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Three-dimensional positron-electron momentum distribution in single-crystal graphite
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The three-dimensional positron-electron momentum distribution in single-crystal graphite is
determined from the reconstruction of the measured two-dimensional angular correlation of posi-
tron annihilation. The Lock-Crisp-West rate obtained through periodic superposition of the experi-
mentally determined momentum density is compared with the theoretical rate calculated on the
basis of linear combination of atomic orbitals Xa by Saito et aI.

I. INTRODUCTION

The angular correlation of positron annihilation radia-
tion is one of the methods that directly measure the real
momentum distribution of electrons in a crystal. ' In a
previous paper, we presented a two-dimensional angular
correlation of annihilation radiation (2D-ACAR) in
single-crystal graphite measured along two crystal axes.
In order to obtain more information on the electronic
structure of graphite, we have extended our study to a
three-dimensional momentum distribution by measuring
2D-ACAR in five directions in a graphite crystal and
converting the momentum distribution to a distribution
in the reduced Bloch wave vector by superposing angular
distributions periodically on the basis of the Lock-Crisp-
West theorem. The result is compared with the theoreti-
cal prediction presented by Saito et al.

A 2D-ACAR spectrum, N(p, p, ), is the projection of
momentum density p(p ) of two annihilation quanta onto
the (p~,p, ) plane, and is expressed by

N(p, p, )=fp(p)dp„,

where p is electron-positron pair momentum. The x
direction is taken as a line joining the graphite crystal
and the detector of annihilation radiation. In a previous
study, the x direction was taken as a line parallel to the
[21 10] or [1010] axes of the graphite crystal, so
that momentum densities projected onto the
(p[0110],p[0001]) and the (p[1210), p[0001)) planes
were obtained. In this study, positron annihilation radia-
tion has been detected not only in the directions [21 10]
and [1010],but also in three directions between these two
axes, by changing the orientation of the crystal around
the [0001] axis. From these sets of 2D-ACAR measure-
ments, we obtain the three-dimensional positron-electron

N(p)= QD(p+G)
G

=c +5(p —k) f dr~gbk(r)~ iP(r)
b, k cell

(3)

where gt, 1,. (r) and P(r) are the Bloch wave functions of
the electron and the positron, respectively, and G is the
reciprocal-lattice vector. The summation extends over
the occupied band b and the crystal momentum k. The
integral in r is taken over a unit cell.

II. EXPERIMENT

The experimental apparatus is the same as that de-
scribed in the previous paper. A synthesized Kish-
graphite crystal, -4X4X0.2 mm, which was known to

momentum density through reconstruction. The recon-
struction was performed as follows. Each 2D-ACAR
spectrum observed gives two-dimensional autocorrela-
tion, B(r )zD, through the two-dimensional Fourier trans-
formation

B(r )zD=(2n. )
' fN(p, p, )exp[i(p +p, )r ]dp dp, . (2)

B( r )2D then gives three-dimensional autocorrelation,
B(r )3D through three-dimensional interpolation, since
each B(r)2D contains the cross section of B(r)3D at a
given point. Fourier transformation of B(r)3D then pro-
vides the three-dimensional momentum density D(p).
Through these procedures, we have obtained information
on the three-dimensional electron momentum distribu-
tion in graphite.

According to the Lock-Crisp-West (LCW) theorem,
the once-integrated intensity of the positron-annihilation
radiation with the electron momentum p (LCW rate) is
defined by
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be a fairly good single crystal from its Laue x-ray
diffraction pattern, was used for measurements. Four
pieces of this crystal with (0001) face orientation were
stacked on a carbon-rod support in such a way that their
[2110] axes were all aligned in the same direction, as
shown by their Laue diffraction patterns. 2D-ACAR
from the piled graphite crystals was observed in five
directions: 0, 7.5', 15', 22. 5', and 30' to the [21 10] axis
within the plane of (0001}. The first direction is parallel
to the [21 10] axis and the last parallel to the [1010]axis.
A three-dimensional momentum distribution was recon-
structed from these five sets of 2D-ACAR spectra
through autocorrelation. In order to justify this recon-
struction method, we compared a 2D-ACAR spectrum
derived from a reconstructed three-dimensional momen-
tum distribution with an experimentally observed 2D-
ACAR spectrum. The 2D-ACAR spectrum was ob-
served for single crystals of hexagonal metals, Ru and Ti,
with (0001) and (1100) face orientations. From five sets
of 2D-ACAR data for the (0001) orientation, a three-
dimensional momentum distribution was reconstructed
by the method described above. The three-dimensional
momentum distribution was then projected onto the
(p[1100],p[1000]) plane. The 2D-ACAR spectrum thus
obtained was compared with the 2D-ACAR spectrum
directly measured for the other face orientation, i.e., the
(1100) orientation. They were found to be in fairly good
agreement, the difference between them being less than
2%.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the first Brillouin zone of graphite and
Fig. 2 shows contour maps of momentum density
through four cross sections (I-IV) of the three-
dimensional positron-electron momentum distribution,
reconstructed from 2D-ACAR data. The 2D-ACAR
data were collected with the aid of a cross-correlated
matching which had two detectors, placed 8 m from the
graphite sample. The ordinate and abscissa in Fig. 2 are
expressed in terms of the polar and azimuthal angles of
one detector as observed from the sample relative to a
baseline joining the other detector and the sample. Fig-
ure 3 shows a spectrum of annihilation counts integrated
along the p[0110] of the 2D-ACAR spectrum for the
(2110) orientation, which were also obtained from the
reconstructed three-dimensional momentum distribution.
The spectrum shows a minimum at the center, consistent
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FIG. 2. Momentum-density contour maps of graphite of the
cross sections (I)-(IV) of the Brillouin zone.

)0-

with the results obtained by 1D-ACAR (Refs. 8 and 9)
and Doppler broadening. '

Contours are seen to be dense along LH and HH ' of
the cross section (III) shown in Fig. 2. Dense contours
indicate a discontinuity in the momentum distribution,
and in this case they coincide with the zone-edges of the
first Brillouin zone, LH and HH', calculated from the
crystal symmetry of graphite. The notations shown on
the maps correspond to those of the first Brillouin zone.
On the cross sections (I) and (II), contours approach the
I point in the region of lower p [0001]. This is explained
in terms of the ground state m-electron wave function,
which is symmetrical with respect to the graphite plane.
The contours are heavily concentrated around the I
point of the cross sections (I}, (II}, and (IV). These con-
centrated contours are ascribed to the superposition of
the momentum densities in positronium (PS) and the
graphite bulk. Figure 2, cross section (IV) shows a two-
dimensional momentum distribution of the cross section
at p[0001]=0. The distribution is found to be isotropic
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FIG. 1. First Billouin zone of graphite.

FIG. 3. Positron-electron annihilation counts integrated
along the @[0110]of he 2D-ACAR spectrum for the (2110)
orientation.
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FIG. 4. LCW rate contour map of the cross section (I) of the
first Brillouin zone of graphite.

in the region of less than 3 mrad, and the contours are
denser in the central region of 0-2 mrad than those in
the higher-momentum region.

Figures 4-7 show contour maps of the LCW rate ob-
tained through periodic superposition of the momentum
densities of the cross sections (I)—(IV) shown in Fig. 2.
An extremely high LCW rate is found to be distributed
cylindrically around the A-I line, but it decreases sharp-
ly out to a radius of -0.4I K. This cylindrical distribu-
tion of momentum density is ascribed to Ps located on
inner surfaces of the graphite, as found in slow-positron
annihilation studies. "

Figure 4 shows hollows (a}and (b}, and a ridge (c},in
the LCW rate at distances of -0.65I K, 0.45I K, and
0.57I K from the A-I line, respectively. The LCW rate
in this region increases from the hollow (b) to the zone
edge HK, and the rates at the ridge (c) and the edge are,
respectively, 1.04 and 1.05 times higher than the rate at
the hollow (a). The LCW-rate contour map correspond-
ing to the momentum density of the cross section (II)
shows a hollow (d) at a distance of -0.77I M from the I
point and a projection (e) at a distance of -0.65 AL from
the A point (Fig. 5). The LCW rate increases from the
hollow (d) to the zone edge I.M, and the rates at the pro-
jection (e) and the zone edge are 1.04 and 1.05 times
higher than the rate at the hollow (d). The hollows
(a), (b), and (d); and the projections (c) and (e) shown in
Figs. 6 and 7 correspond, respectively, to the hollows
(a}, (b), and (d); the ridge (c); and the projection (e)
shown in Figs. 4 and 5.

In order to compare our experimental results with
theoretical ones, we reproduce theoretically obtained
LCW-rate contour maps from Ref. 4, as shown in Fig. 8.
They were obtained from a numerical basis-set linear
combination of atomic orbitals Xa band calculation.
Figure 8(a) shows a ridge at a distance of -0.57I K from
the A-I line. The appearance of this ridge has been ex-
plained in terms of a contribution from a 0. band. The
experimentally determined ridge (c) in Fig. 4 is located at

A

FIG. 6. LCW-rate contour map of the cross section (III) of
the first Brillouin zone of graphite.

the same position as the theoretically predicted one, and
so is attributed to the 0. band.

In Fig. 8, the LCW rate due to the n band increases,
while the rate due to the o band decreases arouiid the
zone edge. The experimentally determined LCW rate in-
creases around the zone edge, as shown in Figs. 4 and 5,
and so is ascribed to a dominant m-band contribution.

The calculated LCW rate due to the ~-band shows a
hollow at a distance of -0.65I M from the I point, and
a projection at a distance of -0.56AL from the A point,
as shown in Fig. 8(b). The ratio of the rate at the projec-
tion to that at the hollow is estimated at -4.2. This
figure is larger than the experimental ratio observed for
the projection (e) and the hollow (d), shown in Fig. 5.
The calculated LCW rate due to the cr band shows a pro-
jection and a hollow at the positrons where the calculated
rate due to the m band shows a hollow and a projection,
respectively, so that the combined rates at these positrons

K

FIG. 5. LCW-rate contour map of the cross section (II) of
the first Brillouin zone of graphite.

FIG. 7. LCW-rate contour map of the cross section (IV) of
the first Brillouin zone of graphite.
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FIG. 8. Theoretical contour maps of the LCW rate as a function of k points on (a) the I -E plane and (b) the I -M plane, repro-
duced from Ref. 4. Total LCW rate and m- and 0-band contributions are plotted.

are expected to be featureless. However, the experimen-
tally determined map shows a hollow (d) and a projection
(e) in the regions where the calculated rate due to the m.

band predicts a hollow and a projection. This demon-
strates a greater contribution from the m. band than from
the 0 band.

The ratio of the contribution from the n. band to that
from the o band is theoretically estimated at 1/6 in Ref.
4, smaller than the value obtained by Berko et al. and
Colombino et al. The experimental LCW-rate map is
compared with the maps calculated on the basis of vari-
ous combinations of the theoretical ~- and 0-band contri-
butions given in Ref. 4, but any map does not agree satis-
factorily with the experimental one over the entire re-
gion. It only shows qualitative features of the experimen-
tal result. This may be due to the fact that 1s, 2s, and 2p
atomic wave functions were adopted as basis functions
for the positron in the calculation. The positron is

known, however, not to be localized within layers in
graphite, but to spread into the interlayer region. '

Agreement may be improved if nonatomic functions are
used for the positron, and another type of positron-
electron correlation is considered in simulation.
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