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We have studied the energetics and magnetism in Cr-doped (ZnTe)12 clusters by first principles density

functional calculations. Total energy calculations suggest that it is energetically most favourable for Cr

atoms to substitute at Zn sites. Both ferromagnetic and anti-ferromagnetic coupling between the Cr

atoms exist depending on the Cr–Cr distance in the clusters. The magnetic exchange coupling between

Cr atoms is short-ranged.
1. Introduction

Clusters and nano-particles exhibiting magnetism have drawn
attention because of their prospects in technological applications.
Also, reduction of dimension from bulk to nano-scale often gives
rise to novel physical properties. In semiconductor spintronics,
transition metal (TM)-doped III–V semiconductors have been
considered to be the potential candidates for future use. The
occurrence of ferromagnetism in these dilute magnetic semicon-
ductors (DMS), e.g., Mn-doped GaAs [1] and InAs [2], has opened
the possibility of achieving a new class of functional materials.
However, these DMS exhibit ferromagnetism much below room
temperature. This is one of the limitations of their practical use. A
search has been on for the investigation of room temperature
ferromagnetism in doped II–VI DMS. Experimental data on
TM-doped ZnO are controversial and there is no unanimous
agreement about the occurrence of high temperature ferromag-
netism in this system [3–6]. Among other II–VI DMS, Cr-doped
ZnTe has also been studied and here the situation looks more
transparent. ZnTe which is a direct wide band-gap (2.26 eV) II–VI
semiconductor can be doped with a fairly large amount of TMs.
Recently Saito et al. [7] reported the occurrence of high Tc

ferromagnetism in epitaxially grown thin films of Cr-doped ZnTe.
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Room temperature ferromagnetism in bulk Cr-doped ZnTe crystal
has been reported by Pekarek et al. [8]. Density functional (DFT)
based theoretical calculations have also revealed the possibilities
of achieving strong ferromagnetic order in Cr-doped bulk ZnTe.
Sato and Katayama-Yoshida [9] reported from KKR-CPA studies
that ferromagnetism in Cr-doped bulk ZnTe is more stable than
other TM (Mn, Fe, Co)-doped cases. Parallely, Monte-Carlo
calculations showed that the calculated Curie temperature can
be as high as the room temperature [10].

While there are many theoretical reports for ferromagnetism
in bulk Cr-doped ZnTe, to our knowledge, no theoretical
investigation exists for doped ZnTe clusters. These studies are
very important as the nano-sized clusters are thought to be
potential materials for building blocks of cluster assembled solids
[11,12]. The motivation of this paper is to study the structural,
electronic and magnetic properties of Cr-doped small ZnTe
clusters through first principles calculations. The main thrust of
this work will be twofold: first, from energetics to decide how Cr
dopes ZnTe: whether Cr substitutes at Zn or Te sites, sits in the
interior of the ZnTe cage or is adsorbed on its surface. Second, to
understand the magnetism in the regime of cluster sizes less than
an nm.

The structural and electronic properties of small clusters of
pristine ðZnTeÞn for np9 have been studied earlier by Matxain et
al. [13]. They found ground state planar structures for np5 and
three-dimensional cage-like ones made up of units of rhombi and
hexagons for nX6, with n ¼ 7 being an exception. Our results for
the smaller clusters are very similar. However, with our earlier
experience for ZnO clusters [14], we focus on (ZnTe)12 with its

www.sciencedirect.com/science/journal/magma
www.elsevier.com/locate/jmmm
dx.doi.org/10.1016/j.jmmm.2008.08.092
mailto:abmook@yahoo.co.in


ARTICLE IN PRESS
fullerene-like structure. From our ab-initio calculations, we have also
found a cage-like ground state structure for (ZnTe)12 with rhombus
and hexagonal building blocks similar to ðZnOÞ12. This structure is
highly symmetric and has a large energy gap Eg between the highest
occupied and the lowest unoccupied states (HOMO–LUMO gap) of
2.34 eV and therefore should be a suitable candidate for doping.
Moreover our calculation suggests that binding energy of (ZnTe)12

cluster increases on doping with Cr atom. Such enhancement of
binding energy is one of the prerequisites for a cluster to be a
candidate for the synthesis of cluster assembled solids. The details
will be discussed later in the paper.
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2. Computational details

Calculations have been carried out with a density functional
theory (DFT) based plane wave method implemented in the Vienna
ab initio simulation package (VASP) with the projector augmented
wave [15,16] option. This method approximates DFT energy rather
accurately for TM atoms and hence will be helpful in determining
the binding energy of the clusters. The exchange-correlation energy
functional chosen is that of Perdew–Burke–Ernzerhof (PBE) [17].
The cluster was kept at the centre of the supercell, whose size was
taken to be large enough (a cube with sides 15 Å in length) to avoid
the interaction between periodic images of the cluster. Gamma
point calculations have been performed with the plane wave cut off
energy of 276.7 eV. The geometries of the clusters have been
optimized using the conjugate gradient algorithm and the
convergence was achieved till the Hellman–Feynman force on
each ion was less than 0.01 eV/Å. For bulk calculations, supercells
consisting of 16 units, i.e., (ZnTe)8 were used with a 6� 6� 6
Monkhorst-Pack k-point mesh.
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3. Results and discussion

3.1. Pristine ðZnTeÞn clusters

Fig. 1 shows the most stable structures of the smaller ðZnTeÞn
clusters with unit sizes n ¼ 2;3;4;6 and 9. The first three
structures are cyclic ring-like structures. We shall see later that
the n ¼ 2 and 3 structures will form the building blocks for the
larger sized cage-like structures. Starting from n ¼ 6 three-
dimensional structures are energetically the most stable. The
cluster with n ¼ 6 has two distorted hexagons and six rhombi,
while the one with n ¼ 9 has four hexagons and six rhombi. As the
size of the clusters increase, the hexagons become more regular.
The binding energy of the cluster per atom is defined as

Eb ¼
1

2n
jE½ðZnTeÞn� � nE½Zn� � nE½Te�j
Fig. 1. (Colour online) Lowest energy structures of pristine ZnnTen clusters with

n ¼ 2, 3, 4, 6 and 9. White spheres represent Zn atoms and darker spheres

represent Te atoms. Figures are drawn with the software XCrySDen [18].
Stability of the clusters against the transformation:

2ðZnTeÞn Ð ðZnTeÞnþ1 þ ðZnTeÞn�1

is measured by the usual curvature parameter of the Eb versus
size n:

D2ðnÞ ¼ 2E½ðZnTeÞn� � E½ðZnTeÞnþ1� � E½ðZnTeÞn�1�

Fig. 2 shows the binding energies and stability coefficient D2 for
the pristine clusters. We note that the clusters of sizes 6, 9 and 12
are more stable against breakup. All three have the characteristic
cage-like geometry.

For doping studies, we shall concentrate on the n ¼ 12 cluster.
It is stable and its size (as measured between the two farthest Te
atoms) is around 0.87 nm. We begin with the lowest energy
geometries and the stability of pristine (ZnTe)12 clusters, which
will be helpful in understanding the effect of Cr doping. In order to
investigate the ground state structure, several starting geometries
including the bulk-like zinc-blende structure were considered.
The ground state (labelled as GS) and the two closest energy
(labelled as LM1 and LM2) structures of (ZnTe)12 are shown in
Fig. 3. The ground state has a highly symmetric cage-like
structure. Such cage-like structure has also been found to be the
ground state for ðZnOÞ12 [13,14,19]. It consists of six rhombi and
eight hexagons and appears like a C60 fullerene (which, in
contrast, has units of pentagons and hexagons). There are two
types of Zn–Te bonds, a shorter one (2.57 Å) connecting two
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Fig. 2. (Colour online) (left) Binding energies for the pristine clusters n ¼ 2–12.

(right) Stability coefficient D2 for the pristine clusters.
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Fig. 3. (Colour online) Optimized structures of pristine (ZnTe)12 clusters, (left to

right) ground state (GS) and local minima LM1, LM2. Colour codes same as in Fig. 1.

Fig. 4. (Colour online) Optimized structures of mono-doped clusters, (left to right)

M1, M2, M3 and M4. Dopant Cr atoms are represented by black spheres and colour

codes of Zn and Te atoms are same as in Fig. 1.

Table 1
Binding energy Eb in eV/atom, formation energy Eform in eV/atom, HOMO–LUMO

gap (smallest of the two spin channels) Egap in eV and magnetic moments in bohr-

magnetons (mB) of the mono-doped clusters

Eb Eform Egap Magnetic moment

Cr Total

M1 2.34 1.57 0.58 3.75 3.62

M2 2.15 2.57 1.00 4.07 3.80

M3 2.25 2.60 1.36 4.29 4.66

M4 2.24 2.68 0.64 4.04 4.62
neighbouring rhombi and a larger one (2.64 Å) connecting a Zn
atom with a Te atom in the same rhombus. The calculated binding
energies per atom of GS, LM1 and LM2 are 2.07, 2.01 and 1.98 eV,
respectively. Thus, the ground state structure is energetically
favourable over the next higher-energy structure by about 1.44 eV
indicating its higher relative stability. The calculated HOMO–
LUMO gap, Egap in the GS, LM1 and LM2 structures are 2.34, 1.43
and 1.42 eV, respectively. The gap for the GS may be compared
to the value of the band-gap of 2.26 eV for bulk ZnTe in the
zinc-blende structure. The qualitative aspect of increase in Egap in
clusters due to the quantum confinement effect is correctly
reflected, but a quantitative estimate will certainly be erroneous
due to the limitation of DFT.

The large HOMO–LUMO gap of the ground state structure
reflects the semiconducting nature as well as higher stability
character of the cluster. It should be noted that the value for the
HOMO–LUMO gap may be underestimated as a consequence of
the limitation of the DFT. The binding energy per unit ZnTe in the
ground state (ZnTe)12 cluster is 4.14 eV which is less than the
corresponding bulk value of 4.82 eV showing the generally
expected result that the clusters are less energetically favourable
than its bulk. Like nonmagnetic bulk ZnTe, all the pristine (ZnTe)12

clusters shown in Fig. 3 are closed shell systems without any local
atomic magnetic moment.
3.2. Mono-doped clusters

The ground state structure was considered for four different
kinds of mono-doping structures: (i) a Zn atom substituted by a Cr
atom, (ii) a Te atom substituted by a Cr atom, (iii) a Cr atom placed
inside cage and (iv) a Cr atom placed outside cage. These are
indicated, respectively, as M1, M2, M3 and M4 in Fig. 4. The
structure of M1 is similar to that of pristine (ZnTe)12 cluster with
small local changes in bond lengths. In the case of M2, a
remarkable decrease (18.4%) in Zn–Zn distance in the rhombus
is found which suggests an accumulation of charges between
the two Zn atoms. In the case of M3, the Cr atom initially placed at
the middle of the cage moves just below a hexagonal surface
after geometry optimization. Similarly, in the case of M4,
the Cr atom placed outside the cage moves a little above the
hexagonal surface. Apart from formation of new bonds due to the
inclusion of a Cr atom, the other bond lengths in these two
clusters are more or less similar to those in the parent pristine
(ZnTe)12 cluster.

The binding energy, HOMO–LUMO gap, magnetic moment of
Cr atom and total magnetic moment of all these mono-doped
clusters are shown in Table 1. Here the cluster M1, in which a Cr
atom substituted at a Zn site, is found to be the most energetically
favourable. This observation agrees with various reports in the
case of bulk. The clusters M3 and M4, where the Cr atoms sits
inside and just outside the Zn12Te12 cage, are almost degenerate
and are intermediate in energy and M2, where a Cr atom
substitutes at a Te site is the least energetically favourable
structure.

Having found out the fact that the cluster with Zn atom
substituted by Cr atom is more energetically favourable, hence-
forth we study only substitutional doping by Cr atom at Zn sites.
In fact, we have calculated the formation energies of Cr at
different Zn sites as well as at a Te site. The defect formation
energy for a Cr atom substituting a Zn site is defined as

Eform ¼ E½CrZn11Te12� � ðE½(ZnTe)12� � mZn þ mCrÞ

where E represents the total energy and mX is the chemical
potential of the X atom. The calculated formation energies
for M1, M2, M3 and M4 are shown in Table 1. It clearly
corroborates the earlier statement that the Cr atoms replace Zn
sites upon doping as the formation energy for Te-substitution is
very high. Also, it can be noted that the formation energy for M3 is
lower than that of M4 indicating a preference for interstitial Cr
atoms to be doped within the cluster instead of outside on the
surface.

The HOMO–LUMO gaps (smallest of the two spin channels) of
all mono-doped clusters are smaller than that of pristine (ZnTe)12

cluster. The narrowing is caused by the inclusion of Cr states in the
energy gap of ZnTe (see Fig. 6(a)).

All the mono-doped isomers have significant magnetic
moments, mainly contributed by the 3d orbitals of Cr atom. This
result is totally different from other Cr-doped semiconductor
clusters, for example, the local magnetic moment of Cr atom in



ARTICLE IN PRESS

Table 2

Distance between Cr atoms, dCr2Cr in Å, binding energy Eb in eV/atom, and

magnetic moments in units of bohr-magnetons (mB)

dCr2Cr Eb Magnetic moment

Cr atom Total

BF1 2.96 2.611 3.76 7.25

BF2 3.40 2.605 3.74 7.23

BF3 6.83 2.601 3.75 7.29

BulkF1 4.31 2.050 3.67 7.11

BulkF2 6.10 2.039 3.66 7.09

BAF1 2.82 2.608 3.53 0.00

BAF2 2.91 2.610 3.56 0.02

BAF3 6.82 2.601 3.75 0.00

BulkAF1 4.31 2.037 3.58 0.00

BulkAF2 6.10 2.039 3.66 0.01
Cr-doped Si16 cluster is completely quenched [20]. The magnetic
moment of Cr atom which is 3.75mB in the case of M1 is not very
different from that of Cr-doped ZnTe thin film [21].

The magnitude of the total magnetic moments are ordered in
the four isomers as M1 o M2 o M4 o M3. In M1 and M2, Te
atoms which are anti-ferromagnetically coupled with the Cr atom
carry a small magnetic moment (�0:06mB). The smaller the Cr–Te
distance, the more there is hybridization of the 3d states of Cr
with the states of Te and smaller is the total magnetic moment of
the cluster. The magnetic moment ordering M1oM2 agrees this
behaviour since although both in M1 and M2 the Cr atom is
coordinated with three Te atoms, in M2 the Te atoms lie farther
away. However, in the case of M3 and M4, both Zn and Te atoms
have small induced moments resulting in an enhanced total
magnetic moment in these clusters.
3.3. Bi-doped clusters

In order to understand the magnetic coupling of Cr atoms
within the cluster we study bi-doped Zn12Te12 clusters. We have
chosen three different combinations of sites for Cr substitution of
Zn: (i) opposite vertices of a rhombus, (ii) adjacent Zn sites in a
hexagon and (iii) Zn-sites of two unconnected hexagons such that
the Cr–Cr distance is the farthest apart as shown in Fig. 5. These
are labelled in order of increasing Cr–Cr distance as BF1, BF2 and
BF3, respectively, for ferromagnetically coupled Cr atoms. The
corresponding clusters with anti-ferromagnetically coupled Cr
atoms are labelled as BAF1, BAF2 and BAF3, respectively. It would
be interesting to compare with what happens when Cr dopes bulk
ZnTe. For this, we have also considered two bulk cases with
smallest possible distances between two Zn substituted Cr atoms.
They are labelled in order of Cr–Cr distance as BulkF1, BulkF2 for
ferromagnetic arrangements and BulkAF1, BulkAF2 for anti-
ferromagnetic arrangements.

Except for the local deformation, the geometrical structure
of BF1, BF2 and BF3 are similar to that of the pristine (ZnTe)12

cluster. However, the structures of clusters with anti-ferromagne-
tically coupled Cr atoms are significantly distorted, particularly
BAF1 and BAF2. In all cases of Cr-doped bulk ZnTe, no structural
change is caused by Cr doping in a substitutional site, in
accordance with previous reports for other DMS [22]. The
Cr–Cr distance remains the same as the corresponding Zn–Zn
distance.
Fig. 5. (Colour online) Optimized structures of bi-doped (ZnTe)12 clusters, (top)

BF1, BF2 and BF3 (bottom) BAF1, BAF2 and BAF3. Colour codes of atoms are same as

in Fig. 4.
The relaxed Cr–Cr distance, binding energy, local magnetic
moment of Cr atoms and the total magnetic moment of the bi-
doped clusters are listed in Table 2. The energetic ordering of
ferromagnetic arrangements is BF1oBF2oBF3 which matches
with ordering of Cr–Cr distance in these clusters.

Among anti-ferromagnetic arrangements BAF2 is the most
favourable and BAF3 is the least favourable cluster. Comparing
the energetics of ferromagnetic arrangements with the corre-
sponding anti-ferromagnetic ones it is clear that ferromagnetic
arrangement BF1 is slightly more favourable over the AFM
arrangement BAF1. Within the accuracy of the calculation BF3
and BAF3 can be considered to be degenerate which suggests
that the magnetic coupling between Cr atoms is short-ranged.
This finding is similar to that of Cr-doped bulk ZnTe. The
short-ranged magnetic interaction occurs as the Cr-d states lie
in the energy gap of ZnTe as depicted in Figs. 4 and 5.
The energetics of BulkF2 and BulkAF2 also reflect this fact.
This is further supported by the fact that the magnitude
of local magnetic moment of Cr atom in both BF3 and BAF3 is
the same and so is the case in BulkF2 and BulkAF2. The only
case favouring anti-ferromagnetic arrangement is BAF2. The
significant decrease in Cr–Cr distance in BAF2 (14.4%) suggests
strong Cr–Cr magnetic coupling in the AFM state. This indicates
the tendency of Cr2 anti-ferromagnetic dimer formation. In fact
Cr2 free dimer is found to be anti-ferromagnetically coupled [23].
In order to investigate the effect of Cr–Cr distance we performed a
static calculation for BAF2 keeping Cr–Cr distance equal to that in
BF2 (3.40 Å). In this case the energy of the BAF2 cluster is higher
than that of BF2 by about 0.08 eV. BF2 becomes energetically
favourable. But, the Cr–Cr distance itself cannot be fully
responsible for this, for if it were, then BAF1 would also be
energetically more favourable than BF1. The more important
factor seems to be the local environment. In the case of
BAF1, Cr atoms are surrounded by closer Te atoms than in the
case of BAF2.

Finally, we study the density of states (DOS) of undoped and
doped ZnTe to analyse the effect of Cr doping over evolution of
magnetism. Fig. 6(a) shows the total DOS of pristine and mono-
doped cluster M1. We have also plotted in Fig. 6(b), the total DOS
of pure and mono-doped bulk (one Zn atom replaced by a Cr atom
in the 16-atom supercell) to have a comparison with clusters. As
can be seen from these figures DOS of clusters and bulk are
qualitatively similar. In both cases, Cr doping causes significant
spin polarization near the Fermi region resulting in net magnetic
moment. There is narrowing of energy gap due to occurrence of Cr
induced states in the gap.

We now move to bi-doped clusters to explore the origin of
magnetic coupling in them. To serve this purpose we plot partial
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Fig. 6. (Colour online) (a) Total DOS of undoped and mono-doped cluster, (b) total

DOS of undoped and mono-doped bulk ZnTe (dotted lines for undoped and solid

lines for doped).
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Fig. 7. (Colour online) Partial DOS of Cr 3d and Te 5p in (a) BF1 and (b) BAF1

(dotted lines for Cr 3d states and black shade for Te 5p states).
DOS of a Cr 3d and Te 5p states of BF1 and BAF1 in Fig. 7. The
hybridization between Cr 3d and Te 5p states is obvious near the
Fermi region in both the clusters. The net magnetization in BF1 is
the consequence of polarized pd hybridized states. The opposite
behaviour is observed in the case of BAF1 where 5p states of Te are
identical in both spin channels.
4. Conclusion

Our calculations show that the pristine (ZnTe)12 clusters have
cage-like, highly symmetric structures as the ground state
structure. The binding energy of the cluster increases with Cr
doping. Energy arguments indicate that Cr preferentially
substitutes Zn sites. Both ferromagnetic and anti-ferromagnetic
exchange coupling are found to exist depending on the
local environment around Cr atom. The magnetic exchange
coupling in Cr-doped clusters is short-ranged as in Cr-doped bulk
ZnTe.
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