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Materials with an isolated partially filled intermediate band are of great interest as new materials for
high-efficiency solar cells, as up- and down-converters, and midinfrared lasers with low nonradiative decay
because of the properties of this band. This intermediate band is only present in some compounds, such as a
ZnS host semiconductor uniformly doped with Cr. The study presented in this work is based on the substitu-
tional doping of Cr by Zn with atomic concentrations of 3.125%. We use first principles with the local density
approximation. To improve the description of the localized states a screened Coulomb interaction has been
applied. From the results, it was found that these materials have a partially filled intermediate band for both
ferromagnetic and antiferromagnetic spin alignments. The addition of a Hubbard term from 0 to 9 eV shows a
greater stability of the ferromagnetic spin order and an increase in the intermediate bandwidth.
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I. INTRODUCTION

Since the model of a new solar cell was proposed,1 there
has been increasing interest in research into solid-state ma-
terials with the appropriate characteristics. These new solar
cells are characterized by a full band �valence band �VB��, an
empty band �conduction band �CB��, and a partially filled
intermediate band �IB�. For the absorption of photons to be
more efficient than in conventional cells the IB must be par-
tially filled to permit the absorption of low-energy photons to
pass the electrons from the VB to the partially filled IB and
from there to the CB. Therefore, the Fermi energy must lie in
the IB. This kind of solar cell may present efficiencies higher
than those established by the Shockley limit,2 as has been
demonstrated in previous works.1

A schematic band diagram is shown in Fig. 1. The lower-
energy photons �h�VI and h�IC in Fig. 1� can promote elec-
trons from the VB to the IB and from the IB to the CB,
creating additional electron-hole pairs with respect to those
created by photons �h�VC in Fig. 1� which cause electrons
from the VB to pass on to the CB. Therefore, the current is
enhanced. In addition, the output voltage of the cell is main-
tained because it is limited by the gap between the CB and
VB ��EVC� and not by the band gaps between the VB and IB
��EVI� and IB-CB ��EIC�.1 This is a result of the separation
between bands and the consequent description of the carrier
population in each band by its own quasi-Fermi levels. In the
operation mode �Fig. 1�, the electron and hole quasi-Fermi
levels split and the output voltage is proportional to the
chemical potential between the VB and CB. As a result, the
power and limiting efficiency are increased. This limiting
efficiency has been found to be 63.2% in contrast to 40.7%
of conventional single-gap solar cells.

This basic electronic band structure corresponding to a
conceptually new class of materials, well known as interme-
diate band materials, is also characteristic of transparent con-
ducting oxides. The introduction of an IB into the band gap
of an insulating host material would help to keep intense
interband transitions �from the VB to the IB and from the IB
to the CB� above the visible range. Furthermore, the IB
should be narrow enough to keep intraband transitions below

the visible range. This requires appropriate values for both
the gaps and IB bandwidth.

The solid-state materials studied with these characteristics
are based on quantum dots and semiconductors with a high
transition-metal impurity concentration. Quantum dots3 have
been proposed and manufactured. Possible intermediate-
band materials have also been manufactured from II–VI-
diluted oxides.4 Extensive studies using first principles on
materials based on III–V host semiconductors where the im-
purity is a transition metal have recently been carried out.5

Diluted magnetic semiconductors based on III–V and II–VI
semiconductors doped with different transition metals and
concentration substituting to cation6–8 have also been stud-
ied. An IB has been described for the substitutional doping of
Ga by Mn in GaN host semiconductors with concentrations
of 1.56% and 3.125% �Ref. 6� and Cr by Ga in GaP with
concentrations of 3% �Ref. 7�.

Several new tunable lasers with a high quantum yield
based on transition-metal-doped zinc chalcogenides with
concentrations of the order of 1019 cm−3 have also been stud-

FIG. 1. �Color online� Schematic band diagram of an
intermediate-band material showing the band gaps, photon genera-
tion process, and quasi-Fermi levels of the intermediate-band solar
cell in a nonequilibrium situation. The electrons in the three bands
are described by their own quasi-Fermi levels: EFV, EFI, and EFC by
the VB, IB, and CB.

PHYSICAL REVIEW B 74, 195203 �2006�

1098-0121/2006/74�19�/195203�9� ©2006 The American Physical Society195203-1

http://dx.doi.org/10.1103/PhysRevB.74.195203


ied using spectroscopic techniques.9 From these results,
highly favorable lasers for the midinfrared are produced
when Cr is a dopant in the zinc chalcogenides because only
the Cr appears to be significantly free from the negative ef-
fects of nonradiative decay.

One useful approach to obtaining and understanding the
electronic and optical properties of these materials is the
first-principles electronic approach. In this work we present
an analysis of the electronic properties of a material derived
from the ZnS host semiconductor where the Cr is incorpo-
rated, substituting the host metallic atom �two Cr for each of
the 32 Zn atoms� using ab initio calculations. This material
has the appropriate characteristics of the new high efficiency
solar-cell prototype. Moreover, these materials with different
transition-metal atom dilution have been produced experi-
mentally as has previously been mentioned. Nevertheless, we
are interested in the relationship between the macroscopic
characteristic and the microscopic properties. In particular,
the new high-efficiency solar cells and the new tunable lasers
with a high quantum yield based on transition-metal-doped
zinc chalcogenides have a common microscopic characteris-
tic: the partially full intermediate band. We believe that this
characteristic is responsible for the decrease of the nonradi-
ative recombination for both lasers and solar cells.10 Analyz-
ing the physical causes of the nonradiative recombination, an
increase in the impurity density to the point of forming an IB
can lead to the suppression of nonradiative Shockley-Read-
Hall �SRH� recombination. In this case, the distribution of
the trapped electron charge density between all impurities
prevents the appearance of strong localized charge variations
and thus the displacement of the trapping impurities respon-
sible for the nonradiative SRH recombination.

The paper is organized as follows: a description of the
numerical methodology used for this study is presented in
Sec. II. The results of several electronic properties are pre-
sented and analyzed in Sec. III. We conclude with a discus-
sion on the summary of the results in Sec. IV.

II. CALCULATIONS

The electronic structure calculations were carried out by
using the density functional theory �DFT� method based on
pseudopotentials for core electrons and numerically localized
pseudoatomic orbitals as the basis set for the valence wave
functions. The standard Kohn-Sham11 �KS� equations are
solved self-consistently.12 For the exchange and correlation
term, the LDA has been used as proposed by Ceperley and
Alder.13 The standard Troullier-Martins14 pseudopotential is
adopted and expressed in the Kleinman-Bylander15 factoriza-
tion. The KS orbitals are represented using a linear combi-
nation of confined pseudoatomic orbitals.16 An analysis of
the basis set convergence has also been carried out using
from single � to double � with polarization basis sets for all
atoms and varying the number of the special k points in the
irreducible Brillouin zone. In all calculations a double-� with
polarization functions basis set �DZP� has been used.

Because of the DFT limitations, a further extension be-
yond the local density approximation �LDA� is carried out
using the LDA+U method, which greatly improves the de-

scription of the localized states. The LDA+U method has
been applied to similar systems17,18 using the same calcula-
tion methodology.17 We use periodic boundary conditions
with 18 special k points in the irreducible Brillouin zone. For
almost all calculations a zinc-blende ZnS experimental lat-
tice constant of 5.41 Å has been assumed.

III. RESULTS

The study presented in this work is based on S32Zn30Cr2
materials. The crystalline structure used by the host semicon-
ductor is a 64-atom cubic cell S32Zn32. In this cell two Zn
atoms have been substituted by two Cr atoms, located as far
as possible from each other. In this structure the atomic en-
vironment of the transition-metal atoms has a tetrahedral
symmetry considering their immediate neighbors. The S at-
oms can be broken down into two groups: those directly
bonded to the Cr atoms �S1� and those which are not �S2�.

Using the methodology described in the computational
methods section we have carried out an extensive analysis of
the electronic properties for both ferromagnetic and antifer-
romagnetic spin alignments. The ferromagnetic spin order
energy per cell is only 0.09 eV smaller than the antiferro-
magnetic. These theoretical values compare well with
0.096 eV in the literature for Cr-doped ZnS.8

A. LDA results

1. Energy band diagrams

The energy band diagram in some directions of the Bril-
louin zone �BZ� is shown in Fig. 2. An isolated IB, made up
of the majority-spin component, appears between one full
band �VB� and the empty band �CB� for both the ferromag-
netic and antiferromagnetic spin orders. The Fermi energy
�horizontal line in the figure� cuts this IB, showing that the
band is partially full. Therefore, a sufficiently high density of
Cr into ZnS substituting Zn atoms leads to the formation of
an IB that suppresses the nonradiative recombination. This
fact has been demonstrated experimentally.9

Every S, Zn, and Cr atom contributes with 6, 12, and 6
valence electrons, respectively �the atomic configurations of
S, Zn, and Cr are 3s23p4, 3d104s2, and 3d54s1, respectively�.
Therefore, the S32Zn30Cr2 cell has 564 electrons. For the
ferromagnetic alignment, the first 278 minority-spin valence
bands are full. For the majority-spin bands, there are 282
valence bands full and a group made up of six bands �283–
288� with four electrons �two holes�. This group makes up
the partially filled intermediate band. The integrated number
of states between the Fermi energy and the top of the IB is
exactly 2, corresponding to two holes in the IB. This group
makes up the partially filled intermediate band. Therefore,
the charge difference between the majority- and minority-
spin bands is eight electrons. For antiferromagnetic align-
ment, the first 280 valence bands are full. There is a group
made up of three bands �281–283� with two electrons �one
hole� in the gap. This group makes up the partially filled
intermediate band for the antiferromagnetic alignment.

The IB principally arise as a consequence of the interac-
tion between the crystalline potential and spin interaction
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with transitions metal d orbitals. The transition-metal atom d
orbitals are split into two groups �e and t� for each spin
because of the approximately tetrahedral crystal potential
around the transition-metal atom. The t group is made up of
dxy, dxz, and dyz orbitals and the e group of dz2 and dx2−y2

orbitals. Therefore, the three bands that make up the IB are a
t group. The interaction of these metal orbitals with other
orbitals of appropriate symmetry, in particular with the p S1
orbitals with t symmetry, will produce bands whose width

depends on the magnitude of the interaction. The more im-
portant difference between the ferromagnetic and antiferro-
magnetic alignments, besides spin order, is the band gaps and
the width of the IB.

These properties are shown in Table I. For the majority-
spin component ��� with an IB, �EVI

�+�, �EI
�+�, �EIC

�+�, and
�EVC

�+� are the gaps between the VB maximum and the IB
minimum, the IB bandwidth �the difference between the IB
maximum and minimum�, the gap between the IB maximum
and the CB minimum, and the gap between the VB maxi-
mum and the CB minimum ��EVC

�+� =�EVI
�+�+�EI

�+�+�EIC
�+��.

Similarly, �EVC
�−� is the gap between the VB maximum and

the CB minimum for the minority-spin component.
The main difference between the two spin orders is that

the IB bandwidth is smaller for the antiferromagnetic align-
ment. Therefore, the correlation effects will be larger for an-
tiferromagnetic alignment. In fact, when correlations effects
are introduced with a screened Coulomb interaction, the fer-
romagnetic spin order is more stable than the antiferromag-
netic. The gap between the VB and CB is lower than the
experimental gap of the host semiconductor. As is well
known, the DFT underestimates the band gap and overesti-
mates the bandwidth. This fact could strengthen the results
obtained with respect to the presence of the intermediate
bands in these compounds. For this reason the band gap val-
ues are lower than the experimental one. In this work, no
correction for the band gap underestimation was made with
scissor operators. Recent results in materials with an IB and
with a higher metal-transition concentration7 show that when
LDA+U and LDA-SIC are used, the IB is maintained. This
fact will also be demonstrated later with the LDA+U
method.

2. DOS and population analysis

The main characteristic near the Fermi energy is the pres-
ence of an isolated IB. In order to identify the orbital com-
position of these bands the projected density of states �DOS�
of the atoms and the t, e, and p Cr orbitals �Fig. 3�c�� is
represented in Fig. 3. The contribution of the atoms to the IB
in upward order is S2, S1, and Cr �Figs. 3�a� and 3�b��: the IB
is made up of Cr orbitals and the S1 orbitals directly bonding
to Cr atoms. This IB has t symmetry. Therefore, the IB is
made up mainly of the combination of the t �dxy, dxz, and
dyz�, a small contribution of p Cr orbitals and p S1 orbitals,
also of t symmetry. In Fig. 3�c� we can also see that the VB
top has a great contribution of the e Cr orbitals: dz2 and
dx2−y2. These general characteristics are common for both the
ferromagnetic and antiferromagnetic spin orders.

TABLE I. Energies �eV� for ferromagnetic �F� and antiferro-
magnetic �A� spin order. �EVI

�+�, �EIC
�+�, and �EI

�+� are the VB-IB gap,
the IB-CB gap, and the IB width for the majority-spin component.
�EVC

�−� is the VB-CB gap for the minority-spin component.

Spin order �EVI
�+�

�EI
�+�

�EIC
�+�

�EVC
�+�

�EVC
�−�

F 0.62 0.31 1.41 2.34 2.43

A 0.64 0.18 1.54 2.36

FIG. 2. �Color online� Energy bands �eV� in several directions
of the Brillouin zone: �a� spin up, ferromagnetically aligned, �b�
spin down, ferromagnetically aligned, and �c� antiferromagnetically
aligned. The horizontal line in the �a� and �c� panels is the Fermi
energy �EF�.
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In order to confirm the DOS results, a Mulliken popula-
tion analysis of Cr, S, and Zn atoms is shown in Table II.
First we can see that the atomic and orbital charges for S
atoms are similar for ferromagnetic and antiferromagnetic
spin alignments. The atomic charge associated with the S
atoms directly bonded with the Cr atom �S1 atoms� is smaller
than the other S atoms �S2�. Moreover, the polarization of the
S2 atoms is almost zero, whereas the polarization of the S1
atoms has a different sign than the Cr and Zn atoms for the
ferromagnetic order. Except in the spin order of the Cr atoms
and the t and e orbital charges, the charges for the other
orbitals and alignments are very similar. For ferromagnetic
order, it can be seen that the d Cr orbitals that have more
charge associated are, in decreasing order, the e, t, and p
orbitals. It indicates that the spin-up components of the Cr
atom contribute below the Fermi energy to the VB and IB,

whereas the spin-down components contribute to the CB.
The Cr majority-spin component, with an IB, also has a
greater charge than the minority-spin component.

3. Magnetization

The magnetization of the unit cell for the S32Zn30Cr2 sys-
tem is 8�B, and the magnetic moments per atom are mCr
� +4.26�B, mS1=−63.0�10−3�B=−14.8�10−3mCr, mS2
=−6.0�10−3�B�−1.4�10−3mCr, and mZn=5.0�10−3�B
�1.2�10−3mCr respectively. The Cr enters cation sites and
two of its electrons are given to the bonds, thus forming the
deep impurity level Cr2+�3d4�. Using the free-ion model, the
ground configuration is 5D0 according to Hund’s rules. The
crystalline field further splits this configuration into a multi-
plet of symmetry T2 and a multiplet E. Therefore, the mag-
netic moment of the Cr atom in this alloy is lower than

FIG. 3. �Color online� Pro-
jected DOS �a� on Cr and S1 at-
oms, �b� on S1 and S2 atoms, and
�c� on t, e, and p Cr orbitals. The
left and right panels correspond to
the antiferromagnetic and ferro-
magnetic spin orders, respectively.
The Fermi energy as zero has
been chosen in this figure. The
DOS above and below the zero
horizontal axis correspond to ma-
jority and minority spins,
respectively.
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expected from the free-ion picture because of the overlap and
the polarization of the S atoms, negative with respect to that
of Cr. In Fig. 4 we present the radial distribution of magne-
tization around the Cr and S atoms. The radial magnetization
is calculated as

m�r� = �
�

�	+�r� − 	−�r��dr ,

where � is a sphere of radius r and 	
 is the charge density
for spin 
. Therefore, this radial distribution depends on the

radius r from the atom considered and the difference be-
tween the majority and minority charge densities. For the Cr,
the magnetization saturates around rS

�Cr�=2.0 Å �the inset in
Fig. 4�a��. This value is approximately mCr�4.26�B. Note
that we cannot say anything about the saturation radius of the
S1, S2, and Zn atoms because their magnetization values are
similar and smaller than the Cr atom magnetization.

The increase in the radial distribution depends on the
number of atoms surrounding to the atom taken as origin and
the magnetization of these atoms. However, as the Cr mag-
netization is larger than the S and Zn atoms, the number of
Cr atoms included in the radial distribution will mainly de-
termine the value of this radial distribution. For example, the
Cr atom is surrounded by 4 S1, 12 Zn, 12 S2, 6 Zn, and 12 S2
atoms for distances around 2.34, 3.82, 4.48, 5.41, and
5.89 Å. The value of the radial distribution is determined
within this range by the Cr atom �Fig. 4�a��. However, for
9.37, 10.82, 15.30, 17.94, and 18.74 Å it increases greatly
because of the following Cr shells with 8, 6, 12, 24, and 8
atoms, respectively. Therefore, for these distances the mag-
netization is approximately 9, 15 �=9+6�, 27 �=15+12�, 51,
and 59.

In contrast, the radial magnetization of the S1 atoms
�bonded with Cr� has a negative minimum around 1.3 Å,
followed by a sharp increase. For a distance of 2.34 Å the S1
atom is surrounded by Cr+3Zn. The minimum corresponds
to a negative polarization with respect to the Cr atom with an
approximate value of mS1�−14.8�10−3mCr. From this
minimum, the radial distribution increases because the polar-
ization of the Cr atom starts to be included in the integration.
For 3.3 Å �1.2 Å+rS

�Cr�� approximately all the Cr polarization
is included in the integral and the value of the radial polar-
ization of the S1 atom is approximately mCr.

The S2 atom also shows a similar behavior �Fig. 4�b��
with a negative minimum around 1.4 Å corresponding ap-
proximately to −1.4�10−3mCr, the magnetization mS2 of the
S2 atom. The S2 atom is surrounded by several shells: 4 Zn at
2.34 Å, 3 S1+9 S2 at 3.82 Å, Cr+11 Zn at 4.48 Å,
2 S1+4 S2 at 5.41 Å, Cr+11 Zn at 5.89 Å, etc. Therefore,
the first negative minimum at 1.4 Å corresponds to the S2
magnetization with a value approximately mS2. Later, the
radial magnetization increases with r because of the positive
polarization of the 4 Zn atoms in the first shell, then de-
creases slightly because of the negative polarization of the S

TABLE II. Mulliken population analysis for Cr1, Cr2, S1, and S2 atoms �q� and s, t, e, and p orbitals with ferromagnetic �F� and
antiferromagnetic �A� spin order for the S32Zn30Cr2 system. The spin component is shown in brackets: � for majority and � for minority
spin respectively.

Atom F/A q�+� s�+� t�+� e�+� p�+� q�−� s�−� t�−� e�−� p�−�

Cr1 F 5.18 0.36 0.80 0.96 0.16 0.92 0.32 0.08 0.02 0.11

Cr2 F 5.18 0.36 0.80 0.96 0.16 0.92 0.32 0.08 0.02 0.11

S1 F 3.07 0.83 0.02 0.02 0.71 3.13 0.84 0.01 0.01 0.74

S2 F 3.13 0.84 0.02 0.01 0.73 3.14 0.84 0.02 0.01 0.74

Cr1 A 5.17 0.37 0.78 0.96 0.16 0.93 0.33 0.07 0.02 0.11

Cr2 A 0.93 0.33 0.07 0.02 0.11 5.17 0.37 0.78 0.96 0.16

S1 A 3.07 0.83 0.02 0.02 0.71 3.13 0.84 0.01 0.01 0.74

S2 A 3.13 0.84 0.02 0.01 0.73 3.13 0.84 0.02 0.01 0.74

FIG. 4. �Color online� Radial distribution of magnetization
within a sphere of radius r placed at �a� Cr and �b� S1 and S2 atoms.
The inset in panel �a� shows the Cr distribution with a smaller
range. The units of the radial distribution are scaled respect to the
saturation value of the Cr atom.
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atoms in the second shell and increases abruptly when the Cr
atom in the third shell is included in the integral of the radial
distribution. The value of the radial polarization of the S2

atom at this distance �5.89+rS
�Cr�� is approximately mCr.

In order to analyze whether a Jahn-Teller distortion splits
the occupied and empty IB states, the cell-internal atom po-
sitions were allowed to relax according to the calculated
quantum mechanical forces �without any symmetry con-
straints� until the total energy minimum was reached and the
forces became smaller than 0.004 eV/Å. The relaxing of the
atomic configurations causes a slight increase in IB width
and a slight decrease in the gaps. Hence, a distortion driven
by atomic relaxing that splits the occupied and empty IB
states is not observed.

B. LDA+U results

At the level of dilution studied in this work and because
of the partially full IB, correlation effects are very important.
Because of the DFT limitations, further extension beyond the
LDA will be necessary to estimate the corrections to band-
widths and excitation spectra. The analysis of the correlation
effects is a difficult theoretical problem. The main limitation
of other, more sophisticated, methods7 is the very high com-
putational cost, making this type of calculation almost pro-
hibitive except for the simplest material systems. At an in-
termediate level, the LDA combination with a Hubbard term
greatly improves the description of the localized states. The
method with a screened Coulomb interaction �U� has been
applied for it. The main consequence when applying the
LDA+U method is that the antiferromagnetic alignment is
less stable than the ferromagnetic �around 0.09–0.19 eV per
cell with U between 0 and 9 eV� and the t IB merges with
the VB. Therefore we will focus our study on the ferromag-
netic alignment from here on.

The gaps and bandwidths for U=0, 3, 6, and 9 eV and the
two spin components for the ferromagnetic order are shown
in Table III. As U increases from 0 to 9 eV, a decrease of
�EVI

�+� and �EIC
�+� and an increase in the bandwidth �EI

�+� can
be seen. The �EVC

�+� and �EVC
�−� gaps are lower than the experi-

mental host semiconductor gap. It is necessary to point out
that the LDA+U method does not correct the spurious self-
interaction. Therefore, when this self-interaction is corrected,
the width of the IB will diminish and the gaps will increase.
In this work, no correction for the band gap underestimation
was made. Because of the decrease in �EIC

�+�, and as the num-

ber of electrons in the IB is constant, the Fermi energy de-
creases as U increases.

1. DOS and population analysis

Another effect of the LDA+U corrections is the modifi-
cation of the relative composition of the d and p transition-
metal orbitals making up the IB. The contribution of all the
orbitals within each group to the IB is equal for U=0 eV
�Fig. 3�. However, the situation is different for U�0 eV. In
order to analyze these modifications, the projected DOS for t,
e, and p orbital groups for U=3, 6 and 9 eV are shown in
Fig. 5. In all cases the IB is made up mainly of t Cr metal-
transition orbitals and with a lower proportion of p metal-
transition orbitals. In all cases, the VB maximum also has an
e transition-metal orbital character. It can be seen in Fig. 5
that the entire orbital contribution has more structure with an
increase of U: the p, t, and e orbitals are split into several
contributions. Therefore, in general, the degeneration is bro-
ken and the contribution to projected DOS will be different.
The contribution of the dxz orbital is split significantly with
respect to the other t orbitals �dxy and dyz�, with a more
similar behavior. Note that for U�6 eV a splitting of the dxz
component produces two Hubbard subbands, a full one be-
low the Fermi energy and an empty one above the Fermi
energy. The lower band has a smaller contribution than the
upper band. Therefore, the charge associated with the dxz
orbital will diminish with an increase in U. This fact will be
confirmed below using the population analyses. However,
the behavior with U is different for dxy and dyz. In these
cases, although the orbital contribution has more structure
with the increase in U, the splitting into two subbands does
not happen. The two components have similar contributions
above Fermi energy. Therefore, the charge of the dxy and dyz
will not vary significantly with the increase in U and it will
be similar for both.

For U=0 eV the contribution of the two e orbitals �dz2

and dx2−y2� is equal. An increase in U produces a different
contribution to the projected DOS. With the increase in U,
the edge of the VB increases the dx2−y2 character slightly as
well as decreasing the dz2 character slightly. For these orbit-
als the charge is not modified substantially because their
larger contribution is to the VB.

The variation in the contribution to the projected DOS of
the p metal-transition orbitals with U is similar to the t
metal-transition orbitals. An increase in U splits the contri-
bution to the IB. Moreover, the contribution of the py orbital
is split into two Hubbard subbands, similar to the dxz orbital.
Nevertheless, the effect on the p orbital charge is smaller
than on the d orbitals because the contribution of the p or-
bitals to the IB is smaller than the contribution of the d
orbitals.

For all U values, the total integrated DOS between the
Fermi energy and the top IB is also two electrons, confirming
the introduction of two holes into the IB. From the results,
LDA+U modifies the relative composition of the d and p Cr
orbitals, reducing the contribution at the Fermi energy and
shifting the occupied and unoccupied bands to lower and
higher energies, respectively.

TABLE III. Energies �eV� for U=0, 3, 6, and 9 eV. �EVI
�+�,

�EIC
�+�, and �EI

�+� are the VB-IB gap, the IB-CB gap, and the IB
width for the majority-spin component. �EVC

�−� is the VB-CB gap for
the minority-spin component.

U �EVI
�+�

�EIC
�+�

�EI
�+�

�EVC
�+�

�EVC
�−�

0 0.65 1.41 0.30 2.36 2.43

3 0.54 1.34 0.50 2.38 2.41

6 0.45 1.29 0.69 2.43 2.38

9 0.40 1.18 0.83 2.41 2.37
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In order to confirm the previous DOS results, Mulliken
total and orbital population analysis is used to compare dif-
ferent U values �Table IV�. Table IV shows this population
analysis for U=3, 6, and 9 eV with respect to U=0 eV
�Table II� and the two spin components �� for majority and
� for minority�. Note that the charge variation for different
U values and the variation between the orbitals of the same
group �t, e, and p� are very small, of the order of 10−2 times
the electron charge. From the table we see that the spin down
��� minority Cr charge increases with U. It produces an
increase in the Cr polarization with U. The dxy and dyz
charges practically do not vary and are almost equal. Similar
behavior is seen with the two e Cr orbitals. However, the dxz
charge decreases with U for the two spin components with
respect to U=0 eV. The px and pz charges are also almost
equal, whereas the py charge is slightly different because of
the splitting into two Hubbard subbands where the upper
subband above the Fermi energy does not contribute to the

orbital charge. These analyses confirm the previous DOS re-
sults �Fig. 5�.

2. Magnetization

The magnetization of the S1 and S2 atoms with and with-
out screened Coulomb interactions is compared in Fig. 6. For
all U values the unit cell magnetization is 8�B. However, the
magnetization of the Cr atoms increases from 4.26�B
�=mCr� for U=0 eV to 4.36�B for U=9, and for the S1

atoms it decreases from −14.08�10−3mCr for U=0 eV to
−18.7�10−3mCr for U=9 eV. For S2 atoms the variation is
very small compared with the S1 atoms. An increase in the
minimum depth of the S1 and S2 atoms is seen. This increase
is due to the polarization of the atoms, although of small
value, decreasing with respect to the Cr atom. This effect is
larger for S1 �the magnetizations for S1 and S2 are in differ-
ent scales in the figure�.

FIG. 5. �Color online� Projected DOS on d �left panels� and p �right panels� orbitals with �a� U=3 eV, �b� U=6 eV, and �c� U=9 eV. The
Fermi energy as zero has been chosen in this figure.
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3. Electronic density

To conclude with the results, the difference between the
electronic density distribution ��	=	3−	0� corresponding to
U=3 eV �	3� and U=0 eV �	0� is shown in Fig. 7 for the
�110� lattice plane. This difference can be positive or nega-
tive. In the figure, �	 has been broken down into contribu-
tions: �a� �	�0 and �b� −�	�0. The zone where there are
level curves when −�	�0 represents a decrease in the

charge density for U=3 eV with respect to U=0 eV, and
�	�0 represents an increase. In Fig. 7�b�, we can see a
decrease in the electronic density at the Cr atom in the plane
that contains the z axis and an increase in the xy plane and on
the z axis �Fig. 7�a��. These results are in accordance with
previous DOS and population analyses. In conclusion, a flow
of charge from the dxz to the dxy and dyz orbitals happens as
U increases. Note that the effect on the p orbitals is masked
by the d orbitals, since the p orbitals have a smaller charge.
This analysis confirms the previous projected DOS and
population analysis results.

IV. CONCLUSIONS

The objective of this work has been to analyze and to
relate the microscopic electronic properties with the charac-
teristics of the high-efficiency solar cells and midinfrared
lasers with low nonradiative decay, in particular those related
to the partially full intermediate band present in a ZnS host
semiconductor uniformly doped with Cr. From the results, it
was found that these materials have a partially filled IB for
both the ferromagnetic and antiferromagnetic spin align-
ments. The electronic density, the atomic and orbital compo-
sition of the band structure, the atomic and orbital popula-
tion, and the magnetization have been analyzed, showing
that this IB is mainly made up of a t-group orbital of the Cr
transition-metal atom. These results are obtained using

TABLE IV. Difference between the Mulliken population analy-
sis of Cr atoms �Q� and of Cr orbitals for U=3, 6, and 9 eV with
respect to the population for U=0 eV. The spin component is
shown in the second column: � for majority and � for minority-
spin, respectively. The charge units are 102 times the electron
charge.

U spin Q s dxy dxz dyz dz2 dx2−y2 px py pz

3 � 1 1 8 −18 8 0 0 1 −1 1

3 � −5 1 −3 −3 −3 0 0 1 1 1

6 � 1 1 10 −24 10 1 1 2 −1 2

6 � −8 2 −4 −4 −4 −1 −1 1 1 1

9 � 0 2 11 −26 1 1 1 2 −3 2

9 � −10 2 −6 −5 −6 −1 −1 2 2 2

FIG. 6. �Color online� Radial distribution of magnetization
within a sphere of radius r placed at S1 and S2 atoms with U=0 and
3 eV. The units of the radial distribution are scaled with respect to
the saturation value of the Cr atom when U=0 eV.

FIG. 7. Difference between the electronic density �electrons/Å3�
for U=3 eV and U=0 eV ��	=	3−	0� for �a� �	�0
and �b� −�	�0, displayed for the �110� plane. The lowest
contour corresponds to 2.21�10−2 electrons/Å3 for �a� and
1.05�10−2 electrons/Å3 for �b�, and each contour is 10−3 times
larger.
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different schemes to deal with the correlation problem. The
addition of these corrections shows a larger stability of the
ferromagnetic spin order and an increase in the bandwidth of
the IB. However, an increase in the screened Coulomb inter-
action from 0 to 9 eV does not lead to a metal-insulator tran-
sition. Nevertheless, the splitting into two subbands happens
for dxz and py components. From these results, the IB of this
material is longer insensitive to the increase in the self-
repulsion compared with other II-VI semiconductors doped
with Cr.17
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