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Modified small-world networks as models of liquid and amorphous selenium
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In this work, we present a model of the disordered phases of selenium based upon ideas akin to small-world
networks. This model accounts for the description of defect centers of liquid and amorphous Se, which can be
introduced in a controllable manner in a broad interval of concentrations. The electronic structure is described
by a tight-binding Hamiltonian, which is extended by a Hubbard term to take the influence of an effective
electron-electron interaction into account. The resulting electronic structure problem is solved self-consistently.
The electronic structure is analyzed in terms of the density of states, the charge order originating from defect
states, the charge distribution function, and the localization properties of the eigenfunctions. Only bipolaron
states—which compensate the charge of anionic dangling bonds—and positively charged centers with a three-
fold coordination give rise to impurity states within the band gap of the unperturbed system: The latter species
corresponds to one of the defects of the Kastner, Adler, and Fritzsche model of selenium. Within the models
studied here, states corresponding to negatively charged singly coordinated atoms lie deep within the bulk of
the density of states, and their positively charged counterparts are not observed at all.

DOI: 10.1103/PhysRevB.66.064205 PACS number~s!: 71.23.2k, 71.55.Cn, 72.15.Rn, 72.80.Ph
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I. INTRODUCTION

The issue of the microscopic and electronic structure
Se in its disordered phases has led to a vast amount o
perimental and theoretical studies.1–3 The dominating struc-
tural pattern of amorphous and liquid Se close to the mel
point is believed to consist of macromolecular chains wit
length of 104– 105 atoms.4 Under these conditions, the ge
ometry can be described by a self-avoiding random-w
model.5 Street, Mott, and Davis~SMD! ~Refs. 6 and 7! and
Kastner, Adler, and Fritzsche~KAF! ~Ref. 8! have extended
this picture by considering possible defects within a mode
local chemical bonding and an effective electron-elect
attraction.9 In the SMD model, bonds can be broken hete
lytically and give rise to charged, singly coordinated D1 ~or
C1

1! and D2 ~or C1
2! defects. Following KAF, the former is

supposed to form a chemical bond with an atom exhibitin
twofold coordination, and thus gives rise to a defect w
three neighbors, a C3

1 center. Experimental evidence for th
picture stems from photoinduced electron spin resona
~ESR! spectroscopy,10,11 optical absorption measure
ments,8,12–14 77Se NMR spectroscopy,15 thermodynamic
data,16 x-ray scattering,17,18 neutron diffraction,19 and from
the chemical synthesis and structural analysis of polyi
which contain chalcogen atoms with a coordination num
different from 2.20–23Computer simulations also suggest t
existence of a considerable fraction of C1 and C3 defects for
the liquid and amorphous phase of Se.24–42

In this work, we aim to attain a physically transpare
model of the topology and the electronic structure of dis
dered Se which preserves its main physical and chem
features. To describe aggregates of Se with coordina
numbers larger than 2 implies the introduction of branch
elements into a chainlike random-walk picture. From o
perspective, models based upon small world network~SWN!
ideas43 are prospective candidates for generating such cr
linked topological structures in a simple manner. We exte
0163-1829/2002/66~6!/064205~7!/$20.00 66 0642
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the SWN concept to model liquid and amorphous Se, wh
allows us a broad variation of the defect concentration
derlying the electronic structure.

One has to account for the topological connectivity of t
network, i.e., to reflect for each realization unambiguou
whether each pair of atoms is chemically bonded or n
Furthermore, within a tight-binding description of the chem
cal bond each atom has to display the correct orbital hyb
ization corresponding to the chemical bonds to which it b
longs. The first aspect is of common occurrence in ma
physical models; one is led to a connectivity matrix. A sp
cial case of this approach is provided in polymer science
extensions of the classical Rouse model to generali
Gaussian structures~GGS’s!.44,45 On the other hand, the
proper consideration of the chemical situation of each
atom is an additional feature which we take into acco
here. In contrast to models based on Cayley trees or B
lattices, surface effects do not play a dominant role in
networks presented here, and the influence of closed loop
different sizes on the electronic structure can be studied.
electronic structure is described by a tight-binding Ham
tonian, which is extended by an effective electron-elect
interaction. With a basis of three 4p orbitals per site, it is
chemically correct and closely follows the original concep
put forward by SMD and KAF. For one-dimensional diso
dered chain models of Se, this Hamiltonian has found a
cent application.46

Our paper is organized as follows: In the next section
describe the procedure to generate small world networks
cific to the bond topology encountered for Se and the tig
binding model underlying the electronic structure compu
tions. Numerical results including the density of states,
location and origin of defects within the density of state
charge distributions, and localization properties are descri
in Sec. III. The results are discussed, and conclusions
derived in the final section.
©2002 The American Physical Society05-1
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II. METHODS

In the following, we specify the topological structure
which we aim to address. Given that in the absence of
fects the Se atoms form chains, it is tempting to assume
the defects are realized as additional chemical bonds betw
the atoms. This idea leads directly to the concept of so-ca
small world networks, which are of considerable rece
interest.43 Namely, the concept of a regular lattice havin
equiprobable additional bonds between arbitrary pairs
sites—thus defining the SWN concept—has provided a
ferent outlook on general network structures, ranging fr
internet links47 to the spread of infections.48 Basic physical
phenomena such as classical transport are associated
problem of determining the eigenvalues and eigenvector
the corresponding Laplacian; these problems have also
studied for SWN’s.49,50 In this way, SWN’s have turned ou
to be a particularly useful concept in polymer chemistry a
physics, where they provide interesting insight into polym
relaxation and diffusion.51,52

In this work we consider networks consisting ofn atoms
with a standard coordination number of 2. In addition, th
exist defects with a threefold coordination~C3 centers!
which act as cross links, and C1 centers which terminate
branches of the random network. To generate networks w
a nonvanishing numbern3 of C3 centers, we start from a ring
of n3 Se atoms with twofold coordination and a dangli
bond each; see Fig. 1. Of thesen3 bonds,n3/2 pairs are
drawn at random and interconnected, a step very akin to
formation of SWN’s, where—apart from the neare
neighbor bonds—each center is connected with probab
unity to another center. The so created C3 backbone of the
network is completed by randomly inserting additionaln
2n3 Se atoms into existing Se-Se bonds. A schematic re
sentation of this process is presented in Fig. 1. Within
network, the formation of two consecutives bonds has to be
avoided. This configuration would imply a bond angle

FIG. 1. Construction scheme for a modified small world n
work containing six C3 centers, four C1 centers, and 56 atoms wit
a twofold coordination. From top left to bottom right: regular cha
of prospective C3 centers with cyclic boundary conditions and da
gling bonds; random linkage of the dangling bonds; insertion of2

atoms; introduction of pairs of C1 defects.
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180°, an unphysical requirement considering the experim
tal finding of 103.1° and the 90° value underlying our loc
$px ,py ,pz% orbital basis and its decoupling. Hence a min
mum number of two atoms with a twofold coordination h
to be inserted into each pair of C3 centers. As a last step, a
even numbern1 of C1 centers is generated by breakingn1/2
bonds between Se atoms which are characterized by the
ordination numberZ52. The largest possible number of C3
defects introduced into the SWN equalsn/4; for this con-
figuration, the maximum fraction of C1 defects equals 3n/4.
Computer simulations of liquid Se applying a three-body p
tential based onab initio calculations suggest fractions o
defects smaller than 0.27 for the C1 defects and 0.07 for the
C3 defects close to the critical point.27 Defect concentrations
in tight-binding molecular-dynamics studies exhibit max
mum values of 0.2 for both C1 and C3 defect
concentrations.32 Consequently, the number density of d
fects obtainable within our model can be considered as
ficient for all practical purposes. The insertion of C2 centers
and the creation of C1 defects model chemical requiremen
for Se networks and lead to a departure from the class
SWN scheme. For very large networks one may have
check whether the model stays within the SWN class. Giv
however, that the number of centers we use is not extrem
large, we dispense here with an in-depth analysis.

To describe the electronic structure, we start from
simple tight-binding Hamiltonian. In second quantization,
reads

H& 5 (
aÞb

(
i , j

aia
1ajbVia jb ~1!

with a basis of three 4p orbitals localized on each Se ato
and where theVia jb vanish if the atomsa and b are not
chemically connected. As in most simplified treatments
Se, the low-lying 4s orbitals are ignored. Theaia

1/ajb denote
creation/annihilation operators acting upon atomic orbitalsi,j
localized on atomsa,b. From the parametrization of Bichar
et al.,34 we obtain hopping matrix integrals ofVpps

52.95 eV fors and Vppp520.78 eV forp bonds. We as-
sume a bond angle ofp/2 and dihedral angles of zero,p/2,
p, and 3p/2. From the point of view of the electronic struc
ture, the model exhibits a local Cartesian geometry. Con
quently, the threep orbital problems can be separated if on
nearest-neighbor interactions are taken into account. In
case of bond angles different from 90°, thep orbital prob-
lems do not separate any more, and hopping matrix elem
have to be weighted by the direction cosines according to
Slater–Koster rules.53

Electron correlation is introduced via the familiar Hu
bard model of intraorbital electron-electron interaction.54 The
Hamiltonian~1! is extended by the term

H& int52U(
ia

nia
2 . ~2!

In previous work based on chainlike topologies,46 we
have obtained a good agreement with the experimental b
gap for a spin pairing energyUSP52 eV. For closed-shell
systems—as encountered here—this spin pairing energ

-
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MODIFIED SMALL-WORLD NETWORKS AS MODELS OF . . . PHYSICAL REVIEW B 66, 064205 ~2002!
equivalent to an attractive Hubbard parameter ofU
50.5 eV once the complete electronic charge order within
orbital is considered via the spin-free number operatorsnia .
The resulting many-body problem is solved self-consisten
at the Hartree-Fock mean-field level,

nia
2 '2nia^nia&2^nia&2, ~3!

following the procedure given in Ref. 55. In Eq.~3!, the
brackets indicate averaging with respect to the ground s
in this case calculated from a previous step of the SCF p
cedure. TheU value applied here is identical to the estima
of Feltz,56 and slightly smaller than that given by Larmagn
et al. ~0.95 eV, Ref. 57! and values obtained for chalcogenid
glasses~0.7–0.8 eV, Ref. 58!.

In the presence of defects, we are interested in the pa
density of states with reference to the defect species CX (X
51,3); this quantity can be computed by averaging with
an energy interval over the appropriate charge orders,

qa5( 8
ia

ciaa
2 . ~4!

In Eq. ~4!, theciaa denote the expansion of an eigenstateua&
in terms of the basis functionsuia&. The partial density of
states~PDOS! is defined as the product of the charge ord
and the density of states~DOS!. As a suitable localization
measure—which is independent of the geometry of
system—we make use of the inverse participation ratio,59

Pa5(
ia

ciaa
4 . ~5!

The inverse participation ratio equals unity for states c
fined to a single atomic orbital and can be interpreted as
inverse of the number of basis functions over which
eigenstate is spread.

It befits now to point out the aspects which we neglect
our model. Clearly neglected is the slow dynamics of
network, a problem which requires for its study lon
molecular-dynamic runs or sophisticated Monte Ca
techniques;60,61 we argue—as usual in condensed-ma
physics—that the electronic and phononic degrees of f
dom can be separated. Focusing only on the local chem
situation and on the long-range network topology allows
as we proceed to show, to obtain a very transparent m
with clearly defined coordination numbers~and hence defec
types! at every site and thus to monitor in a straightforwa
manner the defect concentration. In doing so we can tak
even for quite large systems—a considerable number of
ticular realizations into account and hence can well ass
the role of the disorder.

III. RESULTS AND DISCUSSION

We have obtained numerical results obtained for mod
containing 64, 120, and 360 atoms each; a list of the mo
discussed in this paper is given in Table I. For a given nu
ber of atoms and defects, we have investigated 50–1000
ferent realizations, depending on the rate of convergenc
the self-consistent field iteration procedure. Although o
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model does not explicitly include the influence of the te
perature~i.e., whether the state of Se is amorphous or flu!
such an aspect is implicitly included through the defect c
centrations which are used. None of the properties sho
pronounced dependence of the system size within the ra
of 64–360 atoms. In this work, mainly data based on s
tems containing 120 atoms have been used for the follow
reasons. First, and most important, they allow the compu
tions of properties based on a larger number of system
those containing 360 atoms. This holds in particular for
partial charge distributions displayed below. Second, all
fects have finally turned out to be localized; as a con
quence, rather small systems provide a sufficient descript
The densities of states are not affected by increasing
system size. The defect concentrations used here have
deliberately set to large values in order to obtain proper
tistics for the properties of the associated defect species

With the help of Fig. 2, we illustrate the densities of sta
typical for systems based upon the topology oflinear chains.
In the absence of electron-electron interactions and in
presence of cyclic boundary conditions, the density of sta
of the Se models studied here exhibits the familiar struct
of an occupieds band, an occupiedp band, and a vacants*
band, all separated by band gaps@Fig. 2~a!#. The Fermi level
is located in the gap between thep and thes* band. In
comparison with the experimental value of the gap,Egap
52 eV,62 the theoretical value of 0.4 eV is rather small.
the absence of cyclic boundary conditions, two C1 centers
terminate the Se chain. Due to the lack of ones bond, the
Fermi level is shifted into the valence band, leaving tw
vacant states. The implications of this Fermi level shift for
ensemble of disordered chains have been discussed in d
by Koslowski and von Niessen.64 In the presence of an at
tractive interaction of the Hubbard type (U50.5 eV), all oc-
cupied bands are shifted into the red, as illustrated in F
2~b! for a chain with cyclic boundary conditions. Thep
band, having the lowest kinetic energy, experiences a st
ger influence of the electron-electron interaction, its shift
more pronounced than that of itss counterpart. This fact
leads first to an increase of the gap between thep and thes*
band to 1.8 eV, and second to the merging of thes and thep
band. Once C1 defects are introduced by breaking a bon
the behavior observed by one of the present authors for v
ous random-walk models of the disordered phases of S
recovered:46 a narrow and pronounced impurity band
formed close to the zero of energy,EF now lies between the

TABLE I. List of models presented in Figs. 2–4.

Atoms
C1

defects
C3

defects
Boundary
conditions

U
@eV#

Figure/
model Realizations

64 cyclic zero 2~a! 1000
120 cyclic 0.5 2~b! 100
64 2 open 0.5 2~c! 100
120 20 cyclic zero 3~a! 100
360 60 cyclic 0.5 3~b! 50
120 20 cyclic 0.5 3~b!, 4~a! 100
120 10 20 cyclic 0.5 3~c!, 4~b! 100
5-3
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KOSLOWSKI, KOBLISCHKE, AND BLUMEN PHYSICAL REVIEW B66, 064205 ~2002!
p band and the impurity band@Fig. 2~c!#. A thorough analy-
sis of the underlying partial density of states and the cha
distribution within the chain has revealed that the C1 centers
are negatively charged, in contrast to the conjecture of St
and Mott.6,7 The negative charge is compensated by the
mation of a bipolaron exhibiting a twofold positive charg
The atomic orbitals that are characterized by the sma
electron population experience the weakest electron-elec
interaction and are thus shifted to the blue with reference
the p valence band. The impurity band has to be interpre
as a bipolaron band,46 whereas the chain end atomic orbita
only contribute to a broad defect partial density of sta
within the bulk DOS, concomitant with a vanishing defe
PDOS within the bipolaron band.

FIG. 2. Density of states for random walk models.~a! cyclic
boundary conditions,U50; ~b! cyclic boundary conditions,U
50.5 eV; ~c! Dirichlet boundary conditions,U50.5 eV. The defect
density of states has been shaded. Energy in electron volts, de
of states per atom and electron volt.
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The densities of states for the simple chain models
Figs. 2~a! and 2~c! are based on similar sets of eigenstates
in Ref. 46. In that work, the spectra have been accumula
in coarse-grained histograms, whereas the densities of
states in the present paper are obtained by a Gaussian b
ening of the energy levels.63 This gives rise to a better reso
lution of the fine structure of the DOS. Figure 2~a! of the
present paper is computed using the same program as ap
in Ref. 46, and so closely resembles Fig. 2~a! presented
there. Figure 2~c! of this paper finds its counterpart in Fig
3~b! of Ref. 46, only the number of neighbors~two nearest vs
four nearest and next nearest! differ. In any case, the main
physical features, i.e., bandwidths and gaps, are ident
The densities of states presented in Figs. 2~b! and 3~a!–~c!
do not find counterparts in Ref. 46.

We now turn to the results of our SWN-type model, whi
describes systems containing C3 defects, whose influence
upon the densities of states is illustrated in Fig. 3. In
absence of interactions, the density of states close to
Fermi level is not altered significantly@Fig. 3~a!#, thes and
p bands can be clearly distinguished. There is no sign of
formation of isolated defect bands within the band gap of
unperturbed system. Nevertheless, we find satellite pe
both in the high- and in the low-energy part of the spectru
which are characterized by a large C3 partial density of
states. Throughout this work, we have assumed perfect l
order, i.e., ideal bond angles of 90° and dihedral angles
zero, 90°, 180°, or 270°. In a more realistic model, the
values have to be replaced by the corresponding distr
tions. Deviations from the mean values will effect the ele
tronic matrix elements via the direction cosines via t
Slater-Koster rules.53 The resulting density of states is als
presented in Fig. 3~a!. It is characterized by a Gaussian bon
angle distribution with an rms value of 15°, which corr
sponds to the largest value observed in the Monte C
simulations described above.27 Within our model, deviations
from an ideal bond angle basically lead to a small nonz
density of states within former band gaps and to the enha
ment of nonbonding contributions, most pronounced in
p0 band.

If defects with a threefold coordination are introduced to
model which takes electron-electron interactions into
count, an impurity band is formed within the former ban
gap, and the Fermi level of the effective one-electron pr
lem can again be located between thep valence band and the
impurity band@Fig. 3~b!#. The impurity band is split into a
larger lower and a smaller upper band, with defect par
densities of states that are approximately equal. Upon
additional introduction of C1 defects, the density of states o
the lower part of the impurity increases, until at a sufficien
high fraction of dangling bonds these bands finally me
@Fig. 3~c!#. With the help of Fig. 3~b!, we also demonstrate
that system size effects on the density of states play a m
role.

To get additional insight into the nature of defect stat
we have analyzed the charge distributions of systems c
acterized by a nonvanishing value ofU. This analysis is de-
picted in Fig. 4. We present partial charge distribution fun
tions, which display the contribution of specific types
defects to the total charge distribution. For systems free

ity
5-4
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MODIFIED SMALL-WORLD NETWORKS AS MODELS OF . . . PHYSICAL REVIEW B 66, 064205 ~2002!
defects, fluctuations around the average value of zero
small. Once two C1 centers are present, the formation
negatively charged chain ends can be observed as a pe
q521, and the asymmetric charge distribution within t
bipolaron is manifest in two peaks. For systems consisting
cross-linked chains, the charge distributions are consider
broadened. Their main features, however, can still be un
stood in a direct manner. In the absence of C1 defects, the C3
partial charge distribution functions exhibits two bro
maxima in the range of positive charges. The defects ex

FIG. 3. Density of states and defect partial density of sta
~shaded! for small world networks.~a! C3 centers,U50 ~dotted:
off-diagonal disorder!; ~b! C3 centers,U50.5 eV ~DOS: full line,
120 atoms, dotted: 360 atoms!; ~c! C1 and C3 centers,U50.5 eV.
Energy in electron volts, density of states per atom and elec
volt.
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iting positive charges around unity correspond to the C3
1

center postulated by Kastner, Adler, and Fritzsche.8 The
broad maximum in the defect partial charge distributi
function in the interval 0,q,0.75 corresponds to C3 cen-
ters with a smaller positive charge: a more elaborate pop
tion analysis reveals that these states belong to the lowe
the two impurity bands. The C2 charge distribution can also
be characterized as bimodal, the C3 positive charges are
compensated by a second maximum atq520.5 @Fig. 4~a!#.
Systems containing both C1 and C3 defects exhibit the char
acteristic signatures of both defect types in the charge di
bution, i.e., the influence of the C1 and C3 center charges is
not simply compensated so as to cancel each other.

The localization measures of the models presented h
are listed in Table II. Whenever impurity bands are prese
their inverse participation ratio is notably larger than that
the bulks andp bands. This holds in particular for the C3

1

upper impurity band: it exhibits both localized eigensta
and localized charges. Bipolaronic defects and C3 centers
with a small positive charge are more extended, and the
calized C1

2 charges give rise to a small contribution to a
erages of localization measures within the bulk density
states.

s

n

FIG. 4. Total and partial charge distribution functions for inte
acting models withU50.5 eV. ~a! C3 defects only;~b! C3 and C1

defects. C3 partial charge distribution, black; C1 partial charge dis-
tribution, shaded.
5-5
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KOSLOWSKI, KOBLISCHKE, AND BLUMEN PHYSICAL REVIEW B66, 064205 ~2002!
As we mainly use models characterized by ideal lo
order, the densities of states obtained here have to be c
pared with more elaborate computations on systems exh
ing the same feature. We take the gradient-corrected den
functional ab initio computations of Kirchhoffet al.42 on
trigonal Se as a reference, which is also well reproduced
the tight-binding model of Molina and co-workers.33 The
band gap of 1.8 eV computed here is larger than that of
density functional theory~DFT! calculations~1.3 eV!, yet
closer to the experimental value of 2 eV. This may reflect
well-known fact that DFT tends to underestimate the ba
gap for semiconductors by approximately 40%,65 whereas
the opposite tendency holds forab initio Hartree-Fock cal-
culations. The bandwidths within the singly coordinated d
sities of states@Fig. 2~b!# are smaller than those of theab
initio computations; we note as* conduction bandwidth of
1.9 eV, as compared to 2.8 eV, and a total width of
valence band of 4.1 eV, compared to 5.7 eV. In either ca
the bands exhibit a pronounced fine structure. Once the
fective number of neighbors is increased—as encounte
here in computations of models containing C3 centers, cf.
Fig. 3~b!—the bulk bands are broadened by satellites to v
ues closer to that of the reference computations and ti
binding calculations with hopping matrix elements extend
beyond nearest neighbors. We now obtain a valence-b
width of 5.3 eV and a conduction-band width of 2.8 eV.

The formation of valence alternation pairs and the ass
ated formation of single positive or negative charges h
also been attested in recent tight-binding molecu
dynamics studies of liquid Se,37 but no attempt has bee
made in the work just referenced to correlate them to spe
coordination numbers or to identify their location within th
densities of states. We note that Lombaet al. have also in-
troduced a Hubbard correction to remove minor deficienc
from their tight-binding model.37 This interaction, however
is of a repulsive character and penalizes charge alternat
It is treated within first-order perturbation theory to compu
the Hellmann-Feynman forces within the molecula
dynamics simulation. As a consequence, the number of
lence alternation pairs as manifest in the total charge di
bution curves decreases compared to the simple interac
free tight-binding model.

TABLE II. Inverse participation ratio, averages taken with re
erence to the following energy bands~in eV!. Interacting systems:s
@25,23#, p @23,20.5#, lower impurity @20.5,0.1#, upper impurity
@0.1,0.5#, and s* @0.5,3#. Noninteracting systems:s @24,22#, p
@22,2#, ands* @2,4#.

Model s p
Lower

impurity
Upper

impurity s*

2~a! 0.16 0.21 0.20
2~b! 0.13 0.19 0.17
2~c! 0.14 0.21 0.27 0.18
3~a! 0.16 0.17 0.16
3~b! 0.14 0.15 0.20 0.32 0.17
3~c! 0.19 0.26 0.25 0.41 0.24
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IV. CONCLUSIONS

In this work, we have presented a modified small wo
network approach to the geometry and electronic structur
Se in its disordered phases. Within this model, C3 and C1

defect centers as postulated in the literature and encount
in molecular-dynamics simulations can be introduced in
controllable way within a broad range of concentrations. T
small world network concept has been extended to take
nature of the chemical bond in the disordered phases o
into account, chemical specificity has been achieved by
algorithm that excludes configurations with two consecut
s bonds and by providing a basis set of three 4p orbitals.
The electronic structure has been described by a nea
neighbor tight-binding Hamiltonian, which has been e
tended by a Hubbard term to take an effective electr
electron interaction into account. With the help of th
restricted Hartree-Fock approximation, self-consistent so
tions have been obtained for polyselenium chains and
works.

Once the effective electron-electron interaction becom
operative, the narrow band gap between thep valence and
the s* conduction band is widened to a value of around 1
eV, which is comparable to experimental data.62 Defect states
within the gap are only observed for a nonvanishing Hubb
U parameter for systems containing C1 and C3 defects. In the
presence of C1 defects only, states within the gap do n
exhibit a significant defect partial density of states, and
impurity band can be attributed to bipolaronic charges wit
the Se chains.46 The C3 defects give rise to an additiona
impurity band, coinciding in energy with the bipolaron ban
In contrast to the bipolaron impurity band, its C3 counterpart
is characterized by a large partial defect density of states
terms of the inverse participation ratio and compared to
bulk density of states, all defect states show a higher deg
of localization.

To summarize, we have investigated the total and par
charge distributions arising from the introduction of defec
concluding that within the former band gap three differe
types of impurity bands exist: bipolaronic, C3

1, and also
C3 with a small positive charge~which we may refer to as
C3

d1!. Moreover, there also exist C1
2 defects, but they are

not manifest as an impurity band. The energetic sequenc
the impurity bands can be rationalized in terms of th
charge, those with large positive charge experience the e
tive electron-electron attraction to a smaller degree th
negatively charged defects do. Thus positively charged
purity bands lie at higher energies than their negativ
charged counterparts.
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