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Abstract. The multiplescattering cluster method was first employed to calculate the lhwretical 
near-edge x-ray absorption fine structure (NEXAFS) s p t r u m  of graphite. SNdies on the 
polarization dependence on the incident vector E classify spectral features into n and a 
resonances. Characterization of the carbon K-shell NEXAFS spectra of the species modelled by 
both a single layer and a multilayer hns been performed. It reveals that a k* resonance originally 
located at around 289 eV splits with he accumulation of the number of a tom included in  the 
cluster. Multilayer calcularion has little influence on the NULMS spectrum. Our calculation 
coincides with the experimental results fairly well. In addition, it has been found to be io good 
agreement with the final density of states derived from band-structure calculations. 

1. Introduction 

The near-edge x-ray absorption fine structure (NBXAFS) technique shows great promise 
as a site-specific probe of electronic and geometric structure. It plays an important role 
not only in the microscopic characteristics of surface chemisorption [ 1,2] but also in the 
structural determination of the intramolecular bond length of gaseous molecules [3] or 
the configuration of amorphous films [4]. Carbon is of particular interest because of the 
extensive distribution on Earth and the fact that it is an essential part of all lifeforms. 
However, x-ray fine-structure measurements have been confined to above 3000 eV owing 
to the experimental difficulties encountered at lower photon energies [5]. It was not until 
1980 that monochromatic radiation of sufficient resolution and intensity above the carbon 
K edge (285 eV) was available. Since then, great efforts have been made in the structural 
studies of linear hydrocarbons [6], gaseous and condensed cyclic hydrocarbons [7], aromatic 
molecules [8] and amorphous carbon films [4]. Crystalline carbon in the form of graphite 
is one of the most comprehensively studied materials both experimentally and theoretically. 
Because of its layered structure with a relatively large separation between layers, graphite 
is  often modelled as a two-dimensional solid. In addition, knowledge of the properties of 
graphite is a starting point for understanding intercalated graphite, which is a field of very 
active research [9]. 

Studies of the graphite carbon K-edge N E W S  spectrum have been performed on non- 
single-crystal samples [lo] as well as on crystalline graphite [ll]. There have been several 
calculations of the band structure of graphite [12,13]. The calculated conduction band can 
be related to unoccupied antibonding states [14], which are shown as characteristics in the 
NEWS specbum. Furthermore, the experimental mxm spectra of graphite demonstrate 
that the excitation to the final states U *  or r" depends on the polarization direction of the 
incident x-ray [U]. It is well known that multiple scattering appears prominently in the 
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energy range no more than 50 eV above the Kedge. There should be a suitable method for 
dealing with such a complicated situation aimed at extracting potential structural information 
from experimental data. This is just what has been done for the much higher-energy-range 
EXAFS analysis. 

In this paper, we present multiple-scattering cluster (MSC) method [ 161 theoretical studies 
of the carbon K-edge NEXAFS of graphite. This method has been extremely helpful i n  surface 
chemisorption studies [17,18]. Here we firstly apply the MSC method to solid bulk materials 
such as graphite. Looking upon the six-member ring as a structural unit, we construct several 
clusters with various numbers of honeycombs. When the number of honeycombs increases, 
the calculated result undergoes an evolution from a spectrum resembling that of benzene to 
a spectrum analogous to that of graphite, in which we find x' resonance splitting due to 
the two-dimensional magnitude increase. Three layers are chosen to simulate the graphite 
multilayer structure. The calculated results, compared with that of single layer, show that 
the interlayer has little effect except for a slight difference at the higher-energy position. 
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2. Description of the MSC method of NEXAFS 

The dynamic theory of photoelectron diffraction (PD) has been developed by some workers 
[19-21]. In their Green function forma:ism the multiple-scattering effect was considered in 
terms of the t-matrix method. The similarity between NEXAFs and photoemission encourages 
us to describe the wavefunction of an intermediate photoelectron in NEXAFs by that in PD. 
The detailed derivation of formalism can be seen elsewhere 1171. 

In ow MsC method, we have considered all multiple-scattering effects in a cluster 
simulating the species studied, which consists of one central absorbing atom and several 
neighbouring atoms. Our NExMs study shows that this approximation is correct. It has 
been demonstrated that the atoms near an adsorbing centre contribute most to the NEXAFS 
spectrum because photoelectrons excited by near-edge x-ray radiation are limited to having 
a low kinetic energy. Usually we choose 20 or fewer atoms to construct the cluster for 
NEWS studies. Our computer capacity enables us to add no more than 70 atoms to the 
cluster so as to calculate very complex molecules or structures. The summation of all 
scattering events is taken over all the individual atoms rather than over the atomic shells 
[22]. The inputs to the calculation of NEXAFS spectra in terms of the MSC method include 
the positions of the atoms in the cluster, the incident photon direction and the phase shift 
61, which are calculated by the muffin-tin potential in the cluster. We superimpose the 
self-consistent X, atomic charge densities to obtain this cluster potential. It is found that 
the phase shifts mentioned above are in good agreement with those calculated by the SCF 
X, sw method. 

3. Results and discussion 

3.1. Analysis ofthe NEXAFS spectrum of the C6 ring 

We start our studies with the simplestructure honeycomb, i.e. the six-member ring. The 
C6 ring is a structural unit in graphite and resembles benzene and other cyclic hydrocarbon 
compounds. The carbon K-shell NEWS' spectra of benzene in the gas phase, solid state 
and chemisorbed states have been measured by Horsley et al [23]. We have plotted their 
experimental spectrum of solid benzene in figure 1, curve (I). According to [23],  peaks 1 
and 2 are both assigned x' resonances, and the other two peaks 3 and 4 are attributed to U' 
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shape resonances. The assignment was experimentally examined in terms of polarization 
dependence, but there exist a number of conflicting assignments 16,241 for the benzene 
spectrum. In order to obtain a better understanding of n* and a* resonances in complex 
molecules, we think that an easy way would be to dekrmine the carbon K-edge NEXAFS 
spectrum of the C6 ring by the MSC method. 

280 110 100 810 a10 
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Ffgure 1. Chmcterirations for the carbon Kedge NMAFS spectrum of benzene CgHg compared 
with calculations of the six-member riog (the six-member ring is shown at the top inset as a 
honeycomb); curve (I). experimental specmm OF solid benzene 1231; curve (It), calculated 
spectrum for glancing incidence angle with (I = 10; c w e  (Ill), calculated perpendicular- 
incidence spectrum. wilh the vector E parallel to the ring plane; curve (IV), unpolarized specmm 
of the honeycomb s m c t w .  

We choose the C-C bond length to be 1.4210 A, a commonly accepted bond length 
value for graphite, and the C-C-C bond angle 6 to be 120". The cluster is shown in 
the top inset of figure 1. We plotted the calculated NEXAFS spectra as curves (II)-(IV) 
in this figure. Three curves are considered for different incidence conditions. Curve (IV) 
is the spectrum with unpolarized x-rays. Four peaks A, B, C, and D can be clearly seen 
in this curve; these agree fairly well with the experimental peak positions whereas their 
absolute peak intensities are not reproduced. The widths of peaks A and B are relatively 
much narrower than those of peaks C and D, which suggests that the latter correspond 
to continuum shape resonance. All the main features in the spectrum for benzene have 
been accurately reproduced, and some weak features between peak 1 and peak 2 exist in 
the experimental specmm which have been ascribed to a mixture of Rydberg state and 
C-H resonance [7]. In contrast, such features are not presented in OUT calculation owing 
to the absence of hydrogen atoms in cluster models. Furthermore, we have performed two 
polarization calculations. For curve @I), the vector E is closely perpendicular to the ring 
plane at a glancing incidence angle at 10". As expected, resonances A and B are excited 
intensely while peaks C and D are very weak. In contrast with curve (II), peaks C and D on 
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curve (m) have predominant intensities while peaks A and B disappear. From polarization 
considerations [15], we unambiguously draw the conclusion that peaks A and B are K' 
resonances, and peaks C and D are U* resonances. 

3.2. The K' splitting of the graphite single-layer model 

We increase the number o f  honeycombs in the single-layer basal plane in graphite. Our 
purpose is to observe what will happen accompanied by the structural change from a 
simple c6 ring to graphite. In order to evaluate this change, we have calculated the 
spectra corresponding to five different clusters which include six, 13, 22, 37 and 52 
atoms, respectively. The latter four clusters are shown in figure 2. All the calculations 
are polarization independent. The results have been plotted in figure 3, curves (l)-(V). In 
these calculations the values of the bond length and the bond angle are the same as those 
in the C6 ring. The experimental spectrum with the polarization angle OL = 50' investigated 
by Rosenberg eta1 [15] is also plotted in the same figure. 
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Figure 2. Different single-layer cluster models involved in the calculation for the wrbon K-edge 
NWFS of graphite. The number N of atom in the cluster vvies  from 13 to 52. 

With respect to the 13-atom cluster, peak A in curve 0) for the c6 ring shifts to a higher 
energy and is labelled in curve (11) as A'. then it splits into two new K" resonances labelled 
B and C in curve (UI) for the 22-atom cluster. Peak C is much closer to the U *  continuum 
shape resonance. More a* resonances appear for the larger cluster with N = 37. Besides the 
splitting in the previous region, there arises a new resonance G which is below the original 
a* resonance 1. Peak F overlaps the U* resonance. The addition of an extra 15 atoms to 
the 37-atom cluster creates a rather huge cluster with N = 52. The fact that its spectrum 
resembles that of the cluster with N = 37 indicates the convergence of the calculation. A 
polarization study reveals that H *  and U' resonances degenerate around peak 2'. while the 
U *  resonance makes a higher contribution to the formation of peak 2' than the H' resonance 
does. All the U *  resonances 2'-5' on curve (V) are in good agreement with the experimental 
features 2-5 when all the other polarization situations in 11.51 are taken into account. 
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Figure 3. Analysis of R' resonance splitting in the spectra for the graphile carbon K-edge 
N f x A f P :  curves (IHv). calculated s p e m  for different models with N from 6 to 52; curve (V). 
0' resonances labelled 2'4' in comparison with the experimental features 2-5; C U M  (VI) 
experimental specmm of HOFG 1151. In our calculated results, R' resonances are especially 
labelled. The peak with a fixed energy position in all CUNCS at around 285 eV was labelled 1. 
N is the number of atoms in different siogle-layer clusters. 

From the experimental graphite spectrum, only one obvious n' resonance can be 
observed at around 285 eV. However, it has been noted [ll, 1.51 that a kink occurs at 
an energy of around 286.6 eV, which just falls into our predicted splitting region. However, 
no more weak structures exist between 285 and about 290 eV in the experimental data. 
A calculation of the n-band density of states [13] has revealed that a maximum occurs 
at around 285 eV whereas the density of states decreases rapidly below and above this 
energy. Therefore the n* resonance at 285 eV is significantly enhanced while other 
resonances are suppressed because of the final-state effect. This can explain why only 
one n' resonance appears in the graphite spectrum, and the appearance of the kink can be 
ascribed to the incomplete suppression. The intensity variation in peak 1 deserves further 
detailed discussion. While the number of atoms included in the cluster varies from N = 6 to 
N = 52, its intensity experiences an increase or a decrease with respect to the most intensive 
U* resonance. An additional shell added to a cluster with fewer atom can unambiguously 
either strengthen or weaken the peak intensity. This is a subtle effect caused by multiple 
scattering between different shells. Another interesting point is the accurate Fermi level 
in graphite. It has been reported that, for stage-1 FeCla-intercalated graphite, a peak is 
observed at 285 eV, accompanied by new structure between 283.2 and 284.2 eV [ I I ] ,  
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which demonstrates a lowering of the Fermi level from the threshold 284.7 eV value to 
about 283 eV and has been ascribed to intercalation. From our theoretical study, we find 
that peak G increases at around 283.5 eV. Thus the Fermi level of graphite should be 
about 283 eV. The intercalation really does make a contribution to the Fermi level position. 
but also it changes the original *-band density-of-states distribution, especially around the 
Fermi level. owing to charge transfer between the intercalant and graphite. As a result, 
the r' resonance suppressed before intercalation becomes an observable structure in the 
NEXAFS spectnun. 

3.3. Interkayer interaction studies in graphite 

To study the interlayer effect in graphite, we selected three layers of graphite to construct 
the two different clusters shown in figure 4. The layer spacing was taken to be 3.359 A. 
' b o  clusters have the same number of atoms as their corresponding single layer. Owing 
to limited computer capacity, we have to choose fewer atoms in the middle layer; so the 
spectrum produced cannot coincide well with the experimental results. As we shall pay 
more attention to the interlayer effect, this does not seem to pose a serious problem. Our 
calculations are shown in figure 5 .  Curves (V) and (IV) for the clusters with N = 13 and 
N = 21, respectively, are almost the same, except for an insignificant feature for the N = 21 
cluster at around 310 eV. Curves (n) and (III) are also nearly the same, apart from a feature 
located at 295 eV which has been intensified compared with single-layer model and also a 
feature at around 310 eV which does not occur for the single layer. In fact the introduction 
of extra layers does cause a slight difference but there is no considerable change from the 
features for a single layer. In the graphite layer, carbon atoms are bonded together with 
spz hybridized orbitals while the interaction between layers arises from the van der Waals 
force. The former affects the multiple-scattering process much more strongly than does the 
latter. Therefore, we conclude that multilayer interaction plays a less significant role in the 
near-edge structure of the graphitelike film. 
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Figure 4. Clusters modelled as three layers in graphite. The atoms involved in lhe cluster are 
shown as full circles. (a)  The middle layer has 13 atoms: the other two layen bath have four 
atoms. ( b )  The middle layer has 22 atoms; the other two layen both have 19 atoms. 
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Figure 5. Studies of the interlayer interaction between the layers in graphite. In curves (Ill) 
and (IV), the middle layer has the same number of atom as their corresponding single-layer 
models (11) and (V). respectively. 

4. Conclusion 

We have calculated the carbon K-shell ws for graphite. The six-member ring plays a 
unique role in our studies. With its help, we can assign two r* resonances in benzene. As the 
cluster that consists of several honeycombs gradually approaches the graphite layer structure, 
K* splitting becomes more obvious. Because of the density-of-states distribution, only a 
z* resonance at 285 eV appears while other z* resonances disappear. We determine the 
accurate Fermi level, which illustrates that the intercalant contributes to the rearrangement 
of the 7r density of states near Fermi level. A three-layer model calculation reveals that 
little interlayer interaction is involved in the NEXAFS spectrum of graphite. 
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