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Angular correlation of positron annihilation radiations has been measured along the [100], [110],
[111], [211], and [221] crystallographic axes in GaAs using the long-slit geometry. A pseudopotential
calculation is carried out to understand the experimental data. There is good agreement between
experimental and theoretical data. The structures seen in the low-momentum region of the data are
interpreted in terms of the o and m bonds of the sp® hybridized bonding orbitals. The experimental
data when compared with the calculated data reveal the presence of electron-positron many-body

correlation effects.

I. INTRODUCTION

Angular correlation of positron annihilation radiation
(ACPAR) gives information about the electron momen-
tum distributions in solids.! Long-slit ACPAR gives the
one-dimensional (1D) projection of the electron momen-
tum density (EMD) by integrating the annihilation rate
over a plane. On the other hand 2D ACPAR, which
gives the integrated rate over an axis, produces more de-
tailed information about the EMD of solids. A number of
ACPAR studies have been carried out in covalent el-
emental semiconductors, viz., Si and Ge by different
groups.2™® Since compound semiconductors are covalent
materials with a degree of ionicity, they are expected to
show different behavior compared to group IV semicon-
ductors because the probability of the positron annihi-
lating with the negative ion is greater than that with the
positive ion.? The 1D ACPAR data of GaP,!° GaSb,!!
GaAs, InP, InAs, and InSb (Ref. 12) however, show sim-
ilar behavior to Si and Ge. In all the measurements the
data along [100] and [110] directions show a dip in the low
momentum region and a sharp peak along the [111] direc-
tion. The 3D EMD in Si, Ge, GaAs, InP, and GaSb, mea-
sured recently by Kondo et al., show the same behavior
as in 1D ACPAR data.!3 It is also observed in 1D and 2D
ACPAR data that the dips are somewhat shallow in InP
and GaSb compared to Si, Ge, GaP, and GaAs. The
analysis by Kondo et al. for the origin of the ACPAR
structures is based on the group theory. They argue that
the wave function whose representation is totally sym-
metric under any operation of the space group at a given
point of the wave vector in the Jones zone does not con-
tribute any feature to the EMD. Since the positron wave
function is in the lowest energy state, it is totally sym-
metric and hence does not contribute any feature to the
EMD. Likewise the electron wave functions belonging to
the lower two valence bands in Si and Ge do not con-
tribute any feature. Therefore the features at the low
momentum region are due to the nonsymmetric upper
two valence bands. The high O] symmetry in group IV
semiconductors lowers to T'? symmetry in ITI-V semicon-
ductors. As a result of this some extra bands become in-
variant under any operation belonging to the space group
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of the crystal in III-V semiconductors. This makes ITI-V
semiconductors like GaSb and InP more isotropic com-
pared to group IV semiconductors. However, since the
degree of distortion in GaAs is less because both the el-
ements of GaAs belong to the same row in the Periodic
Table and contribute the same type of orbitals (4p) to
the bonding the prominent features found in Si and Ge
are also observed in GaAs.

This explanation leaves a few questions in mind. It is
well known that the Compton profile (CP) method is an-
other powerful tool for obtaining the information about
the EMD of solids.! Following the analysis of Kondo
et al.,'® one finds no difference in EMD obtained from
ACPAR and CP data because the positron wave func-
tion does not contribute any feature to it. The positron
wave function however is highly anisotropic in the inter-
stitial region and changes the behavior of the low momen-
tum region of the ACPAR data significantly when com-
pared to high resolution CP data.l* We observe promi-
nent anisotropy in GaP in spite of its elements not be-
longing to the same row in the Periodic Table. The II-VI
semiconductor ZnSe with similar 77 symmetry to GaAs
has the same lattice constant as in Ge and GaAs. The CP
anisotropies in Ge, GaAs, and ZnSe show however that
the anisotropies become smaller in the order Ge, GaAs,
and ZnSe which is consistent with their ionic trend in
bonding character.!®

The main aim of this paper is to propose a different
analysis than that presented by Kondo et al. to under-
stand the origin of the structures in the momentum distri-
butions in the low momentum region. The experimental
and theoretical CP data are available along several crys-
tallographic directions of GaAs.'® In the present work we
have taken the measured and calculated long-slit ACPAR
data along the same directions of GaAs. Comparison of
the ACPAR data with the CP data will reveal the effect
of the positron wave function on the momentum density.
The contribution of the electron-positron many-body cor-
relation effect on the EMD of GaAs will also be discussed
because in lifetime analysis it is predicted to be the same
as in Ge.l”

The organization of this paper is as follows. We give
a brief account of our measurement procedure and data
analysis in Sec. II. In Sec. III we explain our theoretical
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procedure. In Sec. IV the measured and calculated data
are compared and discussed. We conclude in Sec. V.

II. EXPERIMENT

We shall only give a short account of the experimental
procedure which has been discussed in detail elsewhere.!®
The samples with plane faces cut perpendicular to [100],
[110], [111], [211], and [221] directions were obtained
from MCP, Electronic Materials Ltd., England. Samples
were 15 mmx10 mmx3 mm in size. Since the positron
depth profile contributes some asymmetry to the long-slit
ACPAR data,'® we reduced the thickness of all the sam-
ples to 0.5 mm. Since the imported samples contained as-
grown point defects which can contribute substantially to
the observed EMD, the samples were annealed in arsenic
atmosphere at 800 °C for half an hour to remove these de-
fects. The samples were then chemically etched and dia-
mond polished to remove surface oxidation effects. Long-
slit ACPAR measurements were carried out at the Indira
Gandhi Centre for Atomic Research at Kalpakkam, In-
dia. The details of the experimental setup have been de-
scribed elsewhere.?° All the measurements were carried
out at room temperature. The 511 keV annihilation vy
rays were detected in 30 cm long X 3.8 cm diam Nal(TI)
scintillators at a distance of 3 meters from the position
of the sample. The resolving time of the fast-slow coin-
cidence setup was set at 100 nsec. About 4 x 10 counts
were collected at the peak of the data in all the directions.
The raw data were corrected for chance coincidences,
background, and variations in the singles counting at dif-
ferent angular positions of the moving counter following
the method of Chiba and Tsuda.?! The momentum res-
olution of the spectrometer was 1.3 mrad. Since this
resolution is rather large compared to the conventional
long-slit ACPAR measurements, we have deconvoluted
the raw data using the fast Fourier transform method
described elsewhere.!® Since the deconvoluted data were
found to be symmetric about the zero momentum posi-
tion, they were folded and their area was normalized to
unity from 0 to 2.4 a.u.

III. THEORY

The positron after entering the solid gets thermalized
and attracts the surrounding electrons before getting an-
nihilated emitting two ~y rays. The coincidence count in
the long-slit geometry at momentum p, is given by

N = [ o:o / O; 7 (p)dpadpy.

In the single particle approximation, the two-photon mo-
mentum density p*”(p) is given by

(3.1)

5 ) = S malh)| [ Car0) s (s vy
nk
(3.2)

where ¥,x(r) and ¥, (r) are the electron and positron
wave functions, respectively. n,(k) is the occupation
probability of the electron at the state n and k. We have

not included the electron-positron enhancement factor
because its exact form for a semiconductor is not known.

The evaluation of Eq. (3.1) requires both ¥,i(r) and
U, (r) to be found from a band structure calculation.
Saito, Oshiyama, and Tanigawa,!® for example, have
employed the norm-conserving ab initio pseudopotential
method to calculate the ¥, (r). We have preferred the
empirical pseudopotential scheme for its simplicity and
accuracy in reproducing the bands because the pseudopo-
tentials in this scheme are adjusted to fit the measured
band gaps.?? In the present work the nonlocal pseudopo-
tentials of Chelikowsky and Cohen were taken.?3

Aourag et al. have given details of the positron wave
function calculation.® With the assumption that there is
only one positron for many electrons, the positron po-
tential contains the repulsive ion core potential, the at-
tractive Hartree potential, and the electron-positron cor-
relation potential. The electron-positron correlation po-
tential is not included here because its contribution to
the total positron potential is quite small as has recently
been shown in Ge.?* In the present case the ion core
potential is evaluated in the point core approximation.
The Hartree potential is calculated with the occupied
electron charge density evaluated from the pseudo-wave-
functions. The positron wave function is represented in
terms of a set of plane waves because it does not have
any node in the ion core region.

We have employed the Fourier inversion technique, the
details of which are given in our earlier paper,!! to calcu-
late N(p.) along different crystallographic directions. In
this method we calculate the two-photon autocorrelation
function (AF) (Ref. 25) defined as

B(r) = /pzy(p)exp(ip -r)d®p. (3.3)
In the single particle approximation, B(r) may be derived
as

Br) =3 m(k) / Th ( + ) U (£) 0
nk
x(r+ ') (r')dr'. (3.4)

The AF in case of CP data may be obtained by sub-
stituting ¥, =1 in the above expression. The zeros of
the AF in the CP analysis for a semiconductor where
all bands are filled and 7, (k) =const, are seen to have
zero passages at lattice translations.?® The precision of
this procedure can be checked by computing B(r) with
¥, =1 along various axes of the semiconductors and look-
ing at the zero passages along that direction. In an in-
verse Fourier transform we obtain N(p,) from B(z) along
that direction. The summation over the wave vectors in
the occupied Brillouin zone was carried out using the 60-
point scheme of Chadi and Cohen.?” For the evaluation
of the electron and positron wave functions, 100 and 300
plane waves were taken, respectively. The core contri-
butions were evaluated and added to the valence N(p;)
after first multiplying by a suitable constant which was
obtained by fitting the core profile with the tail of the
experimental data. As with the experimental data, the
theoretical data were normalized to unity in the range
from 0 to 2.4 a.u. to allow for comparison.
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IV. RESULTS AND DISCUSSIONS

In this section we present and compare the experimen-
tal and theoretical data. The electron-positron many-
body effects on the momentum distributions are dis-
cussed. Finally the three-dimensional electron momen-
tum density is reconstructed from the experimental and
theoretical data.

A. The 2v momentum distributions

The unit normalized experimental and theoretical
ACPAR data along five directions are plotted in Fig.
1. They show good agreement with each other. The
low momentum region of the data along [100] and [110]
directions are seen to be flat, whereas in the same re-
gion the data along [111], [211], and [221] directions are
sharply peaked and thus consistent with our earlier ob-
servations in GaP (Ref. 10) and GaSb.!! However, the
dips observed in the low momentum region of the ex-
perimental data along [100] and [110] directions in Si,
Ge,3* and GaAs (Ref. 12) are washed out in the present
data because of the inferior momentum resolution of the
present experinient. Although we have deconvoluted the
experimental data, the dips might have been smeared out
by the residual instrumental function. We also observe a
break at 0.83 a.u. along the [110] direction.

From Egs. (3.1) and (3.2) we can see that the nature
of the N(p,) is decided by the k summation of the Jones
zone and the details of the electron and positron wave
functions. Erskine and McGervey? have considered the k
summation by calculating the cross sectional area of the
slices through the Jones zone along different directions
in Si and Ge. The calculation has shown that the break
is at the zone face, but it could not explain the struc-
tures at the low and high momentum regions. Inclusion

Nijk (P2)
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FIG. 1. Experimental (e) and theoretical (—) long-slit
ACPAR data along [100], [110], [111], [211], and [221] direc-
tions of GaAs.

of umklapp components in their model could explain the
high momentum regions. The situation in GaAs is the
same as in Ge because the Jones zone and the reciprocal
lattice vectors are the same in both. The matching of the
theoretical data with the measured ones in the high mo-
mentum region is because we have included these effects
adequately in our calculation.

The success of our calculation over the models of Er-
skine and McGervey in explaining the low momentum
region of the experimental data is due to the fact that
we have taken appropriate electron and positron wave
functions in our calculation. Because of this the nature
of the ACPAR data in the low momentum region can
be related to the details of the wave function distribu-
tions and their bondings in the interstitial region. In the
present case it can be visualized that the nature of the
data in the low momentum region is governed by the o
and 7 bonds of the sp3 hybridized bonding orbitals. In Si,
Pattison, Hansen, and Schneider?® have shown that there
is a (3p, 3p)o bond at the first bond length and the inter-
action of the second neighbor (3p,3p)o bonds is equiva-
lent to introducing a (3p, 3p)n* bond between neighbor-
ing atoms. From the analysis of Pantelides and Harrison
in GaAs,?® it can be shown that there is a (4p, 4p)o bond
at the first bond length and a (4p, 4p)7™* bond at the sec-
ond bond length. As a result of this there is a strong
(4p,4p)o bond along the [111] direction and an admix-
ture of (4p,4p)o and (4p,4p)7™* bonds along the [110]
direction. Similarly one could also see an admixture of
(4p,4p)o and (4p,4p)7* bonds along the [100] direction.
In graphite it has been shown that the o bond makes
the profile sharply peaked and conversely that the com-
bination of o and 7 bonds creates a dip in the low mo-
mentum region.3® The sharp peaking of the data along
the [111] direction and the dip along the [100] and [110]
directions are primarily due to the presence of (4p,4p)o
and (4p, 4p)7* bonds, respectively, along these directions.
The effect of the ionic bond on the EMD of GaAs is to
reduce the anisotropies and oscillations of the autocor-
relation functions when compared to Ge.® As mentioned
earlier, the shallowing of the dip in GaSb along the [100]
direction is because the wave functions in GaSb are more
diffused due to its smaller band gap compared to GaP
and GaAs.!!

B. The many-body enhancement effects

Along the [110] direction in Si, Fujiwara, Hyodo, and
Ohyama3! have shown that the ACPAR data are en-
hanced at the zone face and are dehanced in the high
momentum region due to the intraband and interband
transitions of the electrons, respectively. The situation
in Ge is quite similar.® Comparison of the present experi-
mental data on GaAs with the theoretical data, based on
the single particle model, along the [110] direction (Fig.
1) clearly shows both the effects. One should remember
that the pseudo-wave-functions in our calculation lack a
core-orthogonalization term and hence underestimate the
high momentum region. It is hoped that the inclusion of
this term will result in an increase of the high momentum
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FIG. 2. Experimental (o) and theoretical (—) two-photon
autocorrelation function for GaAs along the [110] direction.
The circles show the lattice positions along this direction.

region and thus reveal a better picture of the dehance-
ment effect than that seen in the present calculation.

We find in Fig. 2 that the zero crossings of the exper-
imental AF along the [110] direction are shifted to the
right of the lattice positions, whereas the theoretical AF
like that derived from CP data shows zeros!® at the ex-
act lattice positions. We have also seen this effect in Ge
(Ref. 8) and it seems to be a general feature in semicon-
ductors. The zeros in the theoretical AF show exact val-
ues because we have used 7, (k)=const and the combined
electron-positron wave function [¥%, (r) = ¥,y (r) ¥, (r)]
is periodic like the electron wave function. This effect
is also seen in a recent paper on aluminum®? where the
shifting of the zero passages in the experimental AF is
attributed to the electron-positron enhancement factor.
It is interesting to observe however that the enhancement
factor in semiconductors changes the zero positions in an
opposite way to aluminum. This clearly suggests that in
semiconductors a different form of enhancement factor is
necessary to explain the experimental zeros.

o

T[00)(A)

C. Three-dimensional autocorrelation function
and electron momentum density

We have used the program RECONST which uses the
Fourier-Bessel transformation method to reconstruct the
three-dimensional B(r) and p??(p) from the measured
and calculated B(z).3® This method involves the expan-
sion of the B(r) function in terms of the spherical har-
monic functions Y ., (0, ¢) as

B(I‘) = Zbl,m(r)n,m(gv d)) (41)

l,m

Similarly pY(p) can be expanded in terms of the plz;n(p)

and Y, (6, ¢) functions. pfjn(p) may be obtained from
the Fourier-Bessel transform of b; ., (r) which is obtained
by solving Eq. (4.1) for a number of crystallographic
directions. We had experience in using RECONST with
the theoretical data in order to check the convergence
of p?7(p) for the number of directions and the order of
spherical harmonic functions. Like in the CP analysis!®
we find that five sets of data with four kinds of spheri-
cal harmonic functions up to eighth order are sufficient
to get convergence. By omitting the term corresponding
to the zeroth order of the spherical harmonic function,
we have constructed the anisotropic parts Bapis(r) and
PZZis(P) of B(r) and p27(p), respectively.

We have plotted the theoretical and experimental
Banis(r) in Fig. 3. Similarly the theoretical and exper-
imental P:Zis(P) are plotted in Fig. 4. There is good
agreement between the theoretical and experimental data
in Figs. 3 and 4. Since the features seen in Figs. 3 and
4 are related to each other by the Fourier transforma-
tion, both figures carry the same physical meaning. We
observe a peak at the second bond length in both the
experimental and theoretical Bayis(r). This corresponds
to the dip seen around 1.0 a.u. in Fig. 4. Such a feature
has already been seen in diamond, Si, Ge,?® and GaAs.!®
As per the analysis of Pattison, Hansen, and Schneider?®
this feature is due to the presence of a (4p, 4p)m* bond at
the second bond length. Usually one expects to see a dip

FIG. 3. Experimental (left) and theoreti-
& cal (right) Banis(r) for GaAs. The contours
are given in the intervals of 0.1 electrons in
which the positive contours are solid and the
negative contours are broken lines. Also indi-
cated are the radial distances corresponding
to the first bond length (2.45 A) and the sec-
ond neighbor bond length (4.0 A).

40
r [1101(A) r101(A)
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P[100](a.u)

FIG. 4. Experimental (left) and theoreti-
cal (right) p27, (p) in GaAs. The contours are
at 0.05 electrons/a.u.®. The notations for the
positive and negative contours are the same
b as in Fig. 3. The light full line denotes the
Jones zone.

Pl1o)a.u)

at the first bond length along the [111] direction in Fig.
3 due to the (4p,4p)o bond effect. There is, however, no
such feature seen in both the theoretical and experimen-
tal data. The failure of this analysis to observe the o
bond effect may not be surprising. The spherical average
is influenced by all directional information and therefore
a strong feature in some direction will also contribute to
the spherical average. The effect of the positron wave
function might be such that Bapis(r) and p27, (p) have
lost angular information instead of losing the radial ones.

Finally we have plotted the experimental and theo-
retical p2?(p) data along the [110] direction in Fig. 5.
Such an analysis generally yields a better understanding
of the enhancement effect at the zone face. In fact when
compared to the theoretical calculation, our experimen-
tal data show a sharper slope at the zone face. However,
there are some oscillations present in the low momen-
tum region which is not surprising. It is well known that
for reasons of geometry, the long-slit apparatus does not

27 (0
p“O P

0.6

0.4

0.2

1.75

FIG. 5. Experimental (o) and theoretical (—) p*”(p) along
the [110] direction.

pf10)(a.u)

yield accurate information about the behavior of p2¥(p)
in the low momentum region.3* The three-dimensional
momentum density of Tanigawa and co-workers'3 and
Liu, Berko, and Mills®> constructed from 2D ACPAR

data have clearly shown enhancement effects.

V. CONCLUSION

In the present work we have reported experimental and
calculated ACPAR data for GaAs in different directions
which agree with each other reasonably well. This has
yielded a qualitative bonding picture for understanding
the behavior of the data in the low momentum region.
For a more quantitative representation it is required to
calculate the data using a molecular orbital picture. The
electron-positron enhancement and dehancement effects
are discussed by comparing our experimental data with
the theoretical one calculated in the single particle for-
malism. In metals there are many working formulas avail-
able for describing enhancement effects which when in-
corporated into the theoretical two-photon momentum
density yield excellent agreement with the experimental
data. The present work suggests the need for a work-
ing formula in semiconductors at present which does not
exist. The autocorrelation anisotropy for the [111] direc-
tion is seen to be significantly changed when compared
to that found in CP measurements.
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