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Abstract. Using the empirical pseudopotential method, we have calculated the Compton 
profiles and the two-dimensional electron momentum distribution (&ID) for graphite. The 
calculated Compton profiles as well as their anisotropy are in good agreement with experi- 
ments and compare well with other theoretical calculations. Although the anisotropyof the 
directional Compton profile (one-dimensional EMD) is small, the two-dimensional electron 
momentum distribution shows a large anisotropy, and a layer structure is found in the two- 
dimensional EMDintegratedoverthecaxis. It isshownthat thelayerstructureismoreclearly 
exhibited by the two dimensional EMD than by the one-dimensional EMD (Compton profile). 

1. Introduction 

The electronic structure of graphite has been studied intensively in recent years [l-221. 
This interest is partly due to the fact that graphite can be considered as a prototype for 
quasi-two-dimensional materials. For relatively recent reviews of the electronic energy 
band structure of graphite the reader is referred to references [l] and [Z]. While the 
occupied energy band structure has been established experimentally by angle-resolved 
photoemission spectroscopy [%13] and found to be in good agreement with the theor- 
etical work [I-71, the unoccupied band structure is still a matter of discussion both 
theoretically and experimentally [21]. The recent experiments of angle-resolved inverse 
photoemission spectroscopy (ANPES) [Zl ,  221 on single-crystal graphite showed some 
disagreement between the theoretical conduction bands and the experimental data. 

Compton scattering of x- and y-rays has been successfully applied to determine the 
electron momentum distribution (EMD) of several materials [23,24]. Also for graphite, 
the Compton profile has been measured and calculated by a number of groups [25-33] 
in order to investigate the EMD and its anisotropy. Since a large single crystal of graphite 
has not been available until relatively recently, all the previous measurements of 
Compton profiles had to be carried out on samples of highly oriented pyrolyticgraphite 
(HOPG). ThenatureofHoPGissuch that thecaxisishighlyorientedwhilethexydirection 
(in the basal plane) is completely random. Thus the experiments can only measure 
the profiles along the c axis and an average within the xy plane. Furthermore, each 
measurement is also somewhat averaged around the c axis due to the mosaic spread of 
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the HOPG sample. The measured anisotropy is considerably smaller than what one would 
at first expect from the layer structure of graphiteand is also smaller than the anisotropy of 
the corresponding angular correlation distribution in positron annihilation experiments 
[31,35]. There are several reasons for these small anisotropiesof the Compton profile. 
Among them, the mosaic spread causes a substantial reduction of the anisotropy of the 
profile 1321, which will be discussed in detail in section 3. 

Due to the fact that the Compton profile can only measure the one-dimensional 
electron momentum distribution, all previous theoretical calculations on graphite have 
dealt with the one-dimensional EMD. In  the last decade, the positron annihilation 
technique has developed rapidly [36]. The two-dimensional angular correlation dis- 
tribution of the electron-positron annihilation (ACAR) has become well established as a 
tool to investigate the electron momentum distribution [36]. Interestingly enough the 
two-dimensional ACAR of graphite shows a strong anisotropy [37]. Since the ACAR is 
closely related to the EMD, i t  is our purpose to investigate whether or not a higher 
dimensional EMD than the one-dimensional EMD (Compton profile) also shows a strong 
anisotropy similar to the corresponding ACAR. In the present study, we will concentrate 
on the anisotropy of the electron momentum distribution. Using the electron wave- 
function calculated from the empirical pseudopotential method (EPM) we have calculated 
both the one-dimensional EMD (Compton profile) and the two-dimensional EMD. Our 
one-dimensional EMD shows, in general, a good agreement with both the experimental 
data and earlier theoretical calculations. Below we will demonstrate that the layer 
structure of graphite can be more easily understood by means of the two-dimensional 
EMD than the one-dimensional EMD. 

2. Theoretical calculations 

When only the electron momentum distribution isrequired, the pseudopotential method 
has some advantages relative to other methods,such as that thecalculated wavefunction 
hasthefullpointsymmetryofthecrystalandnoFourier 1ransformationisneeded.These 
advantages are of course lost for cases in which this method does not give a reasonable 
description of the ground state band structure. As will be discussed below, in the present 
case of graphite the pseudopotential method does give a reasonable description of the 
occupied bands, and therefore we can confidently use this method in the present work. 
The pseudopotential formalism has become a well established method of investigating 
the electronic structure of s-p bonded materials [38,39]. The reader is referred to [38] 
and [39] for details of the formalism. Van Haeringen and Junginger [40] have used this 
method tocalculate theenergy bandofgraphiteand theiroverallresultsarein reasonably 
good agreement withexperiment. Holzwarthetal[2] havealso used the pseudopotential 
technique and the local density functional approximation together with a mixed basis 
set of plane waves and linear combinations of atomic orbitals to calculate the energy 
bands of graphite. The results of the occupied bands in graphite are in good agreement 
with other calculations and with angle-resolved photoemission experiments [SI. The 
unoccupied band structure is closer to the experiments of ARIPES than other previous 
calculations although some disagreement still exists between the calculation and exper- 
imental data [21,22]. Wechoose the pseudopotential form factorparameters fromcurve 
1 in [ZS] to calculate the electron wavefunction. The calculated energy bands are in 
general good agreement with the theoretical result of [2], and the Compton profile 
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Fipre 1. DirectionalCompton profiles 
for graphite. The dotted curve and the 
full curve are the present calculations. 
The chain curve and broken curve are 
the results from [33]. The dotted curve 
andchaincurve represent theJ,,profile 
averaged over the xy basal plane. The 
broken curve and the full curve rep- 
resent the Jmol profile along the [OOOl] 
direction. 

compares well with the theoretical results of Chou ef a1 [33] which will be discussed in 
detail in section 3. 

The EMD is given by 

where is the electron wavefunction for an electron in the nth band with wave vector 
k inside the first Brillouin zone, and f(&) is the Fermi-Dirac distribution function. 
The electron wavefunction can be expanded as 

all 

y d r )  = c C,.-G(~) exp[i(k - G) . rl (2) 
C 

where G is the reciprocal lattice vector. We then obtain 
all 

In our calculations we have included 581 reciprocal lattice vectors in the summation 
of equations (2) and (3). The two-dimensional EMD is obtained from 

I@,,P,) = /POn)dP,. (4) 

Using the impulse approximation, the Compton profile, J@J, is simply the projection 
of p(p) along the scattering vector [24] 

r .  

= J J PW dpX dp,. 

3. Results and discussion 

In figure 1 we show the calculated profile Jmo, along the c-axis [OOOl] direction and also 
the profile Jxy averaged over the xy basal plane and compare them with corresponding 
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Table 1. Calculated valence-electron Compton profile along two symmetry directions for 
graphite. 

. .  .. . . , . XY 
~~~~~~~ ~~ ~~~ ~ ~~~ ~ ~ 

~ ( 4  100011 

0.0 1.905 2.021 
0.1 1.919 2.011 
0.2 1.923 1.983 
0.3 1.912 1.935 
0.4 1.870 1.867 
0.5 1.794 1.772 
0.6 1,683 1.642 
0.7 1.533 1.465 
0.8 1.359 1.256 
0.9 1.152 1.064 
1.0 0.922 0.910 
1.1 0.691 0.808 
1.2 0.528 0.684 
1.3 0.409 0.538 
1.4 0.325 0.382 
1.5 0.258 0.240 
1.6 0.202 0.144 
1.7 0.156 0.085 
1.8 0.120 0.057 
1.9 0.090 0.041 
2.0 0.064 0.030 
2.1 0.04-1 0.023 
2.2 0.030 0.018 
2.3 0.021 0.015 
2.4 0.015 0.012 
2.5 0.011 0.010 

~~ ~~ 

theoreticalprofiles[33]. In thelatter workalfflearcombinationofatomicorbitals, which 
was not included in our calculation, was used together with plane waves. Therefore the 
contribution from the core region in [33] is larger than the one in the present calculation. 
Inaddition, the pseudo-wavefunctionsdo not haveoscillations near the nuclei, therefore 
the amplitude of the presently calculated Compton profile at large momenta is expected 
to be smaller than both the experimental profile and that of an all-electron calculation. 
In order to remove the small and smooth contributions due to the core part of the 
wavefunction, the profiles JN have been normalized to have a same value at p = 0. Our 
results are in general agreement with the calculations of [33], especially for the profile 
JN averaged over the basal plane. The small difference between the two calculations is 
most likely due to the different basis set employed in the calculations. Unfortunately 
the most recent experimental Compton profiles [31,32] are not available in tabular form 
in the Literature. However since the theoretical profilesin [33] areinexcellent agreement 
with experimental data, it is sufficient to compare our results with their calculations. For 
convenience we also list the values of the calculated profiles along the two directions for 
graphite in table 1. The profile is normalized in such a way that, when integrated from 
- m to + m, it gives the number of valence electrons (4). The indirect comparison of our 
results with the experiment, through the theoretical profile in [33], therefore shows that 
our resultsareingeneralagreement with experiment.The remainingdifferencebetween 
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F i r e  2. Compton-profile anisotropy 
Jmi-Jxy for graphite. The dotted curve 
is the present calculation and the chain 
curve is the calculation from 1331. The 
broken curve is the measurement from 
[30] and the full curve is the measure- 
ment from 131). The curve with solid 
circles is the measurement from [32]. 
The present theoretical curve has not 
been smeared for the effects of mosaic 
spread, experimental resolution, and 
annular source geometry. 

our present calculations and the experimental profiles can be reduced through the 
following procedures: 

(i) optimizing the pseudopotential parameters; 
(ii) including the electron-electron many-body correction suggested by Bauer et aI 

(iii) using a single crystal of graphite in the Compton experiment. 
[41,42]; and 

The optimization of the potential parameters is, however, very computer time con- 
suming due to the big unit cell of graphite which requires a large number of reciprocal 
lattices vectors G and many potential parameters in the calculation. Concerning point 
(iii) it would he of great help if a variety of experimental data were available for single 
crystal graphite instead of HOPG. At present there are only a few experiments, such as 
ARIPES measurements [21,22], performed on single crystal graphite. 

The calculated Compton-profile anisotropy and the measured anisotropy profiles 
from [30-32] together with the theoretical results from [33] are shown in figure 2. The 
present theoretical Compton-profile anisotropy is in general good agreement with the 
experimental data [3&32] and also compares well with the other theoreticalcalculations 
[33]. Our anisotropic profile is found to be larger in the lower momentum region 
(p < 1.4 au) and smaller in the higher momentum region (p > 1.7 au) than the exper- 
imental data. This difference can be understood from the following discussion. Firstly, 
the pseudopotential method used in the present calculation does not consider the core 
electron contribution. This means that the amplitude of the calculated Compton profile 
at large momenta is smaller than that obtained from an all-electron calculation and the 
experimental data. The potential parameters we actually have employed may also be 
somewhat smaller than the real potential parameters. Secondly, the lack of a large single 
crystal of graphite, as discussed above, has led to the use of HOPG in the experiment. 
This causes each measurement to be somewhat averaged around the c-axis and reduces 
the anisotropy of the directional profile due to the mosaic spread of the HOPG sample. 
In [32]it wasshownthat a53"mosaicspreadofthegraphite sampleusedin theexperiment 
reduces the maxima and minima of the anisotropy by 25%. Besides, the effects of the 
experimental resolution and the annular sourcegeometry will also reduce the anisotropy 
of the profile [32]. Since in the future large size single crystals of graphite will become 
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Figure 3. The two-dimensional electron momentum distribution I(p,, p,) of graphite inte- 
gratedalongthe[OWlldirection.p,11[10- lO]andp,l~[-IZ - IO]. 

available, we have chosen not to smear our theoretical profile for the effects of mosaic 
spread, experimental resolution, and annular source geometry in order to facilitate 
future comparisons with new experimental data. 

Our main purpose in the present work is to see whether or not the higher dimensional 
EMD shows a larger anisotropy in analogy to what has been observed in positron experi- 
ments [37]. The comparison above between our present results, experimental data and 
the theoretical calculations in [33] shows that our one-dimensional EMD is a good 
approximation. Having this confidence in our results we proceed to investigate higher 
dimensional EMD. In figure 3 we show the two-dimensional EMD integrated along the c- 
axis [OOOl] direction. The layer structure can now be clearly seen. In the central part of 
the Brillouin zone, the amplitude of the two-dimensional EMD is almost constant and 
has hexagonal symmetry. Near the first Brillouin zone faces (10 - lo), the amplitude of 
the two-dimensional EMD drops sharply to about its half-maximum value. For semi- 
metals, semiconductors or insulators this might be a typical feature of layer structures 
with large layer separations. The central plateau in the distribution is caused by a strong 
potential parameter along the c-axis direction which gives rise to a strong correlation 
between the wavefunctions with wave vector, k in the first Brillouin zone and with wave 
vector G(m) - kin the higher zone directly above or below the first Brillouin zone, i.e. 
Y(k) and Y(G<") - k). The sharp drop of the distribution is caused by the strong 
correlation between the wavefunction Y ( k )  and the wavefunction Y(G(lo-lo, - k) near 
the Bragg plane G(lo-10)/2. If the layer spacing c is small, the corresponding potential 
parameters U(C) ,  with G along the [Oool] direction, will also be small and there will not 
be such a feature, i.e. the plateau in the central part of the Brillouin zone and the 
sharp drop near the first Brillouin zone face G(lo-lo~/2 in the two-dimensional EMD. To 
investigate this we have adjusted the potential parameters to see whether or not this 
featurewilldisappear. Inall thecalculations we findthat it remainspresent. We therefore 
expect that graphite might not be a unique case for having such a layer structure in its 
two-dimensional EMD. It would be interesting to see whether the corresponding two- 
dimensional ACAR integrated along [OOOl] has a similar shape, since it can also be 
measured. 

Another two-dimensional EMD integrated along the [lo - 101 direction is shown in 
figure4. The distribution isnearly of bimodal form with asaddle point at (p-,*- 1o, pml) = 
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Figure 4. The two-dimensional electron momentum distribution l(py,  pJ of graphite inte- 
gratedalongthe [IO- IO]direction.p,ll[l - 2101 andp,ll[W01]. 

(0 ,O)  which is similar to the observations in the corresponding distribution of the 
positron-electron annihilationexperiment in graphite [37] but has a broader distribution 
and a more shallow valley at the center of the EMD. Unlike the two-dimensional EMD 
integrated along the [OOOI] direction, the two-dimensional EMD integrated along the 
(10 - 111 direction is quite dependent on the potential parameters. When adjusting the 
potential parameters, there were cases when the bimodal shape disappeared. This 
bimodal distribution should be tested by calculation using a different formalism. It can 
alsobetested experimentally by thetwo-dimensional reconstruction fromthe directional 
Compton profiles measured from a single crystal of graphite. It is known that the 
contribution of the core electrons to the electron momentum distribution, which is not 
included in the present pseudopotential calculation, is considerably smoother than the 
contribution from the valence and conduction electrons. Therefore, the bimodal shape 
in the two-dimensional EMD should be present from the reconstruction of the directional 
Compton profiles measured from a single crystal of graphite, despite the fact that there 
will be a small amount of core electron contributions which can not be separated from 
the valence and conduction electron contributions. It is hoped that the two-dimensional 
EMD will be useful in the future study of graphite as well as of the other layer structure 
materials. 

Similar to the Compton profile, the ACAR of the positron-electron annihilation also 
providesinformation about the EMD. While the experimental results for diamond reveal 
onlyasmall difference between the two typesofmeasurement, ingraphitethedifferences 
are extremely large [26]. Perhaps this is one of the largest differences between the two 
types of measurements for s-p bonded materials. The anisotropy in the ACAR is much 
larger than in the Compton profile. In addition the ACAR distribution is much narrower 
than the Compton profile. Thesedifferencesfor graphite between thecompton profiles 
and the ACAR of positron annihilation arise from the following reasons: 

(i) the Coulomb perturbation on the wavefunction of the annihilated electron by the 
positron [34,35,37]; 

(ii) the positron preferringto stay in the interlayer region, where the electron density 
is lower and the local electron momentum distribution is narrower than the averaged 
bulk values; 

(iii) The details of the positron wavefunction [34,35,37]. 
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The Coulomb perturbation of the positronon the electron wavefunction is rather difficult 
to deal with because the effective density of the delocalized positron will be nearly zero 
due to there being only one single positron present. Since the positron prefers to stay in 
the interlayer region, it will tend to favour annihilation with z electrons than with U 

electrons. It is known that the EMD of aelectronsis quite isotropic, while the EMD of n 
electrons is highly anisotropic. The preferential annihilation of the positron with the n 
electron is the reason for the anisotropy of the ACAR being more pronounced than it is 
for the Compton profile. For the same reason i.e., the preferential annihilation in the 
interlayer region and the narrow local EMD in the interlayer region, the ACAR is much 
narrower than the corresponding Compton profile. 

Like the Compton profile measurements. the positron experiments suffer from the 
lack of large single crystals of graphite. It is found, using a sample stacked by four fairly 
good single crystals, that the measured two-dimensional ACAR [43] is markedly different 
than the results 1371 from the HOPG sample. At present, data are not available for the 
two-dimensional ACAR integrated along [a0011 direction. Such data might, however, 
soon become available together with other differently oriented two-dimensional ACAR 
measurementsfrom higher quality single crystal samples than have been used previously 
[MI. It would be valuable if the Compton profile and the ACAR of the positron annihil- 
ation were studied jointly on the same sample andif the reconstruction two-dimensional 
and three-dimensional EMD from Compton profile and the three-dimensional recon- 
struction ACAR from the two-dimensional ACAR could be done together. This would 
provide a unique understanding of the EMD as well as the electron wavefunction for 
graphite, and perhaps of other layer structure materials too. Further work on the ACAR 
of the positron annihilation is in progress and will be discussed elsewhere. 

4. Conclusion 

We have calculated the directional Compton profiles of graphite and the corresponding 
anisotropy profiles. Our results are in general agreement with experimental data and 
other theoretical calculations. We have also calculated the two-dimensional electron 
momentum distribution and propose a way of verifying these two-dimensional d ie  
tributions. It is shown that although the directional Compton profile (one-dimensional 
E m )  of graphite is only weakly anisotropic, the two-dimensional EMD shows a large 
anisotropy. The layer structure of graphite could be more easily understood by its two- 
dimensional EMU or the two-dimensional reconstruction of the Compton profiles than by 
the Compton profile itself. The experimental A C A R O ~  positron annihilation is compared 
with the Compton profile and the EMD. The new features of the two-dimensional EMD 
together with its relation to the corresponding ACAR of positron experiments deserve 
further investigations for graphite as well as other layer structure materials. 
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