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The isotropic and the directional electron momentum distributions in cadmium sulfide are stud-
ied by Compton scattering technique. The isotropic Compton profile has been measured from a
polycrystalline CdS (wurtzite structure) sample and the directional profiles from the planes (0001)
and (1010) of single crystals, using 59.537-keV ¥ rays. The spherically averaged and directional
([0001], [1010], and [1120]) Compton profiles have been calculated with use of linear combinations
of atomic orbitals based on the symmetrical orthogonalization method. The experimental isotropic
profile is found to be in quite good agreement with the theoretical one calculated with use of wave
functions for free Cd?>* ion and S?~ ion in a spherical potential. The experimental and the calculat-
ed anisotropies are found to be in disagreement. The present calculational method is suitable for
ionic solids, but our results for CdS reflect the need to take into account the partial covalent nature

of the bonds between Cd and S.

I. INTRODUCTION

Compton scattering of x and y rays has been success-
fully applied to determine the electron momentum distri-
bution (EMD) of several materials.’? This kind of study
on wurtzite-structure materials is, however, infrequent
and concerns mainly the average EMD. The anisotropy
studies give valuable information about the bonding be-
tween the constituents of the material, and they are even
more reliable than studies on a single profile, because the
effects of several corrections to the measured data cancel
out. So far, there are neither experimental nor theoreti-
cal EMD anisotropy studies on wurtzite-structure com-
pounds comprised of group-II and -VI elements. The
difficulties in growing single crystals large enough for
Compton profile measurements have hindered the experi-
ments. The theoretical determination of the electronic
properties of wurtzite-structure compounds is complicat-
ed due to the low symmetry of the structure and the ex-
istence of four atoms in a unit cell. Moreover, the lattice
constant ratio ¢ /a deviates often slightly from the ideal
value of 1.633.

The semiconducting cadmium compounds, especially
the wurtzite polymorphs, are interesting because of their
technical importance. Their physical properties have
been studied widely, and quite recently, the electronic
band structure of CdS in the wurtzite crystal structure
was determined both experimentally and theoretically.?~>
However, there have not been any attempts to use the
band-structure data for determination of EMD’s.

The Compton profile of wurtzite CdS in the crystal
direction [0001] was measured by Jakimavicius and Pur-
lys® using Mo K« radiation with an energy of 17.4 keV.
They compared the experimental profile with some
theoretical ones, but the agreement was found to be poor.
Their experimental profile suffered from residual
multiple-scattering effects and the evident failure of the
impulse approximation. Therefore, it was decided to
determine the average EMD and the EMD’s in the main
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crystal directions [0001] and [1010] of CdS by using a
spectrometer based on >*' Am with y-ray energy of 59.537
keV. Moreover, there was the possibility of calculating
the corresponding Compton profiles in the LCAO (linear
combination of atomic orbitals) approximation. The
comparison of the experimental and theoretical profiles
gives information about the validity of the LCAO ap-
proximation. It is most useful in the case of ionic solids,
but the relative ionicity of CdS is only about 0.7.”

II. EXPERIMENTS

The experimental arrangement used in this study has
been described in detail earlier.® ¥ rays with an energy of
59.537 keV emitted by an annular 2! Am source of activi-
ty of 5-Ci scatter from the sample in an evacuated
chamber. The primary and scattered beams form an an-
gle of 165° with each other (scattering angle), and angles
of 75° and 90° with the sample surface, respectively. This
corresponds to a Compton peak energy of 48.5 keV. An
intrinsic Ge crystal (Princeton Gamma Technologies)
cooled to liquid-nitrogen temperature (77 K) was used as
a detector. A pile-up rejector was included in the system
to prevent the summation of pulses. The channel width
was about 63 eV or 0.1 a.u. of momentum and the total
resolution of the Compton spectrometer was about 0.6
a.u. of momentum.

Cadmium sulfide single crystals in the wurtzite struc-
ture, delivered by Cleveland Crystals, Inc., were used to
determine the Compton profile in the crystal directions
[0001] and [1010]. The thickness of the crystals was 1.2
mm and the area perpendicular to the average scattering
vector was 1.0 cm?. The orientation of the single crystals
was confirmed by x-ray diffraction. The isotropic Comp-
ton profile of CdS was measured by using a polycrystal-
line powder sample with a thickness of 1.15 mm. The
purity of the powder (Fluka A.G. Buchs, Switzerland)
was 99.999%.
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The measuring time was about 3 X 10° s for the powder
sample and 5X 10° s for each of the single crystals. One
photon in three seconds per channel was registered at the
maximum of the profile.

Figure 1 shows the raw data for polycrystalline CdS
accumulated during 3X10% s. The height of the elastic
peak is about twice that of the Compton peak. The Ge
Ka escape peak at p,=1.8 a.u. and a weaker Ge Kf3 es-
cape peak cannot be seen because they are overlapped by
the Compton profile. To minimize the effect of the es-
cape peaks, the spectrum of the >*! Am calibration source
was subtracted from the measured Compton spectra until
the elastic component disappeared. To correct for the
background, a no-sample measurement was made, and
the scaled intensity was subtracted from the measured
spectra. Then the low-energy tail was removed and the
data were deconvoluted® to reduce the effect of the finite
resolution of the detector. The data were also corrected
for the energy dependence of the absorption and the rela-
tivistic cross section. The spectra were converted from
energy to momentum scale and the profile was normal-
ized to the area of the theoretical profile, 26.52 electrons,
in the momentum range from 0.0 to 7.0 a.u. using inter-
vals of 0.1 a.u. The 1s electrons of cadmium were
neglected because they do not contribute to the experi-
mental profiles at this momentum transfer. The contribu-
tion of double-scattering processes was estimated using
two Monte Carlo methods.!®!! The amount of double
scattering was 4.5% of the total intensity and 1.8% and
2.0% at J(0) for the powder and the single-crystal sam-
ples, respectively. Moreover, the amount of triple
scattering was estimated by one of the Monte Carlo
methods!! and was found to be only 0.2% of the total in-
tensity.

III. CALCULATIONS

The free-atom or -ion wave functions or wave functions
for ions in different model potentials can be used for cal-
culation of Compton profiles of solids in the LCAO ap-
proximation. The computing method used in this study
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FIG. 1. Energy spectrum of 59.537-keV ¥ rays scattered
through a mean angle of 165° from a polycrystalline CdS sam-
ple. The channel width is about 63 eV.
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was developed by Aikala initially for primitive crys-
tals'>!3 (representable as Bravais lattices) and later ex-
tended to nonprimitive crystals (representable as Bravais
lattices with a basis).!* As the wave functions ¥ are
nonorthogonal, when they are localized to different lat-
tice sites (u,v), overlap integrals of the form

A= [ i r)dr (1)

exist. The initially nonorthogonal functions are ortho-
normalized by using Lowdin’s symmetrical method.!
The first-order density matrix for one crystal atom g is
then defined as'?

p(r,r')=23 Ell'ﬂ(r)(A'l)ﬂ‘,l/Jt(r') ) ()
HEG Vv
and (A_‘)w, is the inverse overlap matrix element be-

tween the states ¥, and 9, localized in different atoms of
the crystal. The corresponding momentum density p,(p)
is obtained by a double Fourier transform as

pe(P)=23 3 X (PNAT), Xk (D), 3)
uw v

where y(p) is the electron wave function in momentum
space, given by the Fourier transform of the real-space
wave function ¥(r),

x(p)=2m) 732 [ yY(r)e®dr . @)

The Compton profile is the one-dimensional projection of
p(p) in the desired direction,!

Jp)=[" [ plp)dp. dp, . (5)

The details for computing the Compton profiles from the
first-order density matrix are given in Refs. 12-14.

To calculate the inverse overlap matrix A~! the
Fourier-series method!® is employed. The metric matrix
(the overlap matrix) A is first partly diagonalized by a un-
itary transformation and the small diagonal blocks are in-
verted. Thereafter, the inverse Fourier transform is cal-
culated, and this gives the inverse metric matrix ele-
ments. We have extended this method to the Cj,-
symmetry point group of the wurtzite structure along the
lines presented for the site-symmetry point groups D,,,
Dg,, and O,, by Aikala.'®

The computer programs were rewritten in standard
FORTRAN 77 language and installed on a Digital Equip-
ment Corporation VAX 8650 computer. The programs
were checked by reproducing the spherically averaged
and the directional Compton profiles for NaF.!”

Wave functions for neutral free Cd and S atoms,'® Cd™
and S~ ions,'® and Cd?>' and $?” ions,'®”?° where the
sulfide ion was supposed to be free or in spherical poten-
tials of various radii, were used to calculate the Compton
profiles. The ground-state electron configuration is
core+4d 19552 and core+3s23p* for Cd and S, respective-
ly. The overlap effects were calculated for the 4d and Ss
states of Cd and for the 3s and 3p states of S. This makes
20 states altogether in the case of CdS and Cd*S™ and 18
states in the case of Cd?>*S2~. Twenty-one nearest orders
of neighbors were included in the orthogonalization and
in the calculation of the corrections to the Compton
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profiles. Lattice parameters were taken as a=4.1348 A
and ¢=6.7490 A.?! The overlap effects for the Cd>* and
S2~ (in a spherical potential) ions only were found to be
small enough for the Fourier-series method to give reli-
able results.!® The maximum overlap was about 0.08 for
these ions and about 0.3 for the other cases. Moreover,
the convergence of the Compton profiles, which was
checked by using various numbers of neighbor orders and
integration points in the numerical integrations, was
achieved only by using these wave functions. Therefore,
only the results for the case Cd>"S?~ will be considered
in the following.

IV. RESULTS AND DISCUSSION

The experimental isotropic and directional Compton
profiles for CdS after all corrections are given in Table 1.
The experimental profile J[o; has a lower electron
momentum density at low momenta than the isotropic
experimental profile, which in turn has a lower electron
momentum density at low momenta than the profile
J“Om]. Thus, for p,=0 a.u._the Compton profile is
higher in the nonbonding [1010] direction than in the
bonding [0001] direction.

The J(0) values for the free-ion and the isotropic
LCAO profiles are given in Table II for different wave-
function combinations of Cd?>" and S$?~ ions. Moreover,
the quantity

A= S

0.0=p,<7.0 a.u.

|Jtheor(pz )_—Jexpt(pz )|2 s
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which gives information about the overall agreement of
the theoretical and experimental Compton profiles, has
been calculated using theoretical LCAO profiles convo-
luted with the residual instrument function (RIF) of the
experiment (cf. Table III, last column). The wave-
function combinations 5 and 6 are found to be bést in
describing the experimental isotropic profile in the whole
p, range.

The crystal Compton profiles in the LCAO approxima-
tion for the Cd**S?~ configuration calculated by using
wave-function combination 5 [a free Cd?>t ion? and a
S?~ ion in a spherical potential of radius 3.477 a.u. (Ref.
19)] are given in Table III. In addition to the spherically
averaged and the various directional profiles, the free-ion
Compton profile is included.

The difference between the experimental isotropic
profile and the spherically averaged LCAO profile convo-
luted with the residual instrument function of the experi-
ment is plotted in Fig. 2 for wave-function combinations
2, 5, and 6. Moreover, the corresponding difference for
the free-ion profile calculated from wave-function com-
bination 5 and for the free-atom profile from Ref. 22 are
plotted. One can clearly see that the free-ion profile is a
much better approximation than the free-atom profile,
and the overlap correction brings the theory closer to the
experimental values near the peak of the profile. It can
be mentioned that the radius 3.477 a.u. is given by Paul-
ing® for the S2~ ion and it is seen to give the best agree-
ment with the experiment near p, =0 a.u.

The impulse approximation seems to be valid for other

TABLE 1. Experimental isotropic and directional Compton profiles for CdS. The statistical error o

is given at some p, values.

p: (a.u) Jisotropic) o J o001} J[ 1070] o
0.0 12.399 +0.020 12.347 12.437 +0.014
0.1 12.318 12.268 12.346
0.2 12.098 12.060 12.120
0.3 11.751 11.731 11.778
0.4 11.295 11.303 11.325
0.5 10.758 10.793 10.788
0.6 10.169 10.224 10.196
0.7 9.553 9.624 9.576
0.8 8.939 9.016 8.953
0.9 8.346 8.419 8.353
1.0 7.792 +0.016 7.852 7.791 +0.011
1.2 6.844 6.857 6.836
1.4 6.107 6.067 6.087
1.6 5.505 5.447 5.479
1.8 4.967 4.938 4.951
2.0 4.474 +0.012 4.492 4.476 +0.008
2.5 3.489 3.532 3.507
3.0 2.803 2.803 2.808
3.5 2.329 2.311 2.320
4.0 1.992 +0.008 1.978 1.979 +0.005
5.0 1.526 1.520 1.526
6.0 1.218 1.209 1.212
7.0 0.963 +0.005 0.954 0.956 +0.003
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than K electrons of Cd. According to the binding-energy
criterion, the impulse approximation is valid when the
recoil energy (RE) is larger than about twice the binding
energy?* (BE) and the square of the BE-to-RE ratio gives
the accuracy of the approximation.?® The binding ener-
gies for L electrons of Cd are 4.018, 3.727, and 3.538 keV
(Ref. 26) and the recoil energy varies from about 11 to 7
keV at p, values from O to 7 a.u. in this experimental ar-
rangement. Thus the binding-energy criterion is fulfilled
at least in the p, range from O to 5 a.u. corresponding to
the recoil energy from 11 to 8 keV. The confidence of the
impulse approximation varies from 10% to 25% for the
L electrons of Cd. In the case of palladium, the Compton
profile measured by 60-keV photons was found to be in
excellent agreement with the results obtained by 320-keV
photons.?”?8 The L-shell binding energies for Cd are not
very different from those of Pd and thus one can conclude
that the impulse approximation is valid for L electrons of
Cd.

The theoretical anisotropies AJ; =Jo001] (1070
AJ, =J[000,]—-J[“§0], and AJ3=J[10TO]—~J[“50] calculat-
ed for wave-function combination 5 are plotted in Fig. 3.
They have not been convoluted by the residual instru-
ment function of the experiment. The AJ; and AJ,
curves closely resemble each other, the anisotropy being
slightly larger for AJ,; near the peak of the profiles. At
the the peak of the profiles the anisotropies AJ, and AJ,
are 1.4% and 1.1% of the J(0) value, respectively, but
AJ; is only 0.2% of the J(0) value. This is understand-
able on the basis of the wurtzite structure, where the

TABLE II. J(0) values for the free-ion and the isotropic
LCAO Compton profiles calculated using different wave-
function combinations (wf) for Cd*>* and S*>~: For 1, 2, and 3
Cd?* from Clementi and Roetti (Ref. 18) excluding the 5s con-
tribution and S?~ of various radii from Paschalis and Weiss
(Ref. 19); for 4, 5, and 6 Cd>* from Richardson et al. (Ref. 20)
and S2” from Paschalis and Weiss (Ref. 19). The quantity

AZ:EO.OSPZ <7.0 a.u. thheor(Pz )-Jexp!(pz )IZ

S2-
radius
wf (a.u.) Free LCAO A?
1 3.137 12.526 12.388 0.31
2 3.477 12.720 12.555 0.27
3 3.817 12.894 12.705 0.39
4 3.137 12.370 12.247 0.45
5 3.477 12.564 12.414 0.22
6 3.817 12.738 12.564 0.18

planes (1010) and (1120) are directed about equally in
contrast to the (0001) planes.

The experimental anisotropy Jio001] ~J[070; 18 given in
Fig. 4 together with the theoretical ones calculated for
different S?”-ion radii and convoluted with the residual
instrument function of the experiment. One can clearly
see that the experimental and the theoretical anisotropies
are not consistent with each other. The details of the
theoretical curves after the second maximum are smeared
off in the convolution process with the residual instru-

TABLE III. Spherically averaged and directional ([0001], [1010], [1120]) LCAO and the free-ion
Compton profiles for Cd>tS?~ calculated from wave-function combination 5 (Table II). The residual
instrument function (RIF) of the present experiments is also given. The profiles are not convoluted

with the RIF of the experiment.

Pz (a.u.) J(av) J[O()Ol] J[IOTO] J[lﬁ()] J(ﬁ.ee) RIF
0.0 12.414 12.517 12.344 12.374 12.564 1.600
0.1 12.355 12.458 12.280 12.304 12.497 1.522
0.2 12.154 12.220 12.095 12.097 12.274 1.305
0.3 11.798 11.775 11.788 11.760 11.872 0.992
0.4 11.313 11.225 11.351 11.308 11.323 0.642
0.5 10.744 10.667 10.806 10.786 10.697 0.316
0.6 10.140 10.104 10.200 10.224 10.056 0.056
0.7 9.532 9.520 9.572 9.618 9.436 —0.114
0.8 8.939 8.938 8.951 8.979 8.856 —0.193
0.9 8.377 8.389 8.367 8.363 8.321 —0.198
1.0 7.863 7.882 7.846 7.823 7.832 —0.155
1.2 7.005 7.000 7.002 6.985 6.978 —0.031
1.4 6.299 6.288 6.302 6.310 6.254 0.041
1.6 5.664 5.665 5.665 5.674 5.623 0.041
1.8 5.083 5.090 5.083 5.082 5.060 0.012
2.0 4.563 4.568 4.564 4.561 4.552 —0.008
2.5 3.520 3.515 3.520 3.519 3.514 —0.001
3.0 2.790 2.790 2.790 2.792 2.786 0.001
35 2.296 2.299 2.297 2.294 2.293 0.0
4.0 1.951 1.949 1.951 1.952 1.950 0.0
5.0 1.486 1.487 1.486 1.486 1.485 0.0
6.0 1.159 1.159 1.159 1.158 1.158 0.0
7.0 0.908 0.908 0.908 0.907 0.907 0.0
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FIG. 2. Comparison of the experimental and the theoretical
isotropic Compton profiles for CdS. The difference between the
spherically averaged LCAO profile convoluted with the residual
instrument function of the experiment and the experimental iso-
tropic profile for different wave functions: the Cd** ion from
Ref. 17 combined with the S?~ ion of radius 3.477 a.u. from Ref.
18 (solid curve), the Cd*" ion from Ref. 19 combined with the
S?~ jon of radius 3.477 a.u. (dashed curve) and 3.817 a.u. (dotted
curve) from Ref. 18. The difference corresponding the dashed
curve without orthogonalization corrections (dot-dashed curve)
and the free-atom (double dot-dashed curve) profile is also
given. Error bars (o) are shown at selected p, values.

1 2
P, (a.u.)

FIG. 3. Difference AJ between the directional Compton
profiles of CdS in the LCAO approximation: Jioo1) (1470
(solid curve), Jioo01] —J 11307 (dashed curve), and Jp 45501 = J 1130
(dotted curve). Wave functions for the Cd*" ion were from Ref.
19 and for the S?~ ion (radius 3.477 a.u.) from Ref. 18.
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FIG. 4. Comparison of the experimental and the theoretical
anisotropy AJ =J[0001]—J“0T0]. The experimental result is
given by circles and error bars (o) are shown at selected p,
values. The theoretical curves are convoluted with the residual
instrument function of the experiment and correspond to the
S?~-ion radii 3.817 a.u. (dashed curve), 3.477 a.u. (solid curve),
and 3.137 a.u. (dotted curve).

ment function. For fair comparison, the theoretical an-
isotropies should include also the effect of the annular
source geometry of the experiment (the direction of the
scattering vector is not constant). In the case of MgO the
effect of this was to reduce the minima and the maxima
by about 14% when the scattering angle was 166°.%°
However, this cannot be applied directly to the present
case because now the structure is hexagonal; the method
developed by Aikala?® deals only with cubic structures.

The anisotropy is not sensitive to the S -ion represen-
tation. The same conclusion can be made also in the case
of MgO about the O? -ion representation.>® Therefore,
the reason for the inconsistency of the anisotropies evi-
dently lies in the model used for the calculation. The
wave functions used here for Cd®>" and S?~ can be taken
as representatives and the basic features of the anisotro-
pies can be supposed to remain the same when the poten-
tial for the S?~ ion is changed.

As mentioned earlier, the fractional ionic character of
CdS is 0.7 and thus the bonds have a significant amount
of covalent nature. The ionic description Cd?"S2™ is not
then completely justified, although it interprets the iso-
tropic Compton profile fairly well. Instead, some hybrid-
ization to sp> orbitals occurs. The interstitial electronic
distribution is localized in preferred directions, which
affects the anisotropy in momentum space also. The cal-
culations reported here are based on complete ionic
description with no preferred directions in the electron
density.

The quantitative comparison of the present data with
the results given by Jakimavi&ius and Purlys® is impossi-
ble because no numerical results were given. They tried
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to interpret the Compton profile of CdS using different
theoretical approximations with little success. Wave
functions for ions Cd** and S?~ were not used.

In many cases the structure of the material determines
the basic features of the anisotropy of the Compton
profile. This was predicted, e.g., for tetrahedrally bonded
semiconductors of the zinc sulfide type.>! Although
there are only few studies concerning wurtzite-structure
materials, anisotropy studies on hexagonal boron
nitride’? are worth mentioning. The anisotropy J{oo01)
—J 11 (0001)) measured from pyrolytic samples and the an-
isotropy calculated in the LCAO ' approximation
disagreed, especially at low momenta. This anisotropy
was found to be slightly negative experimentally and
slightly positive in the LCAO approximation close to
p,=0.0 a.u. Better agreement of the experimental and
the theoretical anisotropies was found with the
molecular-orbital calculation and the pseudopotential
calculation. Thus, the same type of discrepancy between
the experimental and the LCAO anisotropies is observed
in BN and in the present case of CdS. However, no
direct conclusions can be made from these two cases only
because the materials are of different nature. Also, the
details of the computations differ.
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V. CONCLUSIONS

Compton profiles of CdS have been measured with
high statistical accuracy. The isotropic Compton profile
of CdS is fairly accurately reproduced in the calculation
process based on the LCAO approximation when using
the wave functions for the free Cd*>* ion and the S?~ ion
in a spherical potential. However, the LCAO model fails
to interpret the experimental anisotropies. The free-atom
or -ion wave functions for sulfur are found unsuitable,
but instead the sulfide ion has to be placed in a potential
describing the crystal surroundings. Calculations of
Compton profiles for wurtzite materials using other mod-
els are suggested. The determination of Compton profiles
for other compounds having the wurtzite structure is in
progress in order to examine their common features.
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