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We present a method for stabilizing ferromagnetism in Mn doped ZnO. We find that Mn doped ZnO

show anti-ferromagnetic order in the absence of additional carriers. When Mn doped ZnO is co-doped

with C atom at O sites ferromagnetic state gets stabilized. The C doping creates holes which leads to

stabilization of ferromagnetic state via hole mediated double exchange mechanism.
1. Introduction

Diluted magnetic semiconductors (DMS) are subjects of
intense interest because of the prospect of their application in
the emerging field of spintronics [1,2]. ZnO is a wide band gap
(3.37 eV) semiconductor with a large exciton binding energy
(59 meV) and is one of the promising candidates for making a
DMS by doping with a magnetic element. After the theoretical
prediction by Dietl et al. [3] suggesting the existence of room
temperature ferromagnetism in Mn doped ZnO and GaN, these
systems have been extensively studied. However, the occurrence
of ferromagnetism as well as its physical origin in transition metal
doped ZnO is controversial. Contradictory reports are available:
paramagnetic [4,5], ferromagnetic (FM) [6,7] and spin-glass [8].
The occurrence of room temperature ferromagnetism in bulk as
well as thin films of Zn1�xMnxO ðx ¼ 0:01;0:02, and 0.1) has been
reported by Sharma et al. [9]. Kundaliya et al. [10] suggested the
formation of a secondary phase ZnxMn2�xO3�d which can be
eliminated by high-temperature annealing [11]. Ueda et al. [12]
prepared 3d transition metal doped ZnO thin films using pulsed
laser deposition. They reported absence of ferromagnetism in Cr,
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Mn and Ni doped films. Similarly the works by Jin et al. [13] and
Lee et al. [14] do not find the occurrence of ferromagnetism in Cr
doped ZnO thin film. Many theoretical approaches conclude that
Mn doped ZnO exhibits anti-ferromagnetism [15–17]. These series
of works indicated the need for co-doping to stabilize ferromag-
netism in Zn(Mn)O by introducing carriers. Experimental study by
Liu et al. [18] as well as first-principles calculations of Zhang et al.
[19] show the stabilization of ferromagnetism in Zn1�xCoxO when
co-doped with Al, which introduces extra electrons. The ab initio

calculations by Sato and Katayam-Yoshida [20] have also shown
stabilization of FM state in Zn1�xMnxO by introducing holes. In
general, there is now consensus that ferromagnetism inMn doped
ZnO can only be stabilized by further co-doping to introduce extra
electrons or holes [21–25].

The issue of C doping of ZnO is critical for the success of our
proposal. C, in such cases, should act as a double acceptor and C
doping is interesting in itself. Earlier experimental studies indicate
the possibility of C doping at the O sites in ZnO [26,27]. The
former [26] have studied C doping of ZnO in the absence of the
transition metal (Mn). Their theoretical estimates also indicate
that such substitutional doping is energetically favorable. They
have carried out experimental studies on a pulse-laser deposited
C doped ZnO film. Their Raman spectroscopic results indicate the
formation of Zn–C bonds and they suggest this to be the cause of
ferromagnetism in the film. Recently, Ye et al. [27] reported
ferromagnetism in C doped ZnO powder. They have validated the
formation of the Zn–C bond on the basis of XPS results.
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In this paper we describe the results of density functional
theory (DFT) based first principles calculation for magnetic
properties of Zn1�xMnxO. The calculation shows that this doped
ZnO exhibits anti-ferromagnetic (AFM) order. This result is in
consistent with the generally expected result that in the absence
of additional carriers Zn1�xMnxO cannot exhibit FM order
[14,21,24]. We show that the FM state can be stabilized by
co-doping with C atoms. The C atom substitutes an O, which
introduces holes in the system. We will discuss the role of these
holes in stabilizing the FM state.
2. Computational details

The calculations were carried out using a plane wave based
DFT code, namely the Vienna ab initio simulation package. The
electron–ion interactions have been described by the projector
augmented wave method [28,29]. The exchange-correlation
energy is calculated using the Perdew–Burke–Ernzerhof (PBE)
functional [30]. The pseudo-potentials for Mn and Zn were
generated by including their 3d states in the valence configura-
tion. The 3� 3� 2 super-cell of ZnO contained 72 atoms. For the
sake of clarity only a portion of the actual super-cell is shown in
Fig. 1. The choice of such a large super-cell helps to keep the
dopant concentration close to practical limit and also avoids
the spurious magnetic interaction between a magnetic atom and
its image. Gamma centered 3� 3� 2 Monkhorst–Pack mesh was
used for summation of charge densities over the Brillouin zone.
The plane wave cut off energy was set to 400 eV. All the atoms in
the super-cell were relaxed till the Hellman–Feynman force on
each ion was less than 0.01 eV/Å.
3. Results and discussions

Two nearest neighbor coplanar Zn atoms (as shown in Fig. 1)
are replaced by Mn atoms (black spheres). This corresponds to a
Mn concentration of 5.55% per ZnO unit. Our results show that the
AFM state is energetically favored with the energy difference
between the FM and the AFM states about 68 meV/unit-cell. This
result is in agreement with the Korringa–Kohn–Rostoker (KKR)
method based LDA calculation by Sato and Katayam-Yoshida [20],
Iusan et al. [24] and Rosa and Ahuja [25]. The magnetic moments
on Mn atoms in the FM and AFM states are 4.27 and 4:25mB,
respectively. We have not included on-site electron–electron
repulsion energy U which would enhance magnetic moments
further. It, however, will not affect analysis as we are interested in
qualitative rather than quantitative results. Large reduction in
distance between two Mn atoms in the AFM state (3.23 Å) as
compared to that in the FM state (3.32 Å) also indicates strong
Fig. 1. (Color online) A portion of the actual super-cell showing different C sites

marked as 1, 2 and 3. Figure is drawn using the software XCrySDen [33].
AFM coupling between the Mn atoms if we invoke the idea of
exchange striction [31,32].

Next we go on placing a C atom at different O sites, marked as
1, 2 and 3 in Fig. 1, henceforth referred as configuration 1, 2 and 3,
respectively. The choice of such sites ensures that the C atom is
equidistant from both Mn atoms in each case. Can C easily dope
ZnO(Mn)? To see this we have evaluated the energy:

DE ¼ E½ZnOðMn� CÞ� � E½ZnOðMnÞ� � ðmC � mOÞ

The highest value of this among the various doping configura-
tions described above is 3.21 eV. This is a reasonable estimate for
us to state that it will be possible for us to dope ZnO(Mn) with C
replacing an O at its site. Energies for other substitutions and
interstitial defects are much higher.

Total energy calculations are carried out for FM and AFM states
for each configuration and the results are listed in Table 1. The
configuration 1 in the FM state is found to be the minimum
energy configuration. The energy DE in Table 1 is the energy
relative to the energy of configuration 1 in the FM state. Thus with
C co-doping the FM state in configuration 1 becomes energetically
the most favorable and the nearest AFM state has energy 0.68 eV
higher. The other two configurations, where the co-dopant is
further away from the Mn atoms, have much higher energies.

Thus the inclusion of C atom stabilizes ferromagnetism state in
configuration 1. The magnetic moments of Mn atom in the FM and
AFM states in configuration 1 are 3.48 and 3:33mB, respectively.
The reduction in moment is due to strong p–d hybridization
which we will also see later while analyzing partial density
of states. Furthermore the optimized Mn–Mn distance, dMn2Mn is
now smaller in the FM state (3.17 Å) than that in the AFM state
(3.24 Å).

The distances between Mn and C atoms, dMn2C in configura-
tions 2 and 3 are quite large. The FM and AFM states in
these configurations are almost degenerate, however, the energy
difference is now small (0.01 and 0.04 eV) compared to the case
without C atom. In these cases the C atom is much farther from
the Mn atoms than in the configuration 1. However, it can interact
with Mn atoms indirectly through the neighboring Zn and O
atoms. This is evident from the fact that neighboring Zn and
O atoms which otherwise are non-magnetic now carry some
magnetic moments ð0:0120:09mBÞ. However, this interaction is
weak and the FM state is not stabilized. These two configurations
are energetically highly unfavorable with respect to configuration
1. It means, energetically the C atom prefers to sit nearer to Mn
atoms.

In order to understand the role of C atom in stabilizing
ferromagnetism we look at the density of states both in the
presence and absence of C co-doping. In the absence of co-doping,
the spin polarized partial density of states of Mn d and O p (of O
atom at site 1) for the FM and AFM states are shown, respectively,
in Fig. 2(a) and (b). From the comparison between DOS of the FM
Table 1

Relative energy DE in eV , magnetic moment of Mn in mB, distance between Mn

atoms, dMn2Mn in Å, and distance between Mn and C atoms, dMn2C in Å for

configurations 1, 2 and 3

Configuration Magnetic state DE Magnetic moment of Mn dMn2Mn dMn2C

1 FM 0.00 3.48 3.17 1.86

AFM 0.68 3.33 3.24 1.89

2 FM 2.34 4.05 3.29 3.83

AFM 2.33 4.04 3.28 3.82

3 FM 2.19 4.01 3.29 5.09

AFM 2.23 3.98 3.25 5.07
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Fig. 2. (a,b) Density of states of Mn-d and O-p for the FM and AFM states, respectively. (c,d) DOS of Mn-d and C-p for the FM and AFM states, respectively. The dashed

vertical lines indicate the positions of Fermi levels (set to 0 eV).
and AFM states it is clear that the hybridization between Mn d
and O p states in the deep valence band region is more
pronounced in the AFM state. This p–d hybridization is also
reflected in the reduced magnetic moment of Mn atoms in the
AFM state. In the case of AFM coupling between two Mn atoms,
spin up O 2p states couple with spin up d states of one Mn atom,
while spin down O 2p states couple with spin down states of the
other Mn atom. This is typical of super-exchange [34,35] coupling
which leads to lowering the energy in the AFM state by pulling the
d states to lower energies.

Fig. 2(c) and (d) show the DOS of Mn d and C p for the FM and
AFM states, respectively, in configuration 1. The strong p–d
hybridized hole states can be seen in the vicinity of the Fermi
energy. This causes partial occupancy in Mn d states. A 3d electron
from the partially occupied d states of one Mn atom can hop to a
3d orbital of the neighboring Mn atom, provided the neighboring
Mn has the parallel spin. Thus, the kinetic energy is lowered if the
two Mn atoms are ferromagnetically coupled. This is the double
exchange mechanism [36] which is realized here due to the
introduction of holes. Such hole mediated double exchange
mechanism has also been suggested by Akai for the stabilization
of ferromagnetism in InMnAs [37]
4. Conclusion

In summary we have performed first principle calculation for
magnetism in Mn doped ZnO. Our calculation shows that in the
ground state Mn doped ZnO exhibits AFM order. However, the FM
state can be stabilized when Zn1�xMnxO is co-doped with C.
The doped C atom prefers to substitute a O site nearby Mn atoms,
and in such a situation the FM state becomes energetically
favorable. In case the C atom sites far away from Mn atoms FM
state is no longer stabilized due to lack of sufficient overlap
between orbitals of Mn and C atoms. The stabilization of
ferromagnetic state is brought about by a a hole mediated double
exchange mechanism.

Our suggestion is then open to experimental verification.
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