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Abstract. A comparison is made between x-ray absorption spectra at the sulphur K edge for
CdS in wurtzite and zincblende structures. Differences between the polarization dependences
of the x-ray spectra are expected due to the differences in symmetry for the two modifications.
Multiple-scattering calculations in both structures are compared to published spectra and atlow
us to interpret a strong dichroic effect in the wurtzite strueture. The intensity of a specific
resonance is related to the middle-range order around sulphur atoms and potential applications
of this fingerprint analysis are proposed.

1. Introduction _

CdS doped glasses—and more generally many composites made of small semiconductor
particles embedded in an insulating glass matrix—have recently been extensively studied,
because of the reactivated interest in quantum confined semiconductors, This interest in
spatial confinement of exciton or free carriers iti one or more dimensions is motivated
both by fundamental factors and for potential applications in non-linear optical devices.
Three-dimensional confinement (quantem dots) can be produced in different solid dielectric
matrices (glass, polymer, gel). The optical properties of such quantum dots differ from those
of bulk material: they show discrete, large-molecular-like electronic states that shift towards
higher energy with smaller particle sizes, leading to a blue shift of the optical absorption
and large third-order susceptibility {1].

The average size of crystallites grown by diffusion-controlled techniques can cover a
wide range of values, from several micromeires down to a few Angstroms, but the size
distribution and quality of the interface with the dielectric differ from case to case. Only
crystallites of JI-VI and I-VII have been grown on glasses [2]. After the semiconductor
clusters have grown beyond the nucleation stage, they acquire the crystalline structure and
the stoichiometry of the bulk. For CdS, which can be obtained in the wurtzite or the
zincblende structure, the nanocrystalline can a priori adopt either of the two structures.
High-resolution transmission electron microscopy on CdS commercial glasses evidenced
only wurtzite structure crystallites in the 1.5-10 nm range [3] while other studies attribute
zincblende structure to crystallites smalier than 10 nm [4]). Other stodies devoted to CdS
in colloids indicate blende structure for small sizes (below 1-2 nm) and wurtzite for larger
crystallites (greater than 5 nm) [5,6]. For CdS doped materials, the shift of the exciton is
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pronounced for crystallites smaller than 6 nm. In this range of sizes, the crystallite structure
is not well known and characterization by x-ray diffraction or high-resolution transmission
electron microscopy is difficult. In this paper we show by multiple-scattering calculations
that x-ray absorption spectroscopy is the suitable method to address this problem. Indeed
although the local organization is very similar in both zincblende and warizite structures it
is possible by a detailed examination of the polarization dependence of the absorption cross-
sections to assign features to medium-range order (around 10 A) and then to differentiate
the two phases.

The aim of this paper is to exhibit the origin of dichroism and to discuss theoretically
its importance. In the second section we outline the similarities and differences between the
two modifications in which CdS can crystallize. The third section presents the theoretical
background of multiple-scattering calculations with special attention to the questions of
potential construction, symmetry and dichroism. The fourth section is devoted to the
calculations of the isotropic spectra and to comparison with the expertmental data, from
which we infer the middle-range order information that can be extracted from x-ray
absorption spectroscopy. In the fifth section the dichroic information is used to confirm
the theory developed in the preceding section and the sixth section is a short conciusion,

2. Cadmium sulphide phases

CdS exists in two modifications with large similarities: zincblende and wurtzite. The
zincblende structure can be described as two face centred cubic sublattices (one anionic and
one cationic sublattice) shifted by (%, 1, 1) from one another [7]. The wurtzite structure is
constituted by two hexagonal lattices (one anionic and one cationic sublattice) shifted by
{0, 0, &) [7]; « is a free parameter of the wurizite structure and has the value 0.377 for CdS
[8]. There exists an “ideal” wurtzite structure where the hexagonal lattices are two compact
hexagonal lattices (c/a = ~3/2+/2) with y = % [7]. In both structures, the coordination
shell of the anjon is made up of four cations in tetrahedral symmetry and the second-
neighbouring shell is made up of 12 anions. The electronic properties of the two phases
are also rather similar: if the Brillouin zones are folded according to the axes of higher
symmetry it can be shown that there exists a correspondence between the k vectors of the
two Brillouin zones [9]. If the band structures are compazred by using this correspondence,
they are similar in shape, bandwidth and band gap [10].

X-ray absorption spectra at the sulphur K edge have been measured by Sugiura on
powders for the two modifications [11]. It is found that the spectra are very similar. In
the case of powder spectra, there is an angular averaging of the crystal orientations and
no angular dependence can exist. Moreover since the first two neighbouring shells are for
the two structures similar in nature and number but different for the angular arrangement
of the second shell, any difference in the isotropic spectra can find two possible origins: 2
multiple-scattering process of higher order than single scatiering in the first two shells or a
multiple-scattering process (single scattering is included in multiple scattering) originating
from beyond the second shell of neighbours. Both hypotheses lead to slight changes in the
cross-section, as confirmed by experiment.

However, x-ray absorption performed on single crystals is a symmetry sensitive
technique that should give different results for the two modifications of CdS. X-ray
absorption spectra probe selectively any final states whose symmetries are determined by
the electric dipole selection rules applied to the initial state. Indeed in the electric dipole
approximation (valid at K edges for elements with Z < 50 [12]) the absorption cross-section
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transforms under the action of rotations as a tensor of rank two [13]. For a crystal with cubic
symmetry such as zincblende, there is no dependence of the x-ray absorption spectrum on
the direction of polarization {14]. On the other hand, in the case of the wurtzite structure,
the orientation group of the wurtzite space group is a hexagonal point group. In this case it
has been shown that x-ray absorption spectra exhibit a dichroic dependence on the direction
of the polarization vector. Then large differences are expected to occur for x-ray absorption
spectra registered on single crystals with linear polarization.

3. Theoretical background

The x-ray absorption spectra have been calculated in the framework of the multiple-
scattering method. The technique has already been extensively presented in numerous papers
and its application to the case of x-ray absorption spectroscopy is the fruit of the pioneering
work of J B Pendry and C R Natoli. There is no need to give much detail about the
calculations since the essentials can be found elsewhere [15, 16]. Nevertheless we present
three important points of the calculation: the construction of the potential, the reduction of
the angular basis to a symmetrized one and the dichroic formalisre. The potential is the
central point in any multiple-scattering calculation and we shall give a precise description
of its construction. The reduction of the angular basis set to a symmetrized basis set does
not change the physics of the calculations except for the fact that, due to the large reduction
of the secular determinant, it makes the calcnlations tractable for large clusters and large
orbital momentum; this is not an easy matter and needs to be described in detail.

. Theoretical calculations were performed for CdS at the K edge of sulphur with the
multiple-scattering wave code developed by Natoli and coworkers, using the ‘extended
continuum’ method [15, 16]. In this method advantage is taken of the fact that the electronic
contribution to the cross-section can be fully separated from the geomefrical part. The
method is a real space method, where the absorption is calculated for a finite cluster of
atoms. The absorbing atom is at the centre of the cluster and the cluster is constituted of
the neighbouring shells around the absorbing atom. A shell is constituted of all the atoms
at a same distance from the absorbing atom. The local point group of the absorbing sulphur
atom in the cluster is the same as the local point group of the sulphur sites in the crystal. The
absorption cross-section is proportional to the probability of transition from one core state
to some continuum states and is given explicitly by the Fermi golden rule. The continuum
states are expressed on the harmonic representation, which is a complete set of solutions of
the Schrédinger equation. In this basis the cross-section can be expressed as

o @) = dnehw 3 | (FLile - 7ig) P s
T wh

where a is the fine-structure constant, fiew is the photon energy, & is the quantum momenturn
of the photoelectron such that #%k%/2m = hw — E;, ¢; is a solution of the Schrodinger
equation for the initiaf state of binding energy E; and £ v is the interaction Hamiltonian in
the electric dipole approximation. {1 ;} is a complete set of solutions of the Schrodinger
equation; it is covered by &, which is a continuous index, and by a discrete compound index
L = (I, m). The coefficient 2mk/mh?finds its origin in the fact that the energy is expressed
in Rydberg and k in atomic units so that E = k? and that the partial wave functions vy (1)
have been normalized to one state per Rydberg: f:] : fma YL e Y (P)drdk =8, 1 (8
stands for the Kronecker index) where «; and &, are chosen so that («2)* — (k1)? = 1.
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3.1, Construction of the potential

For a given cluster we have to calculate the initial state and the complete set of final state
wave functions. The initial state wave function is calculated by selving the Schrédinger
equation in a spherical potential centred on the absorbing atom. The radius of the atomic
sphere is somewhat arbitrarily determined and is usually set by following the so-called
Norman prescriptions {17]. The Coulomb part of the potential is the atomic potential
calculated from the self-consistent field (SCF) atomic wave functions tabulated by Clement{
and Roetti [18]. An X—w exchange potential is added to this Coulomb potential [19] where
the o parameter is the one recommended by Schwartz [20]. For a 1s state the radial
-Schrodinger equation is solved numerically for the experimental binding energy (2472 eV
for the K edge of sulphur). It is checked that the radial wave function does not exhibit any
divergence inside the muffin tin sphere of the absorbing atom due to a misadjustment of the
binding energy. The 1s radial wave function of sulphur is not very sensitive to variations
of the potential and it has been found that it does not lead to any relevant variation in the
calculated spectra.

For the calculation of the final state wave functions, we apply the theory of muitiple
scattering in a muffin tin potential.  Electronic atomic densities are calculated from self-
consistent atomic potentials given by Clementi and Roetti [18]. The potential of the
excited state is supposed to be a screened and relaxed potential: we select the Z + 1
atomic orbitals for the absorbing atom, remove a 1s electron (relaxation) and add an extra
electron on the outer orbital to mimic screening of the hole. Around each atom, the tails of
the electronic densities from the neighbouring atoms are superimposed on the SCF atomic
electronic densities. The electronic density around each atom is sphericaily averaged and the
Poisson equation is solved to produce the Coulomb part of the potential. To the Coulomb
potential an exchange potential is added. It is an X—u potential given as a functional of
the density previously calculated with the ¢ parameter defined in the final state as for the
initial state [20]. An energy dependent potential such as the complex Hedin-Lundqvist
exchange and correlation potentials has been also tested and we do not present these results
since calculations with the X—¢ or Hedin-Lundqvist potential gave very similar spectra in
the first 10 eV above the edge [21]. This could be expected from the fact that the Hedin-
Lundqvist potential is very similar to X— for k =2 0. Around each atom an atomic sphere is
determined by fixing an atomic radius by the Norman criterion [17]: the charge enclosed in
the atomic spheres has to be proportional to the atomic number Z of the atom enclosed and
no overlap is considered. Inside each sphere the spherical part of the molecular potential
(Coulomb and exchange potentials) is made spherically symmetric,

The cluster is surrounded by an outer sphere, which is the smallest sphere containing
all the atomic spheres. Qutside the outer sphere the potential is set to zero. Inside the outer
sphere, we define the interstitial region as the region outside any atom and the potential in
this region is set constant and equal to its volumic average. Since the cluster is usually
large we consider that the net charge of the cluster is zero and no artificial charge is put on
the surface of the outer sphere.

3.2. The symmetrized basis

We consider a cluster of N atoms, where the absorbing atom is at the origin. Inside each
sphere the potential is spherically symmetric and the Schrédinger equation can be solved
numerically for each partial wave 1 (). In the atomic sphere of the absorbing atom we
can write:

YLa(r) =Y CL{L)Re ()Y (F)
Lr
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where Y/ (F) are spherical harmonics and Rp(r) is the numerical solution regular at the
origin of the radial Schriidinger equation. .Cr.(L) are a collection of parameters necessary
to ensure the continuity of 1 . {r) and its first derivative.

In the interstitial region the potential is constant but its geomctry is mtncate Ina
constant potential, any combination of spherical Bessel functions and spherical Neumann
functions is solution of the Schridinger equation. We consider that each function vy ()
in the interstitial region can be expressed as

Yo u(r) = jolkr)Yr () —i Z B (L)tyhy(kra )Y (7)
nl'
where ji(kr) are spherical Bessel functions centred on the absorbing atom and hy(kr,)
are Hankel functions centred at atomic site n; £ = sindj exp(d;) where 8 are the atomic
scattering phase shifts of the atom #. In the summation # mns from one to N (total number
of atoms in the cluster) and !’ from zero to infinity.

The parameters By, (L} are determined by imposing continuity conditions for the pamal
wave ¥ . (r) and its first derivative at the border of the atomic spheres. In doing so
the normalized partial wave v ;(r) is exactly determined inside the atomic sphere of the
absorbing atom. The cross-section is then a sum of terms of the type ¥ xle - 7|d:}[?
where the integral is only to be performed inside the atomic sphere of the absorbing atom
since the radial part of ¢;(r) is almost zero if r is larger than a few tenths of an &ngstrdm.

Inside the atomic spheres and in the interstitial region, the angular basis set is the set
of spherical harmonics ¥, (7). In all the expressions above there is a suramation up to
infinity over the discrete compound index L = (/,m). In the calculations, the summation
1s truncated to a certain [y, whose value is determined by the rule of thumb Iy > Ry k.
Indeed by analogy with ji(kr), which is negligible for kr < /I + 1), we assume that
the radial wave function solution of the radial Schrodinger equation in one specific. atomic
sphere will behave in the same way. Then there is no need to extend the summation beyond
Imex since the solution R and the corresponding phase shift are almost zero. Each function
¥rp 1 (r) is extended on a finite set of basis functions that are the spherical harmonics centred
on the different atoms for ! = 0 up to ! = Inay. If every sphere has the same Iy, there
are NIy, + 1)* different angular functions. It can be easily shown that to satisfy the
multiple-scattering equations the coefficients B},(L) have to satisfy the following vectorial
equatlons

By =[T! -G 'JL)
and
B(L)=-C(L)

where the vectors B(L) and C(L} are defined by [B(L)]y = B.(L) and [C{L}], = Cx(L)
and the matrix T is the diagonal matrix defined by [T],p = sn,,n,,a[,,,.,am,|m,rzp' with the
compound index « = {#’; (I', m)}. The {G), s matrix, also called the propagator, and the
{J1, vector are related to the translation operator in the harmonic representation. These
are geometric quantities independent of the potential, whose calculation is tedious but
straightforward for any cluster geometry. The translation operator is an irreducible tensor
of rank one of the group of rotations SO(3) [22,23]. It then transforms like the totally
symmetric irreducible representation of any point group.
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If g is the local point group that leaves the cluster invariant, it can be shown that
the matrices associated with the transformation of the N (I -+ 1)% angular basis functions
(spherical harmonics) under the operations of the group g constitute a representation of
g with the dimension N (lmy + 1)%. This representation, labelled I", can be decomposed
into a sum of irreducible representations: I = @n T where [T is the ith irreducible
representation of g, which appears n; times in the decomposition of I". There is a unitary
transformation that transforms the angular basis set {¥p(f;)} into a new basis set {¢} in
which each element transforms like one basis partper of an irrep of g. The new basis set is
constructed by the use of the projection operators, associated with the irreps of g [24]. The
new basis set {¢; .} can be labelled by three indices as follows: @, is the qﬂ'l_partner
of the mth basis of irrep I';. The ranges of variation for the indices are 1 < g < d' where
d'’ is the dimension of T"; and 1 € m < n; where r; is the multiplicity of Iy in . If O is an
irreducible tensor of rank one in SO(3), the Wigner—Eckhart theorem for finite groups states
that (Brm.q[OV)n.4) = 8: ;85 5(T%, 1 O || T%). It can be shown that the [Gly g mattix can
be expressed as (¢.|Olgg) with & = (i, m, g) where O, the transitional operator for Hankel
functions, is an irreducible tensor of rank one. In the basis {¢;n ,} G is block diagonal if
the functions {¢ m,} are ordered by first running m, then g and then i. The dimension of
the block is n;, the multiplicity of I'; in the representation I'. Moreover the submatrices
related to any partner of one given representation are all the same. Since the transition
matrix T is still diagonal in {4}, the matrix [T~! — G] is block diagonal too and can
be inverted by block: there is no admixture of matrix elements related to different irreps or
different partners of the same imrep. The case of wurtzite and zincblende is developed in
the appendix. We want to point out that in the subset of symmetry allowed basis functions
(the set of basis function belonging to the same irrep) the only parameters B7.(L} present
in the cross-section are those for which the corresponding basis is built of I’ = 1 spherical
harmonics. Nevertheless the secular equation with the complete subset has to be calculated
because [T~! — G] is only block diagonal for this subset.

3.3. Linear dichroism

The dependence of the x-ray absorption spectra on polarization direction in the case of
linearly polarized light has been extensively detailed by Brouder [13]. The local point
group for the anionic and cationic sites is T4(43m) in the zincblende structure and Ca, (3m)
in the wurtzite structure,

In symmetry Ty, the electric dipole selection rule applied to a K shell gives that the
only By, (L) that need to be known are those for which the angular part transforms like one

_partner of the I's irrep: we have chosen those that transform like x (we use Koster notations
for point group irreps) [25]. In the case of zincblende the cross-section is isotropic and no
polarization dependence exists.

In symmetry Csy, the electric dipole selection rules state that there are two groups of
By.(L) that need to be known: the one for which the corresponding angular part transforms
like T'; and the one for which the corresponding angular part transforms Iike one partner of
the two-dimensional irrep I'; (we have chosen the ones that transform like x). Two cross-
sections are calculated separately, o). for the x polarization and oy for the z polarization.
In the wurtzite crystal, the absorption cross-section is dichroic and any spectrum can be
expressed as a linear combination of the two spectra oy and oy. The coefficients of the
linear combination are geometric coefficients independent of the material and only related to
the orientation of the polarization vector. This result is valid on the whole energy range of
x-ray absorption spectra as long as the electric dipole approximation is valid. The absorption
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cross-section for a polarization vector that makes an angle 6 with the ternary axis can be
expressed by separating the isotropic and non-isotropic parts of the cross-section [13]:

o (6) = cos” o) + sin’ Py
ar
o (8) = Opowder — (1/v/2)(3cos?8 — 1) Ao

where gpowger 1s the isotropic absorption cross-section for a powder spectrum and Ao is the
non-isotropic contribution: oyowder = %(20 L+ o)) and Ao = (\/5./3)(0' L — o).
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Figure 1. Experimental spectra recorded at the sulphur K edge by Sugivea [11] for CdS powders
with zincblgnde and wurtzite structures,

4. Isotropic sulphur K edge spectra

Sugiura has recorded spectra on CdS of both zinchlende and wurtzite structures at the K
edge of sulphur [11] (figure 1}. The two specira are isotropic spectra that have been recorded
on powder samples. They are much alike except for small differences: the B resonance
‘has a higher intensity in the wurtzite structure than in the zinchblende structure and the D
resonance is higher for the zincblende structure than for the wurtzite structure, The relative
positions of the B and C resonances for the two structures are strongly dependent on the
normalization conditions chosen to compare the twe experimental spectra and moreover the
differences are small for the feature C. Then we consider that the only relevant important
difference between zincblende and wurtzite isotropic spectra at the sulphur K. edge is related
to the intensity and energy of resonance D. This will be the central point of our discussion.

The multiple-scattering ‘calculations for CdS in the zincblende structure are performed
with the crystal parameter @ = 4.12, A [8]. For CdS in the wurtzite phase, we assume an
*ideal’ wurtzite structure (u =—3§ and c/a = +/3/2/2) with ¢ = 6.735 A [7]. In doing so,



2360 C Levelut et al

the coordination shell is a perfect tetrahedron of cadminm atoms and the second shell is
made up of 12 sulphur atoms situated at exactly the same distance from the central sulphur
atom. In wurtzite and in zincblende structures the first two shells are then constituted of the
same number of atoms of the same nature and at the same distance although the angular
distribution is different [26]. The zero of energy of the calculations is the vacuum level of
the crystal. In CdS it is rather independent of the structure and located 10 eV higher in
energy than the interstitial muffin tin potential. The calculated spectra are convoluted by
a Lorentzian function whose width at half maximum is related to the effective mean free
path of the photoelectron, which takes into account the experimental resolution (0.2 eV),
the finite lifetime of the core hole (0.5 eV} and the inelastic scattering of the photoelectron
with the electrons of the material.

0.6 T T
- B
--= 89 atoms, blende siructure
A —=— 08 atoms, wurizite structure

03 r D i
=
42
B
= (VIS -
(3 (.3 Mbam
=
g
B 03 t -
2
f: 17 atoms, wurtzite structure

0.6 [

0.9 L L - e

-10 0 10 20 30

Energy (eV)

Figure 2. Calculated spectra of zincblende and wurtzite CdS at the sulphur K edge; [7-atom
clusters {for wurtzite only) and ~ 100-atom clusters.

In both structures, the main resonances are present for a two-shell cluster calculation
(figure 2). However, the resonances show strong evolution in their positions, intensities
and shapes when the size of the cluster is increased. We find that convergence is obtained
for both structure calculations when the cluster size is around 100 atoms (figure 2). This
corresponds to eight shells in zincblende with 99 atomis and a cluster diameter equal to
18.5 A while in the wurtzite structure it is a 13-shell cluster (98 atoms) with diameter
18.5 A. Although the cluster is large, it is possible to determine the specific contribution of
the particular shells. Indeed a focusing effect is present when two neighbouring shells are
collinear with the absorbing atom. Due to large forward scattering for any photoelectron
energy, the contribution of a distant shell is enhanced by the relay of the intermediate one,
This is what happens for the eighth shell of the zincblende cluster (12 sulphur atoms) that
contributes highly to the cross-section due to the collinearity with the second shell. In the
wurtzite cluster the 13th shell (six sulphur atoms in the plane perpendicular to ¢) is collinear
with six out of the 12 second neighbours and the focusing effect is less important than for
zincblende on the isotropic spectrum although it is very strong for .
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In figure 2, the isotropic calculated spectra are almost the same for zincblende and
wurtzite structures except for a few differences: the B resonance has a higher intensity
for the waurtzite structure and the D resonance is much higher for the zincblende structure.
For both structures, the experimental and calculated spectra presented in figures 1 and 2
are quite similar for a large enough cluster (~ 100-atom clusters). The main difference
originates from the intensity of resonance A that is much higher in the experimental spectra
for both phases than in the calculated spectra.
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Figure 3. Calculated spectra at the sulphur K edge for CdS. (a) The zincblende structure, for
a seven-shell (87-atom) cluster and an eight-shel! (59-atom) cluster. The shell added between
the two calculations is constituted of 12 sulphur atoms at 8.25 A from the absorbing atom.
(b) Isotropic spectra in the wurtzite structure, for a 12-shell (92-atom) cluster and a 13-shell
(98-atom) cluster. The added shell containg six sulphur atoms at 8.25 A from the absorbing
atom.

For the zincblende structure, the addition of the eighth shell strongly enhances the D
resonance (figure 3). For the wurtzite structure, the D resonance is also enhanced when
the 13th shell is taken into account (figure 3). In both phases, the added shells (sulphur
atoms at ~ 8.25 A) contribute to a focusing effect. Figure 4 shows the difference signal
between the 13- and the 12-shefl clusters in the wurtzite structure. For the difference
process, the raw calculated spectra are subtracted without energy shift to take into account
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any modifications of the zero energy. In doing so we do not introduce any adjustable
parameter but are very sensitive to slight modifications (0.01 eV) of the interstitial muffin
tin potential, which depends on the atomic nature of the cluster outer shell. This is the
origin of the large non-physical derivative signal that is seen between —5 eV and 2 V. In
the energy region from 3 to 5 eV (resonance D) the addition of the 13th shell induces an
enhancement of the D resonance. Although the previous derivative signal (from —3 eV to
2 eV) is very sensitive to any energy shift, the difference signal at resonance Db is broad
and constant. By the difference method between the calculated spectra of wurtzite, we
have pinned the importance of the eighth shell in the origin of the D resonance where
collinearity and focusing effect are certainly of importance, but the types of path to which
this shell is contributing in the scattering process are not clear and cannot be addressed by
Jut! multiple-scattering calculations.

The difference between the eight- and seven-shell clusters in the zincblende structure is
also plotted in figure 4 and similar conclusions relative to the influence of the eighth shell
on the appearance of the D resonance can be drawn. This strongly expresses the fact that
the isotropic spectra of the two phases are governed by the same laws.
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Figure 4. The difference signal between the isotropic spectra for the 13-shell cluster and the
12-sheli cluster of the wurtzite structure. A comparison with the difference signal between the
spectra for the eight-shell cluster and the seven-shell cluster in the zineblende CdS.

5. Dichroism at the sulphur K edge

Figure 5 compares the difference signal for oy between the 13- and the 12-shell clusters in
the wurtzite structure and the difference signal for oy between the eight- and the seven-shell
clusters in the zincblende structure. At the energy of resonance D there is no contribution
to the difference signal for the wurtzite structure. This originates from the fact that the six
sulphur atoms of the 13th shell are located in the plane perpendicular to the ¢ axis. From
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Figure 5. The difference signal for oy between the 13- and 12-shell clusters in the wurizite
structure. A comparison with the difference signal for o) between the spectra for the eight-shell
cluster and the seven-shell cluster in the zincblende structure.

the very simplified theory of single scattering in the plane approximation [27], it can be
inferred that the contribution to the cross-section due to the six sulphur atoms is zero since
there is 90° between the polarization vector and the vector joining the absorbing atom to
any of the sulphur atoms from the 13th shell. This argument can be refined to the case of
full multiple-scattering calculations. The 13th shell is made up of six sulphur atoms and
64 angular basis functions can be constructed with the condition 0 <! < 3. For ! > 3
the phase shifts are almost zero for photoelectron energy less than 10 eV as is the case for
resonance D. For the calculation of oy the angular functions of the symmetrized basis set
transform like the onc-dimcnsional irrep 'y of Cy,. There are six such basis functions for
I € 3 out of a total of 299 symmetrized basis functions for the whole 13-shell cluster: one
with [ = 1, two with { = 2 and three with [ = 3. The inspection of the phase shifts §
shows that for [ > 2 & is very close to zero. This means that the scattering efficiency of
the 13th shell is low since the number of basis functions that carry the scattering amplitude
# is 1% of the total number of basis functions: the focusing effect is still present since it is
a geometrical condition, but it is not efficient in the case of the polarization vector parailel
toc. ’

The difference between the eight- and seven-shell clusters in the zincblende structure is
also plotted in figure 5. The equivalent of oy is obviously i, since zincblende is cubic and
the conclusions of the previous section apply to this case: a focusing effect is responsible
for an increase of the intensity of resonance D.

Figure 6 shows the absorption cross-section when the polarization vector is along the x
direction for a 13-shell cluster in the wurtzite structure. From geometrical considerations,
one expects that resonance D is much increased by the adjunction of the 13th shell in the
cluster. Following again simple but useful arguments based on single scattering in the plane
wave approximation one can estimate the apparent number of the six planar atoms. It is
given by N = ¥ cos? & where @ is the angle between the polarization vector and the vector
Joining the central atom and any of the six neighbouring atoms. We find N = 9, which
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Figure 6. The difference signal for o, between the 13- and 12-ghell clusters in the wurtzite
structure. A comparison with the difference signal for o) between the spectea for the eight-shell
cluster and the seven-shell cluster in the zincblende structure.

means that the weight of the six atoms of the 13th shell in ¢y is 50% greater than it is
in the isotropic spectrum. A careful look at the symmetrized basis set shows also that the
shell contributes significantly to the cross-section: 21 angular functions transforming like
the first partner of the two-dimensional irrep I's out of 521 basis functions: two for [ =0,
five for [ = 1, six for [ = 2 and eight for [ = 3. In the same way as for o the phase shifts
for I = 3 are small and only slightly contribute to the cross-section, but unlike the oy case
the contribution of the I3 basis functions for { < 2 is large (2.5% of the total basis set).
Thus we find that our analysis clearly points out that resonance D mainly finds its origin in
the 13th shell, whose influence is enhanced by collinearity. In the isotropic spectrum the
resonance D is also enhanced by the presence of the 13th shell since o) weights 67% of
the isotropic spectrum.

The difference signal for the x polarized cross-section between the 13- and the 12-shell
clusters in the wurtzite structure is compared in figure 6 to the difference between the eight-
and seven-shell clusters in the zincblende structure. The enhancement of the D resonance
in the case of the wurtzite structore is 2 little more than three-gnarters of the enhancement
for the zincblende structure (if the areas of the peaks are measured). This is in complete
agreement with the attribution of resonance D to the focusing effect. Indeed in zincblende
there are 12 atoms in the eighth shell that can benefit from the focusing effect while in oy
of wurtzite the apparent number of atoms from the 13th shell is nine.

Although in the wurtzite stinctore the 11th shell (twelve sulphur atoms) is twice as large
as the 13th shell and at a similar distance from the central atom (7.90 A against 8.25 43;),
there is evidence from our calculations that it does not greatly contribute to any specific
feature but only modifies the cross-section by a few percent. The origin of the effect is
to be found in the large distance between the 11th sheli and the central atom and in the
absence of focusing geometry.
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6. Conclusion

In this paper we have addressed the important question of the determination of the
geometrical environment of sulphur in either wurtzite or zincblende cadmium sulphide.
‘We have shown that there exists a signature of the two phases that is present in the x-
1ay absorption spectra at the sulphur K edge. This signature is related to the intensity of
resonance D, which is due to the presence of the eighth shell in the zincblende structure or
to the 13th shell in the wurtzite structure. These two shells are constituted of sulphur atoms
at 8.25 A, all collinear to the atoms of the second shell of neighbours. This D resonance is
characteristic of a middle-range order and its intensity has been shown to be proportional
to the number of atoms in the eighth or in the 13th shell.

This finding receives two possible applications. Firstly it can be applied to the phase
determination of large crystallites when other methods such as x-ray diffraction or high-
resolution transmission electron microscopy are not tractable. This result is essential since
EXAFS cannot unambiguously distinguish between the two phases. Indeed although in the
wurtzite phase the second shell of neighbours around sulphur atoms contains a cadmium
atom, the contribution of this cadmium is very small due to a relatively small scattering
amplitude in the intermediate energy range (3-6 A~1).

Secondly if the phase (wurtzite or zincblende) of small crystallites can be determined,
one can extract their sizes from x-ray absorption data. For small crystallites of CdS in
silicate glasses, the intensity of zesonance D in sulphur K edge spectra is characteristic of
the atomic shell located at 8.25 A from the absorbing atom. One can use the intensity of D to,
determine the proportion of sulphur atoms having one or several eighth or 13th neighbours.
This can then be related to the size of the crystallites, if complementary information is
known by other techniques (for example the shapes of the crystallites). High-resolution
transmission electron microscopy [3] shows that the crysta]htes havzbl;exagonal shapes. If
we consider a small hexagonal crystallite of 8.25 A radius, there are seven atoms with six
13th neighbours, and six atoms with two 13th neighbours in the section of the crystallite
instead of 19 atoms with six 13th neighbours in a bulk crystal. So the intensity of the D
resonance should be equal to half the intensity of the D resonance for a bulk crystal of
wurtzite structure.

Full multiple-scattering calculations are not the only way of extracting information
from xAs data. Path analysis as developed by several authors [28, 29] has proved to be very
valuable for understanding middle-range order by a thorowgh multiple-scattering analysis
of the EXAFS region. Nevertheless it has also been shown that this approach could face
divergence close to the edge for low-Z atoms such as sulphur or silicon atoms, which
could prevent an analysis of the first empty states above the Fermi level. In such cases fuli
multiple-scattering calculations are found to be the proper method of investigation.

-Appendix. Basis symmetrization for zincblende and wuarfzite structures

In order to illustrate what has been said in the section on symmetry, we apply the
symmetrization method to the case of the zinchblende structure. In the zincblende crystal
the local point group of the sulphur site is Ts(43m). To Ty correspond five irreps: two
one-dimensional irreps, one two-dimensional irrep and two three-dimensional irreps. Then
it follows from the Wigner—Eckhart theorem for finite groups that in the symmetrical basis
{im.q) the matrix [T~ — @] is block diagonal with 10 blocks, where the block H; is an
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n;-dimensional matrix where #; is the multiplicity of I'; in T". The matrix H; appears d;
times where d; is the dimension of irrep I';.

H,
H, 0
H;
H;
Hy
H,4
H.
Hs
0 H;

H;

For a K edge in Ty symmetry, the initial state transforms like I'; and the Hamiltonian
interaction transforms like an irreducible tensor of I's (we follow Koster notations). The
dipole allowed final states have to transform like I's and it is sufficient to retain in the
basis set the basis functions that transform like one given partner (usually the partner x) of
I’s. The other basis functions can be discarded and the full matrix to invert is no longer
[T-! —@G] but [Hs]. Since the [T~! — G] matrix is constituted of ten biocks and, for a large
basis set, each block has more or less the same dimension, the dimension of matrix [Hs] is
on average 10 times smaller than that of [T~! —G]. This corresponds to a huge economy of
time, since the inversion of mateix [T~! —G] varies as the cube of its dimension. We found
that for large clusters and large /.y the dimension of Hs is around 15% of the dimension
of G and the CPU time is divided by 400. By completely using the symmetry of the cluster
it is then possible to perform calculations for large clusters {~ 150 atoms) with an extended
basis ({4 = 6) in reasonable times.

The application of the symmetrization method to the case of the wurtzite structure is
similar although somewhat more complicated due to the lower symmetry of the sulphur
atomic site. In the wurtzite crystal the local point group of the sulphur site is Ca,(3m). To
Ciy correspond three irreps: two irreps of dimension one and one of dimension two. Then
it follows from the Wigner—Eckhart theorem for finite groups that in the symmetrized basis
{$im,q}, the matrix [T~ — G] is block diagonal with four blocks.

H, 0
H;
H;
0 H

For a X edge in Cs, symmetry, the initial state transforms like I’y and the Hamiltonian
interaction tzansforms like the irreducible tensors of I'; (g parallel to z) and 3 (g
perpendicular to z). The dipole allowed final states have to transform like Iy or I'; and
the calculation can be divided into two parts. Firstly, when € is parallel to z, the basis
functions are the functions that transform like I'| and the matrix to invert is of the same
size as Hy, and secondly, when e is perpendicular to z, the basis functions are the functions
that transform like one partner (usually x} of I"; and the matrix to invert is of the same size
as H;. The gain on the calculation time due to the basis reduction is not as important as
for the case of zincblende but can be estimated as a factor of 20.
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