was grown epitaxially by disso-
ciation of ethylene gas on the substrate at high tempera-
ture (= 600°C). The graphite layer grown on the sub-
strate at lower temperature ( <500 °C) had worse crystal-
line quality than that prepared at higher temperature,
which was manifested in the LEED pattern and ARUPS
spectra. The growth of the graphite layer is automatical-
ly stopped when the substrate is covered completely with
the monolayer graphite. This is related to the fact that
the surface reactivity for ethylene dissociation is strongly
reduced by the formation of the graphite overlayer. To
form a monolayer graphite, an exposure to ethylene gas
of a few hundred langmuir (1 L=1X10"% Torrs) was
necessary. After this preparation, a C ls peak appeared
in a XPS spectrum at the binding energy of ~285 eV (as
discussed later in Fig. 7), indicating the existence of the
graphitic carbon. A sharp (1X1) LEED pattern of the
sample showed the commensurate relation between the
overlayer and the Ni(111) surface, which would be of
great advantage to the theorists in performing calcula-
tions of this system since the other substrates have in-
commensurate relations with the MG.

Alkali-metal atoms (Cs, K, and Na) were dosed onto
the clean and graphite-covered Ni(111) surfaces at room
temperatures from a commercial SAES getter sources
which had been carefully degassed. The background
pressure rise in the chamber during evaporation was less
than 2X 1078 Pa. Every three hours after the deposition,
the alkali-metal-adsorbed MG/Ni(111) system was
cleaned by annealing at the temperature over 400 °C, and
alkali-metal atoms were deposited again onto the surface
to make up for the desorbed ones. The amount of ad-
sorbed atoms was checked with XPS. For the Cs adsorp-
tion onto MG/Ni(111), only a (2X2) LEED pattern was
observed as an ordered adsorbate structure. After the
formation of this superstructure, the sticking probability
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of Cs atoms onto the sample surface becomes extremely
small and further adsorption brings the increase in the
background in the LEED pattern. Corresponding super-
structure for the K and Na adsorption were
(V3XV/3)R30° and (3 X 2), respectively. Hereafter, we
call the coverage of adsorbed atoms necessary to form
these superstructure ‘“‘saturation coverage.” In this pa-
per, we concentrate our discussion mainly upon a pristine
MG/Ni(111) system and alkali-metal-adsorbed
MG/Ni(111) systems at the saturation coverages.

III. RESULTS AND DISCUSSION

A. Band structure of clean graphite overlayer

Figures 1(a) and 1(b) show typical ARUPS spectra of
the clean MG/Ni(111) obtained for the T K direction of
the two-dimensional Brillouin zone excited by Hel and
He 1l resonance lines, respectively. Emission angle re-
ferred to the surface normal is denoted for each spec-
trum. In Fig. 1, there are some dispersionless peaks near
Er. As discussed later, they are mainly due to the metal
d bands of the substrate, although the graphite overlayer
is also related to these peaks. Besides these peaks, there
are some other peaks in Fig. 1, which indicate large ener-
gy dispersions. Since none of them has been observed for
clean substrate, they are all related to electronic states ei-
ther in the MG or at the interface.

In Fig. 2, we plotted the binding energies (Ep) of the
observed peaks in the ARUPS spectra of the
MG/Ni(111) versus the wave vector parallel to the sur-
face (k) obtained by using the following formula:

k,=[2m(hv—¢—Ey)/#]"*sin0 , )

where m is the rest mass of an electron, #v the photon
energy for excitation, ¢ the work function of the MG (3.9
eV, determined in the present study), and 0 the emission
angle relative to the surface normal. Open and solid cir-
cles represent the data obtained with HeI and He II reso-
nance lines, respectively. The corresponding energy
bands of the graphite crystal are also indicated by broken
curves.”’ In Fig. 2, there is one branch along the T K
with a steep energy dispersion in the energy region of
7-9 eV, which was observed only with He 1. In the previ-
ous work,?! we have assigned this branch to the secon-
dary electron peaks, which show the dispersion relation
of a conduction band in the MG.

The observed band structure of the MG is different
from that of the graphite crystal indicated by broken
curves in Fig. 2; while the o bands of the MG agree with
those of the bulk graphite fairly well, the 7 band differs
remarkably from the bulk one in the following two
features. First, the 7 band of the MG lies in the much
deeper binding energy than the bulk one does. The bind-
ing energy of the  band at the T point is 10.3 eV, which
is larger than the bulk value by about 2.2 eV. Second, in
the bulk graphite, the 7 band reaches E at the K point
of the Brillouin zone and connects with the unoccupied
* band there.?? As for the MG, on the other hand, such
a conduction band connected with the 7 band was not
observed around the K point. As shown in Fig. 2, one
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branch was detected in the second Brillouiil zone, which
was connected with the 7 band at the K point. This
could be a vestige of the severely deformed #* band.

The origin of the observed difference in the band struc-
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FIG. 1. Typical ARUPS spectra of the MG/Ni(111) excited
by (a) He1 (hv=21.2 eV) and (b) He 11 (40.8 eV), respectively.
The polar angle of emitted electrons is denoted for each spec-
trum. “SE” is an abbreviation for “secondary electron.”
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FIG. 2. Experimental band structure of the MG/Ni(111).
Open (filled) circles denote the data obtained with He1 (He1r)
resonance line. Shaded bands with horizontal lines near Ey indi-
cate the dispersion relations of the d bands for the clean Ni(111)
surface measured with Hel. Experimental dispersion of the
bulk graphite (Ref. 20) are also indicated by broken curves for
comparison. SE is an abbreviation for secondary electron.

ture is discussed below. In the AGIC’s, electrons are
donated from the intercalants to the graphite layer,
which causes a rise of the chemical potential (i.e., Ez) of
the graphite. Consequently, all the valence bands of the
graphite layer are shifted almost rigidly toward higher
binding energies.!® If this so-called “rigid-band model” is
also valid for the MG and the observed difference in the
energy of the 7 band between the MG and the bulk
graphite is caused by electron transfer from the substrate
to the MG, the o bands should also have shifted to much
deeper binding energy. However, the energy difference of
the o bands between the MG and the bulk is fairly small.
Therefore, the rigid-band model is not valid for the ener-
gy band structure of the MG. Instead, from the fact that
only the 7 and 7* bands are deformed severely from the
bulk ones, mixing of the 7/#* states with the metal d
states of the substrate are suggested.

The above interpretation is strongly supported by com-
paring the energies of the d bands before and after the
formation of the MG. In Fig. 2, hatched bands with hor-
izontal lines indicate the dispersion relations of the d
bands of the clean Ni(111) surface observed with Hel.
Although some branches of the clean Ni(111) agree well
with those of the MG-covered Ni(111), some other
branches are different in energies from the corresponding
ones of the MG/Ni(111) system or they do not have the
corresponding ones at all. Therefore, we conclude that
the hybridization between the 7 orbitals of the MG and
the d orbitals of the Ni(111) surface causes the observed
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band-structure change.

This orbital hybridization also leads to the weakening
of the in-plane C-C bond in the following way. The mix-
ing of the occupied w7 states with the unoccupied sub-
strate states causes the reduction of the occupation in the
7 states. On the other hand, the occupation of the unoc-
cupied, antibonding 7* states increases due to the mixing
with the occupied substrate states, which results in the
weakening of the bond in the graphite layer. In other
words, the bond weakening is caused by the electron
redistribution from the bonding 7 states to the antibond-
ing 7* states, of which the energies are lowered by the
mixing with the substrate states. This is very different
from the case of the AGIC’s, in which the bond weaken-
ing is caused by the electron transfer from the inter-
calants into the unoccupied #* band.”> A mechanism
similar to the present one was deduced from the theoreti-
cal and experimental studies of the electronic structure of
the MG formed on the (111) surfaces of the TMC’s.?!"242

B. Intercalation of adsorbed atoms

In order to investigate the adsorbed positions of
alkali-metal atoms relative to the graphite layer, angle-
resolved XPS (ARXPS) measurements were carried out
for the alkali-metal-adsorbed MG/Ni(111) systems at the
saturation coverages, immediately after the deposition.
Figure 3 shows the intensity ratios of the core-level peak
of the carbon atoms in the MG to those of the alkali-
metal atoms as a function of the emission angle 6 referred
to the surface normal. In Fig. 3, the normalized value of
R (6)/R (85°) is plotted for convenience sake, where
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FIG. 3. The relative intensities of the XPS core-level peak
for the MG to those for the adsorbed alkali-metal atoms as a
function of the emission angle 0 referred to the surface normal.
In this figure, the normalized value of R (8)/R (85°) is plotted
for convenience sake, where R () is an intensity ratio at 8. For
the Cs-, K-, and Na-adsorbed MG/Ni(111) systems, the ob-
served values of R (85°) were 0.96, 2.33, and 0.81, respectively.
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R (60) is a peak intensity ratio at 6. For the Cs-, K-, and
Na-adsorbed MG/Ni(111) systems, the observed value of
R (85°) were 0.96, 2.33, and 0.81, respectively. As shown
in Fig. 3, the relative intensity of the C 1s peak increases
steeply as the emission angle gets closer to the grazing
angle. This tendency suggests that the adsorbed alkali-
metal atoms have penetrated under the graphite layer, as
illustrated in Fig. 4.

A similar phenomenon has been also reported for the
MG on the (111) and (100) surfaces of Ir.2® In these sys-
tems, K, Cs, Ba, Pt, and Si atoms readily penetrate under
the MG and reside between the graphite overlayer and
the Ir substrate. Tontegode has attributed the mecha-
nism for the intercalation to a thermal excitation of an
edge atom of the graphite island; with an excess kinetic
energy, this edge atom may break its bond with the Ir
surface and also the bonds of several neighboring atoms
of the graphite layer with this surface. Such a “carbon
hole” enables the adsorbed atoms to migrate to the region
beneath the layer.?’ In addition, from the LEED obser-
vation and intensity analysis, Wu and Ignatiev have
pointed out the necessity of surface steps for the inter-
calation of K atoms between the layers of the bulk graph-
ite.?® Therefore, we conclude that for the present
MG/Ni(111) system, adsorbed alkali-metal atoms
penetrate under the graphite layer through defects and
reside between the MG and the Ni(111) surface.

C. Band-structure change induced
by intercalation

Figures 5(a) and 5(b) show typical ARUPS spectra of
the Cs-adsorbed MG/Ni(111) system at the saturation
coverage measured along the T K symmetry axis. In Fig.
5(b), a Cs 5p core-level peak was weakly observed at the
binding energy of ~11.5 eV at normal emission. With
the increase of the emission angle, this peak has disap-

sraphite laver

FIG. 4. A schematic picture of the relative position among
the graphite overlayer, alkali-metal atoms adsorbed onto the
MG/Ni(111) system, and the Ni(111) surface. The alkali-metal
atoms penetrate under the graphite layer and reside between the
MG and the substrate. The relative intensity of the core-level
peak for the alkali-metal atoms to that for the carbon atoms de-
creases with the increase of the emission angle because of the
finite mean free path of the photoelectrons.
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peared. In addition, as shown in Figs. 1(b) and 5(b), the
relative intensities of the substrate peaks near E to the 7
peak become small upon the Cs adsorption; this tendency
was observed also for the K- and Na-adsorbed

Monolayer graphite/Cs/Ni(111)
| ELE B S B S S B B |

TK
hv=21.2 eV
60°
by

Intensity (arb units)

Binding Energy (eV)

Monolayer graphite/Cs/Ni(111)

T T T T T T T T T T T T T
LS K '

* hy=40.8 eV

Intensity (arb units)

I W S W WY TR S A N SO T S S S T S N S

15 10 5 Ep
Binding Energy (eV)

FIG. 5. Typical ARUPS spectra of the Cs-intercalated
MG/Ni(111) system at the saturation coverage, which are excit-
ed by (a) He 1 and (b) He Il resonance lines, respectively.
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MG/Ni(111) systems. These results confirm the above
conclusion deduced from the ARXPS measurement that
the alkali-metal atoms have been intercalated between the
graphite layer and the substrate.

The series of peaks located at 0—1 eV in Figs. 5(a) and
5(b) manifest the metallic character of the overlayer. The
binding energies of these peaks cross Ep, which presents
a striking contrast to the semimetallic character of the
bulk graphite. It should be remarked that such peaks are
not observed for the clean MG/Ni(111) system. Figure
6(a) shows the band structure of the Cs-dosed
MG/Ni(111) system. Although the observed dispersion
relation of the metallic peak around the K point is similar
in shape to that of the 7* band in the bulk graphite,?
there is a band gap of 0.7 eV at the K point between the
conduction band and the 7 band. This result signifies
that the simple rigid band model accompanied with the
electron transfer from the intercalants and/or the sub-
strate to the graphite layer is not valid for the Cs-
adsorbed MG on Ni(111) surface.

As shown in Figs. 2 and 6(a), the 7 band has shifted to-
ward shallower binding energy upon the Cs adsorption,
while the energy shifts of the o bands were very small.
This is notably different from the case of the AGIC’s,
where all the valence bands are shifted to deeper binding
energies by the electron transfer from the intercalants to
the graphite layer.”” On the contrary, the band structure
of the MG has become very similar to that of the bulk
graphite upon the Cs adsorption; the difference in the en-
ergy of the 7 band between the MG and the bulk graph-
ite has become small, and the 7*-like conduction band
has appeared around the K point, which was not ob-
served for the pristine MG/Ni(111).

Figures 6(b) and 6(c) show the band structures of the
K- and Na-adsorbed MG/Ni(111) systems at the satura-
tion coverages, respectively. The ARUPS spectra of
these systems (not shown) are quite similar in shape to
those of the Cs-adsorbed system shown in Fig. 5, and the
band structures of the three systems are also very similar
to each other. However, there is a rather small but clear
difference among these systems. In Table I, we tabulate
the observed binding energies of the 7 band at the T
point and the band-gap energies at the K point between
the 7 and 7*-like bands. The coverages of the adsorbed
alkali-metal atoms are also indicated in Table I, where
the coverage © is defined as the number of alkali-metal
atoms per surface Ni atoms. In view of the fact that for

TABLE 1. The observed binding energies of the 7 band at
the T point and the band-gap energies between the 7 band and
the 7*-like conduction band at the K point are tabulated. Cov-
erages of the alkali-metal atoms are also indicated.

Binding energy of Band gap

Sample m band at T (V) at K (eV) Coverage
MG/Ni(111) 10.3
MG/Na/Ni(111) 9.7 1.3 0.45
MG/K/Ni(111) 9.6 0.8 0.34
MG/Cs/Ni(111) 9.3 0.7 0.25
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the AGIC’s, the degree of the change in the band struc- closer to the bulk one, regardless of the decrease in the
ture and the bond strength is ruled mainly by the amount  coverage ®; the 7 band shifts to the lower binding energy
of transferred charge from the intercalants to the graph-  approaching the bulk value and the band gap decreases.
ite layer (i.e., amount of alkali atoms) but not by the These experimental facts indeed confirm our conclusion
species of the adsorbate,!>?* it may well be supposed that  discussed in the previous section that the absorbed atoms
a similar dependence on the coverage could be observed  reside between the MG and the Ni(111) surface. The in-
in the present alkali-metal-adsorbed MG. However, it is  tercalation of the alkali-metal atoms between the MG
clearly seen in Fig. 6 and Table I that with the increase of  and the Ni(111) surface causes the dilation of the inter-
the radius of the absorbed atoms, the band structure of layer distance, which weakens the interlayer bond. As a
the graphite overlayer changes to a larger extent and gets  consequence, the band structure of the MG becomes

E (a) Monolayer graphite/Cs/Ni(111) E (b) Monolayer graphite/K/Ni(111)
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FIG. 6. Experimental band structure of the alkali-metal-intercalated MG/Ni(111) systems with (a) Cs, (b) K, and (c) Na atoms at
the saturation coverages, respectively.
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TABLE II. Work function of the pristine and alkali-metal-
intercalated MG/Ni(111) systems.

Work function

Sample (eV)
MG/Ni(111) 39
MG/Na/Ni(111) 3.0
MG/K/Ni(111) 2.9
MG/Cs/Ni(111) 3.0

similar to the bulk one depending on the radius of the in-
tercalants.

Table II shows the work function of the pristine and
alkali-metal intercalated MG/Ni(111) systems. The
present work function change, A¢~—1 eV is much
smaller in magnitude than that induced by the alkali ad-
sorption onto the clean Ni(111) surface at the ‘‘satura-
tion” coverage (A¢ < —2 V). In addition, the work
functions of the three intercalated systems are almost the
same, which is different from the case of the alkali ad-
sorption onto metal surfaces, where the degree of the
work-function change depends on the adsorbate.’® This
result suggests that the electron distributions in the
outermost graphite layer of the three systems are similar
to each other, and that the charge redistribution occurs
mainly between the alkali-metal atoms and the substrate
but not between the alkali-metal atoms and the graphite
layer. On the other hand, the observed energies of the
XPS core-level peak of the alkali-metal atoms adsorbed
onto the clean and graphite-covered Ni(111) surfaces
were almost identical with each other. This fact implies
that the alkali-metal atoms in each of these two systems
have a similar electron distribution. Therefore, it could
be inferred that in the intercalated MG/Ni(111) system,
the charge redistribution occurs not only between the
alkali-metal atoms and the substrate but also within the
graphite layer itself, which results in the smaller work
function change.

The observed change in the band structure and the
work function brought about by the intercalation indi-
cates that the intercalants are reluctant to donate elec-
trons to the graphite overlayer compared to the case of
the AGIC’s, in which the alkali-metal atoms donate their
valence electrons almost completely to the graphite
host.2> This might be related to the fact that the alkali-
metal adatoms on metal substrates are essentially neutral,
at least, in the high coverage region, and the charge
redistribution occurs within the atomic sphere.’! In oth-
er words, it seems suitable for the first-order approxima-
tion to regard the intercalated MG/Ni(111) system as the
weakly perturbed MG in contact with the alkali-metal-
overlayer/Ni(111) system.

D. Line broadening of C 1s peak

Figure 7 shows the XPS spectra in the C 1s energy re-
gion for the pristine and intercalated MG and for the
bulk graphite obtained with Mg K a line. Roughly speak-
ing, the C 1s peak of the clean MG/Ni(111) is very simi-
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lar in shape to that of the bulk graphite, although the
small energy shift to the higher binding energy is ob-
served. The absence of large chemical shift to lower bind-
ing energy manifests that the electron transfer from the
substrate to the graphite layer is, if any, small.

The C 1s line shapes of the intercalated MG/Ni(111)
systems are quite different from those of the pristine
MG/Ni(111) and the bulk graphite. The full width at
half maximum has increased drastically from 1.3 eV for
the pristine MG to 2.0-2.2 eV for the intercalated MG,
whereas the energy position of the C 1s line stays almost
unchanged. Furthermore, the C 1s peak of the intercalat-
ed MG is very asymmetric compared to that of the pris-
tine MG. In Fig. 7, we also depicted the difference spec-
tra just under the original spectra of the intercalated
MG/Ni(111) systems. They are calculated by subtracting
the spectrum of the pristine MG from those of the inter-
calated systems; the intensities of the original spectra
were adjusted in order not to make any artificial struc-
tures in the difference spectra. It is clearly seen from Fig.
7 that the intercalated systems have an additional struc-
ture at the deeper binding energy, which departs from the
main C 1s line by ~0.8 eV.

A similar broadening of the C 1s line was reported for
the Li-intercalated graphite compounds (LiC¢), and it
was tentatively ascribed to the surface carbon atoms
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FIG. 7. C 1s region of XPS spectra of the clean and alkali-
metal-intercalated MG/Ni(111) systems. The XPS spectrum of
the bulk graphite is also indicated for comparison. The
difference spectra were calculated by subtracting the original
spectra of the pristine MG from those of the intercalated sys-
tems. The value of the full width at the half maximum of the C
1s peak is indicated for each spectrum.
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which do not have the full Li neighbor environment.3?

Such explanation is not applicable to the alkali-metal-
intercalated MG/Ni(111) system, because of the mono-
layer thickness of the graphite overlayer. A possible
mechanism for the line broadening in the present system
is discussed below. Since the adsorbed alkali-metal atoms
form the superstructures, the positions of the neighboring
carbon atoms in the graphite layer may not be identical
with each other, which is exactly true especially for the
(2X2) and (3 X2) superstructures. From this difference
in position, one might expect the following effects: the
carbon atoms nearer the alkali-metal atoms would be
donated more electrons from the intercalants than the
farther carbon atoms and the core holes created in the
nearer atoms would be screened more effectively. How-
ever, such expectation can be discarded, since it would
introduce an asymmetry to lower binding energy and,
moreover, it contradicts the small electron transfer dis-
cussed in the previous section. Instead, the observed
asymmetry to the higher binding energy signifies that the
energy loss occurs in the photoemission process. It
should be noted that the line broadening of the Ni 2p
core-level peak was not induced upon the intercalation of
the alkali-metal atoms, i.e., no difference was detected in
the shape of the Ni 2p peak between the pristine and in-
tercalated MG/Ni(111) systems. This fact strongly sug-
gests that the energy-loss process is of intrinsic (i.e.,
core-hole-induced) character rather than the extrinsic
(photoelectron-induced) one for the removal of the elec-
tron from the C 1s state. In addition, from the fact that
the C 1s line broadening occurs only in the intercalated
MG/Ni(111) systems but not in the pristine MG/Ni(111),
one could recognize the important role of the s electrons
of the alkali-metal atoms which screen the C 1s core hole.
Therefore, the line broadening is ascribed to many-body
effects involving the energy loss for the excitation such as
the plasmon or interband transition, with which the s
electrons of the alkali-metal atoms are concerned. The
similar broadening was reported for the O 1s and C s
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peaks of the CO chemisorbed on the Ni(111) surface; in
this system, the screening electrons occupy the CO 27*-
derived resonance states, of which the energies are
lowered by the sudden creation of the core hole.®

IV. CONCLUSIONS

By using angle-resolved UPS and XPS, we have investi-
gated the electronic and structural properties of the pris-
tine and alkali-metal-intercalated MG/Ni(111) systems.
The electronic structure of the MG is modified strongly
from that of the bulk graphite by the mixing of the 7 /7*
states of the graphite layer with the d states of the sub-
strate. This is very different from the case of the AGIC’s,
where the electron transfer from the intercalants to the
graphite layer causes the band-structure change. The ad-
sorbed alkali-metal atoms (Cs, K, and Na) penetrate into
the interface between the MG and the substrate at room
temperature, dilating the interlayer distance, which
causes the weakening of the interlayer bond. As a conse-
quence, the band structure of the intercalated MG be-
comes very similar to that of the bulk graphite depending
on the radius of the intercalants. In energetic point of
view, these results indicate that the intercalation of the
alkali-metal atoms between the MG and the Ni(111) sur-
face is favorable, nevertheless it involves the weakening
of the bond between the graphite overlayer and the sub-
strate. In addition, the XPS peak of the C 1s core level of
the MG becomes very broad and asymmetric upon the
intercalation. This phenomenon is attributed to the
energy-loss process, to which the s electrons of the
alkali-metal atoms are related.
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FIG. 4. A schematic picture of the relative position among
the graphite overlayer, alkali-metal atoms adsorbed onto the
MG/Ni(111) system, and the Ni(111) surface. The alkali-metal
atoms penetrate under the graphite layer and reside between the
MG and the substrate. The relative intensity of the core-level
peak for the alkali-metal atoms to that for the carbon atoms de-
creases with the increase of the emission angle because of the
finite mean free path of the photoelectrons.



