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Abstract. Density functional self-consistent spin-polarized calculations with the Discrete Variational
Method were performed to obtain the electronic structures of cadmium chalcogenide beryllosilicate so-
dalites Cd8[BeSiO4]6Z2 and their bulk materials CdZ (Z = S, Se, Te). Similar as their bulk materials,
these sodalites are also semiconductors. From their density of states and charge distributions, it was found
that there is greater localization of the electron density in the sodalites compared with that of the bulk. The
band gaps in their bulk compounds are different from those in the sodalite structures due to the electrons
of Si, Be and O filled in. Different from their bulk materials, the d electrons of Cd play an important role
to form an unseparated valence band with all orbitals of other elements. The calculated magnetic moments
of these three materials are very small since all d atomic orbitals are fully occupied.

PACS. 71.20.-b Electron density of states and band structure of crystalline solids – 75.50.Ee Antiferro-
magnetics – 82.90.+j Other topics in physical chemistry

1 Introduction

Sodalites are a well-known class of anion containing frame-
work consisting of β cages in zeolites. The composition of
this class of material is very diverse. Most of them have the
general formula M8[XYO4]6Zn (n = 1, 2). For example,
the anions Z incorporated into this formula include Cl−,
Br−, I−, SCN−, OH−, NO−2 , NO−3 , SO2−

4 , PO3−
4 , VO3−

4 ,
MnO−4 , MoO2−

4 , CrO2−
4 , WO2−

4 , ClO−4 , ClO−3 , S2−
2 , CO2−

3 ,
B(OH)−4 , C2O2−

4 , S2O2−
3 etc. [1–4]. The structure diversity

of the sodalite framework (X-Y) has been demonstrated
widely. Of note are the Be-As frameworks [5], pure silica
and aluminate sodalites [6–8], Al-Si and Al-Ge [1–3,9];
even more unusual is the phosphonitride sodalite frame-
work of Zn7[P12N14]Cl2 synthesized by Schnick [10]. The
sodalites are formed from (XY)O4 tetrahedra, directly
linked through the six-membered rings and containing a
centrally placed anion coordinated tetrahedrally to four
cations. Aluminate and borate sodalites have frameworks
containing solely AlO4 and BO4 tetrahedra, with the gen-
eral formula M8[XO2]12Z2 (X = Al, B), containing diva-
lent cations and anions in the cavities [7,8]. Composition-
ally equivalent to these pure frameworks are the beryllosil-
icates, and the naturally occurring mineral genthelvite,
Zn8[BeSiO4]6S2, is a member of this family [11]. These
sodalites with more covalent entrapped ions are of inter-
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est as they may be considered to contain small blocks of
(II,VI) semiconductors separated by the inert framework.

A lot of work has been done on the elec-
tronic properties of these sodalite structural materi-
als. Moran et al. [12,13] investigated the compounds
Zn8[BO2]12Z2, M8[BeSiO4]6Z2 (Z = S, Se, Te) and
GaxZn8−xPx[BO2]12Se2−x. They found that the optical
absorption bands have a large blue-shift away from those
of the bulk MZ materials and that the localization of the
electron density in the sodalite is greater than in the bulk.
Weller et al. [7,14] investigated Cd4[AlO2]6S2 and found
that the individual M4Z groups in these materials may
have been electronically coupled and the shifted absorp-
tion maximum was probably due to small amounts of bulk
CdS on the surface of the sodalite. Metiu et al. [15] stud-
ied the electronic and optical properties of dehydrated so-
dalite fully doped with Na and suggested that this system
is a semiconductor due to a gap in its electronic structure.
The same results are also obtained by Herron [16]. But
their early work on sodalite saturated with alkali atoms
shows that this system is a narrow band metal under the
one-electron approximation [17]. Creighton et al. [18] sim-
ulated and interpreted the infrared and Raman spectra of
sodalites M8[AlSiO4]6Cl2 (M = Li, Na, K) by the Wilson
GF matrices. They found that the wavenumbers of their
bands are simulated within 30 cm−1 and gave the relation-
ships between the frequencies or intensities of the bands
and the details of the structure of the sodalite framework.

Due to the structure of sodalites related to the well-
known A-, X- and Y-type zeolites (see Fig. 1 in Ref.
[15]), a large number of different sodalites have been
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synthesized, and their compositions and structures have
been characterized by chemical and thermal analysis, X-
ray and neutron diffraction, and spectroscopic methods.
Very recently, Weller et al. [19] synthesized a series of so-
dalites of the composition Cd8[BeSiO4]6Z2 (Z = S, Se, Te)
and determined their structures by X-ray refinement and
by IR and 29Si MAS NMR spectra.

Although there are many theoretical studies on the ze-
olites [20–27], nevertheless there are still open questions
concerning e.g. the detailed electronic structure of the
nonframework constituents within the sodalite cage, the
magnetic and conductive properties, and others. In this
paper, the electronic structural and magnetic properties
on the sodalites of Cd8[BeSiO4]6Z2 and the corresponding
bulk materials CdZ (Z = S, Se, Te) are studied by density
functional self-consistent spin-polarized calculations with
the discrete variational method (DVM).

This paper is organized as follows: in the second section
we briefly describe the theoretical method, in the third
section we discuss the electronic structure results, and in
the last section we summarize our conclusions.

2 Theoretical method

The discrete variational method (DVM) employed has
been described in the original literature [28–31], here we
give a summary and some details of the calculations. With
the DVM, one solves the set of one-electron Kohn-Sham
equations [32] of the density functional theory [33] in the
local density approximation (in atomic units):

[−
1

2
∇2 + Vc(r) + V σxc(r) + Vext]φiσ(r) = εiσφiσ(r). (1)

In equation (1), the Coulomb potential Vc includes
electron-nucleus and electron-electron interactions, Vext is
an external potential which is used as the embedding po-
tential around the cluster in our calculations, and V σxc is
the exchange-correlation potential of spin σ. In this paper
we employed V σxc as derived by von Barth and Hedin [34].
In the present spin-polarized calculations, the molecular
orbitals φiσ are allowed to be different for each spin σ. The
molecular potentials are functions of the electron density
ρσ of spin σ:

ρσ(r) =
∑
i

niσ|φiσ|
2 (2)

where niσ is the occupation number of the molecular or-
bital φiσ . The latter are expanded as linear combinations
of symmetrized basis functions κ(r),

φiσ(r) =
∑
µ

Cµiσκµ(r) (3)

which in turn are expanded as linear combinations of nu-
merical atomic orbitals χµ,

κµ(r) =
∑
j

Djµχµ(r) (4)

where Djµ is the so-called symmetry coefficient which is
determined only by the symmetry of the clusters. By min-
imization of the error functionals associated with each or-
bital φiσ in a three-dimensional grid of points, the secular
equations are obtained:

[H][C] = [E][S][C] (5)

in which the matrix elements are sums over the three-
dimensional grid of points. Equation (5), in which [H] is
the Hamiltonian matrix, and [S] is the overlap matrix, is
solved self-consistently until a desired criterion is met up
to a difference of ≤10−5 in the charge and spin densities.

In order to facilitate the computation of the electron-
electron repulsion integrals, the molecular charge density
was fitted to a multipolar expansion [35] with variation
coefficients dj :

ρ(r) ∼=
∑
j

djρj(r) (6)

where

ρj(r) =
I′∑
ν

∑
m

CνλlmRN (rν)Y ml (rν). (7)

In the above equation, j are atoms of a set I equivalent
by symmetry; RN , radial functions centered at atoms ν;
and λ, a basis function associated to a particular value
of l. The prime in the first summation indicates the re-
striction to atoms in the set I. In the present calculations,
partial waves up to l = 0 were included for all atoms. The
maximum least-squares error in the fit of ρ is 0.02 in our
calculations.

The basis sets employed in our calculations
are Cd[1s2s2p3s3p3d4s4p]4d5s5p; S[1s2s2p]3s3p3d;
Se[1s2s2p3s3p3d]4s4p4d; Te[1s2s2p3s3p3d4s4p4d]5s5p5d;
Si[1s2s2p]3s3p3d; Be[1s]2s2p and O[1s]2s2p. In order
to save calculation time and disk space, a frozen core
approximation was employed. All the shells consisting
of orbitals bracketed in the above basis are kept in the
core and unchanged during the iterations. The basis
functions were improved; after convergence with a given
set we obtained a new basis by performing calculations
for the atoms with the configuration obtained in the
molecular complexes. The atomic configurations were
derived by Mulliken-type population analysis [36,37] in
which the overlap population is divided proportional to
the coefficient of the atom in the molecular orbital. The
three-dimensional grid employed was divided into two
regions: Around the nucleus is placed a sphere, where a
precise polynomial integration is performed over a regular
grid; outside of this sphere the points are generated by
the pseudorandom Diophantine method [28–31]. In our
calculations, the total number of the Diophantus sample
points is 72000.

To obtain the electronic density of states (DOS) from
the discrete energy levels εi, a Lorentzian expansion
scheme is used and the total DOS is defined by

D(E) =
∑
n,l,σ

Dσ
nl(E) (8)
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with

Dσ
nl(E) =

∑
i

Aσnl,i
δ/π

(E − εi)2 + δ2
(9)

where i labels the eigenfunctions and a broadening factor
δ = 0.005 a.u. is used in this paper. Aσnl,i are the Mulliken

population numbers [36,37], n and l are the orbital and
angular quantum numbers.

3 Results and discussions

3.1 Cluster models

As Weller et al. [19] reported, for Cd8[BeSiO4]6Z2 (Z =
S, Se, Te) crystals, all beryllosilicate structures were suc-
cessfully refined in the space group P43n (No. 218) demon-
strating an ordering of the beryllium and silicon atoms in
the framework. According to the space-group theory [38],
Be and Si are positioned at the 6c and 6d sites, whereas
O, Cd and Z are at the 24i, 8e and 2a sites respectively.
That is the Be and Si are sited alternatively in the corners
of the quadrilangle, between them connected with an oxy-
gen atom, the Z atom is located in the center whereas the
Cd atoms are approximately tetrahedrally coordinated to
three framework oxides. According to the experimental re-
sults, a 77-atom cluster model was cut from their crystal
structures which is shown in Figure 1a. This cluster con-
tains 8 Cd atoms, 12 Be, 12 Si, 36 O and 9 Z (Z = S, Se,
Te) atoms. There are −2 charges on this cluster. Around
the cluster more than 1000 atoms are arranged to establish
the embedding potential (Vext of Eq. (1)). Different from
the ideal sodalite structure, the O atom does not co-plane
with the Be-Si plane; so this cluster model only belongs
to the D2 or C2V point group. The coordinates of all the
atoms in the cluster are taken from references [19,38].

In order to compare the results of this series of so-
dalites with their bulk materials, we also calculated their
bulk materials CdZ (Z = S, Se, Te) with the same method
and basis. As we know, CdZ (Z = S, Se) exists in two
forms, Zinc Blende and Wurtzite, and CdTe only exists
in the Zinc Blende form [39]. These two forms are closely
related. Here we only calculated them in the form of Zinc
Blende. In this form, the crystal constants are 5.818 Å,
6.077 Å and 6.481 Å for β-CdS, CdSe and CdTe respec-
tively [39,40]. According to their crystal structures, the
clusters Cd38Z44 (Z = S, Se, Te) were cut from their crys-
tals as shown in Figure 1b. There are −12 charges on it. In
this cluster each atom is symmetrically surrounded by four
atoms of the other kind disposed at the corners of a regular
tetrahedron. It is easy to find that this cluster belongs to
the Td point group. Similar as the [Cd8Be12Si12O36Z9]2−

cluster, around the [Cd38Z44]12− cluster, there are more
than 1000 atoms forming the external embedding poten-
tial.

3.2 Electronic structure

In Table 1 are given the Mulliken-type occupation num-
bers of atomic orbitals (AOs) for each type of atoms

(a)

(b)

Fig. 1. Calculation models; (a) Cd8[BeSiO4]6Z2 (Z = S, Se,
Te) systems which are modeled by [Cd8Be12Si12O36Z9]2− clus-
ters. The big dark balls are the Si and Be atoms which are
alternatively sited, the small dark balls are O atoms, the big
light balls are Cd atoms, and the small light balls are Z (Z =
S, Se, Te) atoms; (b) CdZ (Z = S, Se, Te) systems which are
modeled by [Cd38Z44]12− clusters. The dark balls stand for Cd
atoms while the light balls are the Z atoms.
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Table 1. The Mulliken-type populations, net charges and mag-
netic moments.

system Mulliken population Net µ(µB)

charge

Cd: 9.96(3d) 0.02(4s) 0.07(4p) 1.95 0.08

S: 1.99(3s) 5.85(3p) 0.36(3d) −2.20 0.03

Cd8[BeSiO4]6S2 Si: 0.17(3s) 0.53(3p) 0.13(3d) 3.17 0.06

Be: 0.03(2s) 0.16(2p) 1.81 0.00

O: 1.99(2s) 5.72(2p) −1.71 0.00

Cd: 9.96(3d) 0.02(4s) 0.08(4p) 1.94 0.05

Se: 1.99(4s) 5.84(4p) 0.42(4d) −2.25 0.02

Cd8[BeSiO4]6Se2 Si: 0.12(3s) 0.37(3p) 0.10(3d) 3.41 0.03

Be: 0.03(2s) 0.17(2p) 1.80 0.00

O: 2.00(2s) 5.78(2p) −1.78 0.00

Cd: 9.96(3d) 0.03(4s) 0.09(4p) 1.92 0.03

Te: 1.98(5s) 5.83(5p) 0.45(5d) −2.26 0.01

Cd8[BeSiO4]6Te2 Si: 0.16(3s) 0.39(3p) 0.09(3d) 3.36 0.01

Be: 0.04(2s) 0.19(2p) 1.77 0.00

O: 1.99(2s) 5.74(2p) −1.73 0.00

CdS Cd: 9.95(3d) 0.02(4s) 0.08(4p) 1.95 0.00

S: 1.98(3s) 5.68(3p) 0.32(3d) −1.98 0.00

CdSe Cd: 9.96(3d) 0.01(4s) 0.08(4p) 1.95 0.00

Se: 1.98(4s) 5.74(4p) 0.26(4d) −1.98 0.00

CdTe Cd: 9.95(3d) 0.03(4s) 0.12(4p) 1.90 0.00

Te: 1.98(5s) 5.69(5p) 0.26(5d) −1.93 0.00

obtained from these three sodalites and their bulk mate-
rials. Since the differences between spin up and spin down
are very small, only the sum of spin up and down is listed
in Table 1. The net charges and magnetic moments µ,
which is the sum of the differences of occupation between
the spin up and spin down AO, are also listed in Table 1.
From this table, it can be found that all six systems have
very small magnetic moments which may be from the nu-
merical noise. Therefore, they are antimagnetic materials.
The populations of Cd and Z (Z = S, Se, Te) in the so-
dalite structures are nearly the same as in the bulk mate-
rials. The net charges of Cd and Z in their bulk materials
are very close to 2.0, coinciding with their normal valence.
But in the sodalite structure, although the net charge on
Cd is nearly the same as in the bulk materials, the ob-
tained charge on Z is larger than 2.0. The reason is that
some charges are transferred from the sodalite framework
onto Z atoms. The amounts of charge transfer of Si, Be
and O in these three sodalite compounds are very close to
each other.

Fig. 2. The total density of states (TDOS) of Cd8[BeSiO4]6Z2

(Z = S, Se, Te). The Fermi level is taken as the relative en-
ergy zero point. (a) TDOS of Cd8[BeSiO4]6S2; (b) TDOS of
Cd8[BeSiO4]6Se2; (c) TDOS of Cd8[BeSiO4]6Te2.

Figure 2 shows the total DOS(TDOS) of
Cd8[BeSiO4]6Z2 (Z = S, Se, Te). From this figure it
can be seen that although the values of DOS are not
exactly zero above the Fermi level (Ef), there is still
an obvious gap. From the HOMO and LUMO orbital
energies the obtained gap widths are 1.3 eV, 2.90 eV and
1.52 eV for Cd8[BeSiO4]6Z2 (Z = S, Se, Te) respectively.
Therefore, these sodalite materials are semiconductors.
Comparing Figures 2a, b and c one can see that the
shapes of the DOS for these three systems are very
similar to each other. Blake et al. [15] investigated
the electronic properties of dehydrated sodalite fully
doped with Na and obtained a band gap of 1.09 eV.
Monnier et al. [17] studied the electronic properties
of sodalite saturated with alkali atoms and suggested
that the system is a narrow band metal under the one-
electron approximation and is antiferromagnetic at low
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Fig. 3. TDOS of Cd38Z44 (Z = S, Se, Te): (a) TDOS of CdS;
(b) TDOS of CdSe; (c) TDOS of CdTe.

temperature. Up to now we have not found any calculated
or experimental results for our calculated systems since
they are newly synthesized materials [19]. From our
present calculation, although we could not obtain the
exact band gap due to the cluster approximation, they are
certainly semiconductors similar as their bulk materials.

In order to compare the TDOS of sodalite structure
materials to their bulk materials, Figure 3 shows the cal-
culated TDOS of their bulk materials CdZ (Z = S, Se, Te).
This figure is very similar as that of their corresponding

sodalite materials (Fig. 2). From the calculated magnetic
moments listed in Table 1, they are also antimagnetic ma-
terials. From the calculated HOMO and LUMO eigenval-
ues, the obtained band gaps are 2.61 eV, 2.65 eV and
1.35 eV for CdZ (Z = S, Se, Te) respectively. The calcu-
lated band gap of CdS is in agreement with experimental
results of 2.50 eV [41], 2.55 eV [42] and with band theory
results of 2.44 eV [43], 2.51 eV [44]. The obtained band
gap of CdTe is also close to the experimental result 1.60 eV

Fig. 4. Partial density of states (PDOS) of Cd8S2 cluster
in Cd8[BeSiO4]6Z2 (Z = S, Se, Te): (a) PDOS of Cd8S2; (b)
PDOS of Cd8Se2; (c) PDOS of Cd8Te2.

[45] and the band theory results of 1.60 eV [44], 1.56 eV
[43]. But the value for CdSe is far away from the experi-
mental results of 1.79 eV [43], 1.84 eV [45], 1.666 eV [46]
and from the band theory results of 1.60 eV [44], 1.56 eV
[43]. The reason may be that our cluster size is not enough
large and the local spin density approximation are used in
DVM.

In Figure 4 are shown the partial DOS(PDOS) of the
Cd8Z2 cluster in the sodalite Cd8[BeSiO4]6Z2 (Z = S, Se,
Te). Comparing Figure 4 with Figure 3, it can be seen
that in the bulk materials (Fig. 3) the TDOS consists
of 4 separated peaks below the Fermi level and the en-
ergy range is extended to 12.0 eV, whereas in the sodalite
materials, the PDOS of Cd8Z2 are constrained together
to form an unseparated peak. The energy range is ex-
tended only to about 7.0 eV and the maxima of the DOS
are closer to their Fermi level. Therefore there is greater
electron density localization in the sodalite compared to
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Fig. 5. PDOS of Cd, Te, Si, Be and O in Cd8[BeSiO4]6Te2: (a) PDOS of the 3d orbitals of Cd; (b) PDOS of the 4s and 4p
orbitals of Cd; (c) PDOS of Te; (d) PDOS of Si; (e) PDOS of Be; (f) PDOS of O.

the bulk. This conclusion is in agreement with the results
of optical absorption bands and with MAS NMR spectra
by Moran et al. [12,13]. In bulk material, one Cd is sur-
rounded by four Z atoms and around each Z atom there
are four Cd atoms. But in sodalite, the coordination is
changed. Around one Z atom there are four closest Cd
atoms, but to each Cd atom only one Z atom is directly
connected. Therefore the PDOS of Cd8Z2 (Fig. 4) is very
different from the TDOS of bulk materials (Fig. 3).

From the above results, all these three sodalites have
similar properties. As an example, Figures 5 and 6 show
all the PDOS of each atom type in the sodalite struc-
ture Cd8[BeSiO4]6Te2 and its bulk material modeled by
Cd38Te44. Comparing Figure 2c with Figures 5a, b and c,
it can be seen that in the sodalite Cd8[BeSiO4]6Te2 the
d orbital of Cd play an important role for the bonding
with the 5p orbital of Te and the 2p orbital of O (Fig. 5f)
and 3sp orbitals of Si (Fig. 5d). Its 5sp orbitals have only
small contributions around the Fermi level. Comparing
them with Figure 6, we see some differences. In the bulk
material CdTe the 4d of Cd and 5s of Te simply formed
two single separate bands (see also Fig. 3c), the 5sp or-

bitals of Cd bonded with 5p and 5d orbitals of Te and
formed other two bands. But in sodalite structure, the 4d
orbitals of Cd with its 5sp orbitals bonded with 5p of Te
and 2p of O and all the orbitals of Si and Be to form an
unseparated valence band (see Fig. 2c). In the bulk CdTe
(Fig. 6), the 5s of Te has an obvious contribution and
formed a single band, its 5p bonded with 5p of Cd, its
5d orbitals and 5s of Cd have larger contributions to the
conductive band (CB) rather than to the valence band
(VB). In the sodalite material (Fig. 5), in the same en-
ergy range the 5s of Te has a very small contribution to
the VB and CB, its 5d has a larger contribution to the
CB than to the VB, the mainly bonding orbitals of Te are
its 5p. From Figures 5d, e and f it can be seen that the
orbitals of Si and Be are bonded with the 2p orbital of O
and form the sodalite framework. The 2p of O has a much
larger contribution in the VB than in CB. Comparing Fig-
ure 5 with Figure 6 one can see that above the Fermi level
in the sodalites there are much larger contributions from
all the orbitals of Be, Si and O (see also Fig. 2). This
means that the electrons of the framework are filled into
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Fig. 6. PDOS of Cd and Te in CdTe: (a) PDOS of the 3d
orbitals of Cd; (b) PDOS of the 4s and 4p orbitals of Cd; (c)
PDOS of Te.

the non-bonding orbitals which results in a non-vanishing
DOS of the sodalites in this energy range.

4 Summary and conclusions

In this paper we have calculated the electronic and mag-
netic properties of cadmium chalcogenide beryllosilicate
sodalites Cd8[BeSiO4]6Z2 and their bulk materials CdZ
(Z = S, Se, Te). Like the corresponding bulk materials, the
sodalites are also semiconductors. From their density of
states and charge distributions, it was found that there is
greater electron density localization in the sodalites com-
pared to the bulk. The band gaps in their bulk compounds
are different from those in the sodalite structures due to
the electrons of Si, Be and O filled in. In bulk materials,
the 4d electrons of Cd and the s electron of Z formed two
separated bands because in this energy range the contri-
butions of orbitals of other elements are very small; other

bands are formed by the 5sp orbitals of Cd bonding with
all p and d orbitals of Z. In sodalite structures, the 4d
electrons of Cd play an important role to form the whole
valence band together with all orbitals of other elements.
The calculated magnetic moments of these materials are
very small since all d atomic orbitals are fully occupied.

This work is part of the project Nr. 20-43383-95 of Schweiz-
erischer Nationalfonds. The authors thank Mr. P. Rapp for his
useful help on the calculations.
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