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We report a first principles density functional theory in the local spin density approximation study of

the energetics and the magnetism of (ZnTe)12 clusters, doped with the transition metal Cr along with

impurities of either acceptor or donor types, and their effect on the energetics and local as well as global

magnetism in the clusters.
1. Introduction

Magnetic clusters and nano-particles are interesting not only
because of their possible technological applications, but also
because in these systems we can systematically study the effect
on magnetism of diminishing size and dimension. Semiconduc-
tors with dilute magnetic impurities (DMS) have opened up a
possibility of manipulating the spin degree of freedom of
electrons through interaction between the local moments of the
doping magnetic ions and the spins of the charge carriers of the
host semiconductors. (ZnTe)12 with stable fullerene-like cage
structure (made of eight hexagons and six rhombi) having a
HOMO-LUMO gap of � 2:33 eV, when doped with Cr, is a material
of interest. Since in a majority of the DMS ferromagnetism occurs
well below the room temperature, this puts a limitation on their
practical use. Thus the motivation behind studying the Cr doped
(ZnTe)12 clusters [1] with either donor or acceptor impurities is to
take a step towards the search for room temperature ferromag-
netism.

The aim of this paper is the study of the effect of co-doping Cr
doped (ZnTe)12 clusters with acceptor (N) or donor (I) co-dopants.
We shall study the electronic properties of such co-doped clusters
to understand the structure, energetics and magnetism in them.
Effects of doping on the ferromagnetism of bulk Zn1�xCrxTe have
already been studied. Iodine (I), which is found to be an electron
dopant, enhances the ferromagnetism while Nitrogen (N), which
is expected to be a hole dopant, suppresses it [2,3]. These effects
have been explained on the basis of the double exchange
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mechanism [4]. However, carrier-induced ferromagnetism in
Zn1�xCrxTe thin films is in doubt because these films are highly
insulating. In Ga1�xMnxAs, on the other hand, ferromagnetism is
enhanced with increased hole concentration. Clusters are finite
systems and do not have extended carrier states. In them the
situation may be rather different. Here the local environment
of the Cr dopant may play an important role in its magnetism.
It would therefore be instructive to study such co-doped clusters.
To our knowledge a theoretical investigation into co-doped
(ZnTe)12 clusters is not available.
2. Computational details

We shall use the density functional theory (DFT) based plane
wave method implemented in the Vienna ab initio simulation
package (VASP) with projector augmented waves (PAW) [5,6].
The PAW formulation is suitable for transition metals. We have
used the exchange-correlation energy functional of Perdew–
Burke–Erhnzerhof [7]. We have kept the cluster in a large enough
super-cell (a cube with sides of length 15 Å), so that there is no
effect of interaction between periodic images of the cluster.

We have used the Kosugi algorithm [8]. It is a new and efficient
iteration method for simultaneously obtaining several eigensolutions
of a large real-symmetric matrix by modifying the simultaneous
expansion method by Davidson and Liu. The method is basically
the Ritz iteration method to correct trial vectors simultaneously
using correction vectors. However, the number of the correction
vectors determined in each iteration need not be the same as the
number of the desired solutions. It is advantageous for the former
number to be smaller than the latter when many eigensolutions are
sought.
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Table 1
The six different clusters of (ZnTe)12 mono-doped with Cr and I, described in the

text and their characteristic properties.

dCr–I Eform Egap Magnetic moment

Cr I Total

MF1-I 2.58 1.051 0.69 2.11 �0.03 1.42

MF2-I 2.58 2.373 0.78 3.57 �0.19 3.00

MF4-I 7.98 3.568 0.64 3.35 0.00 2.98

MF5-I 2.70 3.583 0.24 3.11 �0.01 2.87

MF3-I 6.71 3.600 0.54 3.31 0.00 3.04
We have also applied the Vosko–Wilk–Nusair interpolation [9].
Usually VASP uses the standard interpolation for the correlation part
of the exchange-correlation functional. The interpolation formula
according to Vosko–Wilk–Nusair, usually enhances the magnetic
moments and the magnetic energies. Because the Vosko–Wilk–
Nusair interpolation is the interpolation usually applied in the
context of gradient corrected functionals, it is desirable to use this
interpolation whenever the PW(91) functional is applied.

The accuracy of Hellman–Feynman forces were set to 0.001 eV/
Å-atom. The automatic Monkhorst–Pack k�mesh generator was
used.
MF6-I 3.01 4.787 1.44 3.97 0.27 4.25

Distance between Cr and I atoms dCr–I is in Å, Eform and HOMO-LUMO gap

(smallest of the two spin channels) Egap are in eV and magnetic moments in

Bohr-magnetons.
3. Results and discussion

Among the smaller clusters, pristine (ZnTe)n with n¼12 is the
most stable with binding energy of 2.07 eV. It has a fullerene-like
cage structure as shown by Yadav et al. [1]. Its HOMO-LUMO gap
is 2.33 eV, wider as compared to the bulk value of 2.26 eV. When
we doped with Cr and co-doped with X (¼ N or I), these dopants
and co-dopants can go into different positions:
(a)
 Both n atoms of Cr and m atoms of X may substitute Zn. The
cluster is of size 24 atoms. We found that any replacement of Te
by either Cr or I or both costs too much energy and is not feasible.
(b)
 n atoms of Cr may substitute Zn and m atoms of X sit in
interstitial or surface positions. The cluster is of size 24+m atoms.
(c)
 Both n atoms of Cr and m atoms of X may sit in interstitial or
surface positions. The cluster is of size 24+n+m atoms.
(1) (2)

(3) (4)
The important energy in our discussions will be the formation
energy of the co-doped clusters. This is defined as

Eform ¼ E½ZnpTe12CrnXm��E½Zn12Te12�þnmCrþmmX . . .

. . .�

ðnþmÞmZn case ðaÞ if p¼ 12�n�m

nmZn case ðbÞ if p¼ 12�n

0 case ðcÞ if p¼ 12

8><
>:

ð1Þ

where Eform is the difference of the total energy after doping the
parent pristine cluster with transition metal dopant and one
acceptor (I) or donor (N) co-dopant and the total energy of the
pristine cluster. mX is the chemical potential of the element X.
Formation energy tells us how easily we can construct a stable
cluster by adding or substituting atoms. The higher (lower) the
formation energy the lower (higher) is the probability to form a
stable cluster. At a nano-scale it differs from the cluster binding
energy which is the energy required to disassemble the cluster
into free atoms.

3.1. Clusters of (ZnTe)12 mono-doped with Cr and co-doped with

donor (I) impurities

We have considered six different clusters as the lowest energy
candidates for (ZnTe)12 mono-doped with a Cr atom and a donor
(I) co-dopant:
1.
 MF1-I: A Cr and an I atom substituting two Zn atoms (24 atoms).
(5) (6)
2.
 MF2-I: A Cr atom inside the cage substituting a Zn atom and an
I on the surface (25 atoms).
3.
 MF3-I: A Cr and an I atom kept outside the cage (26 atoms).

Fig. 1. Cr–I doped (ZnTe)12 clusters arranged and numbered as described in the
4.

text. Small black (dark) spheres represent Zn, small yellow (light) spheres
MF4-I: A Cr and an I atom kept outside the cage but with
interchanged positions (26 atoms).
represent Te, large violet (gray) spheres represent Cr and large blue (dark) spheres

represent I. All figures have been drawn using the Vesta software.

5.
(For interpretation of the references to color in this figure legend, the reader is
MF5-I: A Cr atom on surface and an I inside the cage
substituting a Zn atom (25 atoms).
referred to the web version of this article.)
6.
 MF6-I: A Cr outside the cage and I inside the cage (26 atoms).



Table 2
The six different clusters of (ZnTe)12 mono-doped with Cr and N described in the

text and their characteristic properties.

dCr–N Eform Egap Magnetic moment

Cr N Total

MF1-N 3.36 1.874 0.67 3.725 0.240 4.079

MF2-N 1.93 3.374 0.82 3.663 0.093 4.069

MF4-N 3.29 3.752 1.16 4.055 0.075 4.226

MF5-N 6.21 4.121 0.26 3.759 �0.151 3.094

MF6-N 3.80 5.432 0.40 3.670 0.404 4.241

MF3-N 5.63 5.714 0.47 3.706 �0.439 2.982

Distance between Cr and N atoms dCr–N is in Å, Eform and HOMO-LUMO gap

(smallest of the two spin channels) Egap are in eV and magnetic moments in Bohr-

magnetons.

(1) (2)
We have started with the structure of pristine (ZnTe)12, carried
out the substitutions and additions and run the VASP molecular
dynamics programme until the Hellman–Feynman forces on each
atom are less than the error bar described in the earlier section.
Table 1 and Fig. 1 describe and illustrate the final geometric
structures and their magnetic moments. Each of the structures
represents a local minimum in the energy landscape.

In Table 1 we have arranged different structures in order of
increasing formation energy. The formation energy is minimum
when two Zn atoms are replaced by a Cr and an I within the cage.
There is a slight bond distortion in the neighbourhood of the Cr
atom. In MF1 the Cr–Te distance is reduced approximately by
4–8% indicating increase in bond strength and accumulation of
charges in the Cr–Te bond. The donor (I) impurity mostly sits next
to the Cr site either from inside or outside the cage. There is a
decrease in local as well as global moment which is due to
increased coordination of Cr in the cluster. Co-doping with donor
(I) gives an extra electron to the cluster. When it delocalizes
within cluster, it can jump from one atom to one of its neighbours
[11]. This intra-cluster electron hopping reduces the HOMO-
LUMO gap. We found that replacing Te sites instead of Zn with
dopants was energetically rather unfavorable. Earlier Yadav et al.
[1] showed the magnetic moment for the structure with
minimum formation energy for Cr doped (ZnTe)12 to be 3:62mB.
I co-doping reduces this to 1:42mB for MF1. Only in the relatively
unstable MF6 structure we see the increase in moment. In the
bulk, I doping of ZnxCr1�xTe with electrons is supposed to
enhance the magnetic moment on Cr. In this small cluster I co-
doping lowers the magnetic moment on Cr. We conclude that the
local environment of Cr in the doped cluster plays an important
role in determining the moment on it.

3.2. Clusters of (ZnTe)12 mono-doped with Cr and co-doped with

acceptor (N) impurities

Again, we have considered six different clusters for the lowest
energy structures of the (ZnTe)12 cluster mono-doped with a Cr
atom and co-doped with an acceptor (N) atom:
1.
 MF1-N: A Cr and a N atom substitute two Zn atoms (24 atoms).

2.
 MF2-N: A Cr atom substituting a Zn atom inside the cage and N

on surface (25 atoms).

3.
 MF3-N: A Cr and a N atom kept outside the (26 atoms).

4.
(4)
MF4-N: A Cr and a N atom kept outside the cage with
interchanged positions (26 atoms).
(3)
5.
 MF5-N: A Cr atom on surface and N substituting a Zn atom
inside the cage (25 atoms).
6.
(5) (6)

Fig. 2. Cr–N doped (ZnTe)12 clusters arranged as described in the text. Correlation

between spheres and type of atoms is the same as Fig. 1 with the exception that

large red (dark) spheres now represent N. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
MF6-N: A Cr outside the cage and N inside the cage (26 atoms).

Table 2 shows the properties of the six possible low energy
structures of (ZnTe)12 mono-doped with Cr and co-doped with N
arranged according to increasing formation energies. Fig. 2
displays the energy minimized structures of the six possibilities
mentioned in Table 2. If we compare Cr–I and Cr–N doped
(ZnTe)12, the structure of the latter have higher formation
energies than the corresponding ones of the former. In MF1-I
and MF1-N, Cr–I and Cr–N replace two Zn atoms on same
rhombus. The I atom always bonds with Cr due to its high electron
affinity, since Cr needs to saturate in terms of bonding to get to
the minimum energy state. The donor impurity I leaves the
surface and gets bonded with Cr. But acceptor impurity N remains
on the surface and just distorts the rhombus on which it sits and
also the nearby hexagon into a distorted rectangle. The Cr–N
distance in comparison to Cr–I is enhanced by 23% which means
that there is a less charge accumulation between Cr and N. MF1-N
forms a comparatively stable cage like structure with slight



distortion from the pristine cluster. Formation energy is minimum
for both these clusters in their respective groups. But as we can
see, contrary to expectation, the magnetic moment is higher in
N co-doped as compared to the purely Cr doped cluster.
Table 3

Distance between Cr atoms dCr–Cr is in Å, Eform and HOMO-LUMO gap (smallest of

the two spin channels) Egap are in eV and magnetic moments in Bohr-magnetons.

dCr–Cr Eform Egap Magnetic moment

Cr1 Cr2 I Total

F1-I 7.05 1.291 0.12 4.04 3.895 �0.02 7.86

F2-I 2.92 1.564 0.54 4.01 4.01 �0.003 7.92

F3-I 3.23 2.062 0.13 3.59 3.52 �0.02 6.59

F4-I 3.04 4.337 0.51 3.63 3.54 �0.06 6.57

F5-I 7.73 4.674 0.51 3.75 3.12 �0.06 6.51

AF1-I 7.01 1.248 0.45 4.04 �3.897 �0.02 0.197

AF2-I 2.62 1.432 0.42 3.67 �3.76 �0.01 �0.098

AF3-I 4.68 1.965 0.72 3.69 �3.22 �0.01 0.715

AF4-I 2.81 4.140 0.24 3.57 �3.37 �0.07 0.636

AF5-I 7.73 4.666 0.55 3.75 �3.11 �0.06 0.766

(1) (2)

(3) (4)

(5)

Fig. 3. Cr2I doped (ZnTe)12 clusters with aligned spin arrangement of Cr atoms.

Correlation between spheres and type of atoms is the same as Fig. 1.
Doping with acceptor type (N) impurity is expected to suppress
magnetism in bulk Zn1�xCrxTe. N has three unpaired electrons in
its valence shell. Doping it in the bulk will reduce the number of
unpaired electrons and hence magnetism. However, in many
similar cases the opposite has been observed [10]. Wang and
Zunger [11] showed, using thermodynamic arguments, that if we
doped ZnO with Ga and N from a N2 source, then N centric dopant
clusters N–Ga4 and N–Ga3Zn which promote n-type doping are
favored. On the other hand, doping ZnO with Ga and N from a NO
source favors Ga centered dopant clusters Ga–N4 and Ga–N3O
which promote p-type doping. This explains the surprising
observation [12] that the type of doping and therefore enhance-
ment or suppression of magnetism does depend upon the local
environment in which the N sits after doping. In our case, in the
MF1-N cluster, there is a clustering of N–Cr–Te3. Since we have
energy minimized the geometry, we can argue that the N–Cr–Te3

clustering is energetically favourable and could be the source of
the moment enhancement.
(1) (2)

(3) (4)

(5)

Fig. 4. Cr2I doped (ZnTe)12 clusters with anti-aligned spin arrangement of Cr

atoms. Correlation between spheres and type of atoms is the same as Fig. 1.



3.3. (ZnTe)12 clusters bi-doped with Cr and mono co-doped with

donor (I) and acceptor (N) impurities

For donor (I) co-doping of Cr bi-doped clusters we have chosen
five cluster compositions to describe the low energy states:
1.
Tab

Dis

gap

Boh

F1

F2

F3

F4

A

A

A

A

Fig
ato
F1/AF1-I: Two Cr atoms substituting Zn atoms on opposite
le 4

tance between Cr atoms dCr–Cr is in Å, formation energy Eform and HOMO-LUMO

(smallest of two spin channels) Egap are in eV and magnetic moments in

r-magnetons mB.

dCr–Cr Eform Egap Magnetic moment

Cr1 Cr2 N Total

-N 6.81 2.98 0.23 3.77 3.88 0.14 7.78

-N 2.96 3.33 0.59 3.74 3.47 1.58 9.10

-N 3.30 3.33 0.39 3.66 3.56 �0.11 6.63

-N 2.93 3.57 0.78 3.65 3.65 �0.15 6.65

F1-Na 6.77 3.08 0.69 3.75 3.63 �0.16 6.73

F2-N 2.85 3.22 0.24 3.59 �3.51 0.16 1.97

F3-N 2.58 3.35 0.55 3.36 �3.69 �0.11 �0.63

F4-Na 2.93 3.57 0.78 3.65 3.65 �0.15 6.65

a These structures cannot sustain anti-aligned moments (see text).

(1) (2)

(3) (4)

. 5. (ZnTe)12 clusters with Cr2N doping with aligned spin arrangement of Cr

ms. Correspondence between spheres and type of atoms is the same as Fig. 2.

Fig
Cr a
vertices of a rhombus and an I atom substituting a Zn atom
nearest to one of Cr atoms. The moments on the Cr atoms are
either aligned (F) or anti-aligned (AF) (24 atoms).
2.
 F2/AF2-I: Two Cr atoms substitute Zn and an I substitutes a Te
on the same rhombus (24 atoms).
3.
 F3/AF3-I: Two Cr atoms and an I atom replace three Zn atoms
on same hexagon (24 atoms).
4.
 F4/AF4-I: Two Cr atoms substitute Zn on the same rhombus
and an I atom sits outside the cage (25 atoms).
5.
 F5/AF5-I: Two Cr atoms substitute Zn on opposite vertices of
two rhombi with an I atom sitting outside the cage (25 atoms).

The starting structures are such that the Cr atoms may be
arranged either with aligned moments (F) or anti-aligned
moments (AF). After running the VASP molecular dynamics and
limiting the Hellman–Feynman forces below the error bar, the
final geometrical structures and magnetic moments are described
in Table 3 and Figs. 3 (for aligned arrangement of Cr moments)
and 4 (for anti-aligned arrangement of Cr moments).

In Table 3 the five structures are arranged according to the
lowest (F1/AF1) to the highest (F5/AF5) formation energies. For
the Cr spin aligned structures, the most favourable cluster has a
large Cr–Cr distance in which the Cr atoms sit on opposite vertices
of two rhombi facing each other across the cluster. The I atom
(1) (2)

(3)
(4)

. 6. (ZnTe)12 clusters with Cr2N doping with anti-aligned spin arrangement of

toms. Correspondence between spheres and type of atoms is the same as Fig. 2.



replaces a Zn in the neighbourhood of one of the Cr atoms. Again,
we have checked whether the replacement of a Te atom is
energetically unfavorable. The structures with anti-aligned spin
arrangements (AF) have lower formation energies than the
corresponding aligned (F) ones. In the AF structures the two Cr
atoms are not equivalent, as one has an I atom in its vicinity. The
moments on the two are therefore not equal in magnitude and we
have essentially a ferri-magnetic arrangement. Yadav et al. [1]
showed that for Cr doped (ZnTe)12 ferromagnetic stability
decreases with increase in distance between Cr and Cr atoms.
Co-doping that cluster with donor (I) impurity changes this order.
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AF1-I structure.
This now depends on at which position the co-dopant sits with
respect to the Cr atoms. The HOMO-LUMO gaps in these clusters
are reduced by I co-doping. The donor I contributes an electron to
system which is delocalized within it.

For acceptor (N) co-doping of Cr bi-doped clusters we have
chosen four cluster compositions to describe the low energy states:
1.
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F1/AF1-N: Two Cr atoms replacing Zn at opposite vertices of
two facing rhombi and a N atom replacing a Zn in the
neighbourhood of one of the Cr atoms (24 atoms).
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2.
Fig
for

dop

AF2
F2/AF2-N: Two Cr atoms substituting two Zn on same rhombus
and a N atom sitting outside the cage (25 atoms).
3.
 F3/AF3-N: Two Cr atoms and a N atom substituting three Zn
atoms on same hexagon (24 atoms).
4.
 F4/AF4-N: Two Cr atoms substituting two Zn on same rhombus
with a N atom substituting a Zn in an adjacent rhombus
(24 atoms).

Again we start from the structure of the pristine (ZnTe)12 with
substituted and added Cr and N. The Cr moments are at the start
either aligned or anti-aligned. After energy minimization and
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restricting the Hellman–Feynman forces to below the imposed
error bar, we obtain clusters whose geometry and magnetic
structures are described in Table 4 and Figs. 5 (for aligned
arrangement of Cr moments) and 6 (for anti-aligned arrangement
of Cr moments). Here two of the structures AF1-N and AF4-N even
when started with anti-aligned Cr moments, on energy mini-
mization yield aligned Cr moment arrangements. Unlike other
cases the anti-aligned moment configuration in these structures is
not even locally stable. As discussed earlier for N mono-doping, in
these clusters too the effect on magnetic moment depends on the
environment in which the doping N sits. In the clusters with least
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formation energy aligned moment arrangement is preferred and
the moments are bolstered above the unco-doped clusters. The
HOMO-LUMO gap is also reduced, from the pristine cluster
significantly. When Cr–Cr distance is minimum gap is maximum
in case of N doping. The Zn or Te atoms surrounding magnetic Cr
atoms have very small moments induced on them. Cr atoms
acquire larger moment than bulk due to reduced coordination.
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3.4. Analysis of cluster energy spectra

Figs. 7 and 8 show the energy spectra of the minimum
formation energy clusters of (ZnTe)12 doped with Cr and co-doped
with I or N, respectively. In the left columns, magenta (full lines)
represents states due to Cr1-d, green (dashed lines) those due to
Cr2-d and blue (dashed-dot lines) those due to I-p or N-p. In the
right columns magenta indicates the spin up channel while green
the down-spin channels. The energy is measured from the Fermi
energy.

The top panels of Figs. 7 and 8 show the spectra for the clusters
MF1-I and MF1-N, respectively. We note that doping pristine
(ZnTe)12 with a magnetic Cr atom along with the donor (I) or
acceptor (N) co-dopant, specifically substituting Zn atoms,
changes the electronic structure at the Fermi level significantly.
In the right column top panel of Fig. 7 we see that the occupied
d-levels in the up channel due to donor (I) doping shifts towards
higher energies above EF, i.e. they now become unoccupied. While
in the down-spin channel unoccupied d-levels were shifted
towards lower energies with some p-orbital contribution near
EF. In up-spin channel just above Fermi level large number of
states are available but in the down-spin channel HOMO-LUMO
gap is larger. The right column top panel of Fig. 8 shows that for
acceptor (N) co-doping, occupied and unoccupied states both in
up as well as down-spin channels are shifted towards lower
energies. Band gap is larger in the up-spin channel. Thus it seems
possible that, doping appropriately, the gaps can be reduced to a
level where either the up or down or both spin channels become
gapless.

The middle panels of Figs. 7 and 8 show (ZnTe)12 bi-doped
with Cr and a single I atom or N atom, respectively, with the Cr
atoms having aligned moment arrangement. For the case of I
doping the picture is quite like the mono-doped case, with an
even smaller gap in the up channel and a larger gap in the down
channel. For the case of N doping for the aligned spin case the
gaps are almost the same.
-4 -2 4 6
Energy (eV)

-60

-45

-30

-15

0

15

30

45

60

To
t_

D
O

S
 (s

ta
te

s/
eV

-a
to

m
-s

pi
n)

0 2

Fig. 9. (Color online) Total spin-resolved DOS of the pristine (ZnTe)12 cluster.
The bottom panels of Figs. 7 and 8 show (ZnTe)12 bi-doped
with Cr and a single I atom or N atom, respectively, with the Cr
atoms having anti-aligned moment arrangement. For I doping in
the anti-aligned case both the gaps are of the same width, while
for the N doping the down channel has the greater gap.

If we compare Figs. 7 and 9 we note that for aligned moment
bi-doping (ZnTe)12 with Cr, Cr up-d states populate the HOMO-
LUMO gap of pristine (ZnTe)12. While for the anti-aligned moment
case both the up-d and down-d Cr states are pushed above and
below the HOMO-LUMO gap of pristine (ZnTe)12 giving clean gaps
for both the up and down channels. Referring to Fig. 8 we note
that with N co-doping both N up-p and down-p states populate
the HOMO-LUMO gap of pristine (ZnTe)12 giving much smaller
gaps than that for anti-aligned I co-doped clusters. Total and
partial DOS of Iodine and Nitrogen doped pristine clusters with
FM and AFM arrangements show difference in moments due to
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Fig. 10. (Color online) Total spin-resolved DOS of (ZnTe)12 cluster doped with Cr,

Cr–I, Cr2–I, Cr3–I, respectively (from top to bottom).



Table 5
HOMO-LUMO gaps in the up and down channels in eV, magnetic moments in Bohr

magneton mB .

Egup
Egdn

Magnetic moment per Cr atom

F0 2.73 2.73 0.00

F1 0.74 2.37 3.64

F2 0.69 1.06 1.42

F3 0.28 1.67 2.20

F4 0.16 1.70 3.40
varying hybridization between Cr-3d and I-5p (or N-3p) states
which also results into changed chemical bonding of Cr–Te2–I
(or N) type of clustering. We can clearly see the difference in
majority and minority electrons on integrating partial density of
states which significantly differs from one cluster arrangement to
another showing substantial change in moment.

Fig. 9 shows the spin-resolved energy spectrum of pristine
(ZnTe)12 cluster (F0). Fig. 10 shows (from top to bottom) the
energy spectrum in the two spin channels for (ZnTe)12 mono-
doped with Cr (F1), mono-doped with Cr and co-doped with I (F2),
bi-doped with Cr and co-doped with I (F3) and finally tri-doped
with Cr and co-doped with I (F4). A systematic study of the five
cases shows that there is a considerable change in the spectrum
near the Fermi level in the up-spin channel as compared to that in
the down-spin one with respect to pristine (ZnTe)12. Band gap of
up-spin channel decreases with increasing number of Cr atoms
keeping I fixed but in down-spin channel the change, once
co-doped with I, is much smaller. The up-spin channel is fully spin
polarized and only one spin type of electrons can pass through it.
This is a characteristic of half-metallic systems. This is summar-
ized in Table 5. The decrease in moment for Cr–I doping is due to
p–d hybridization in Cr-3d and I-5p orbitals. In contrast to this
similar doping of Cr atoms and co-doping with an acceptor (N)
atom both energy gaps reduce with increased doping of Cr atom
with fixed N. Both up- and down-spin channels have only partial
spin polarization.

If we wish to synthesize these clusters at room temperature
then the HOMO-LUMO gap should be of the order of EgCkBT
where TC300 K. That is, the larger HOMO-LUMO gap in the spin
channels should be greater than 0.025 eV. In our case we have
smaller HOMO-LUMO gap in the up-spin channel in comparison
to the down-spin channel and for all configurations this larger gap
is more than the above limit. We believe it may be possible to
synthesize the described clusters in the laboratory at room
temperatures.
4. Conclusion

We have shown that co-doping with charged impurities
changes the energetics, magnetic properties and may stimulate
half-metallic nature in Cr doped (ZnTe)12. For clusters doped with
two or more Cr atoms, both I and N co-doping enhance magnetic
moments. Moreover the most stable configurations are those with
aligned Cr moments. Enhancement of magnetic moments by N
co-doping has been earlier attributed to specific cluster environ-
ments of the dopants and co-dopants. Unlike the bulk, there are
no extended electronic states in the cluster and local environment
plays the crucial role here. This is a characteristic of reduced
dimensions.
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