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Electronic structure and magnetic properties
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The electronic structures and magnetic properties of (Mn, N)-codoped ZnO are investigated by using the first-
principles calculations. In the ferromagnetic state, as N substitutes for the intermediate O atom of the nearest neighboring
Mn ions, about 0.5 electron per Mn2+ ion transfers to the N2− ion, which leads to the high-state Mn ions (close to +2.5)
and trivalent N3− ions. In an antiferromagnetic state, one electron transfers to the N2− ion from the downspin Mn2+ ion,
while no electron transfer occurs for the upspin Mn2+ ion. The (Mn, N)-codoped ZnO system shows ferromagnetism,
which is attributed to the hybridization between Mn 3d and N 2p orbitals.
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1. Introduction
ZnO-based diluted magnetic semiconductors (DMSs)

have been attracting much attention for their potential applica-
tions in spintronic devices, but low Curie temperature (TC) re-
stricts their extensive applications. In 2000, Dietl et al.[1] pre-
dicted that TC could be raised above room temperature in Mn-
doped p-type ZnO with high carrier concentration. Motivated
by the prediction, many efforts have been made to investigate
the (Mn, N)-codoped ZnO system, for nitrogen is considered
to be a good candidate for p-type dopant. Even though room-
temperature ferromagnetisms in (Mn, N)-codoped ZnO films
prepared by various techniques have been investigated,[2–10]

the magnetic interaction mechanism is still unclear. More-
over, most theoretical research[11–13] adopts the local density
approximation (LDA) or generalized gradient approximation
(GGA), which fails to describe strongly correlated electron
systems due to large inter-atomic self-interaction errors. The
LDA/GGA +U method takes into account the orbital depen-
dence of the Coulomb and can improve the description of the
d states in a magnetic semiconductor. Therefore, in order to
test the reliability of the results, the two schemes are neces-
sary. In addition, when Mn and N ions are incorporated into
ZnO lattice, how do the chemical states of Mn and N change?
And how do they affect the magnetic state? About these ques-
tions, there has been no clear physical picture to date and so a
theoretical investigation is highly desirable.

In this paper, we will investigate the electronic structures,
magnetic properties, and the chemical states of doped ions in

(Mn, N)-codoped ZnO systems with both GGA and GGA +U
schemes, and also elaborate on the exchange interaction be-
tween magnetic ions.

2. Computation details
The calculations are carried out with the plane-wave

basis set and ultrasoft pseudopotentials as implemented in
the QUANTUM-ESSPRESO package,[14] and the general-
ized gradient approximation (GGA) functional in the form of
Perdew–Burke–Ernzherof[15] (PBE) is employed. The wave
functions are expanded by plane waves up to a cutoff energy
of 60 Ry (1 Ry = 13.6056923 eV). Brillouin zone integration
is performed by 4×4×4 Monkhorst and Pack special point
grids[16,17] and Methfessel and Paxton smearing technique
with a smearing width of 0.005 Ry.[18] All atoms are allowed
to relax until the atomic force is smaller than 10−3 Ry/bohr.
The ZnO supercell we investigated consists of 48 atoms. Two
Zn ions are chosen to be substituted with two Mn ions in the
supercell, which is equivalent to an Mn concentration of 8.3%
(Zn0.917Mn0.083O). We study five different doping configura-
tions of Mn-doped ZnO (see Fig. 1 and Table 1). Total en-
ergy calculations demonstrate that the two Mn ions tend to
substitute for the nearest neighboring Zn ions, so we mainly
investigate two configurations of Mn–N–Mn complex. One
configuration is that the two Mn ions substitute for Zn ions at
sites 1 and 3 (Mn–N–Mn chain along c axis), named C-1; and
the other is that the two Mn ions substitute for Zn ions at sites
1 and 2, named C-2, as shown in Fig. 2(a). In the GGA +U
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scheme, we select UZn = 2 eV which is fitted by Hu et al.[19]

and UMn = 3 eV.

Fig. 1. (color online) Crystal structure of ZnO. The big (pink) and small
(gray) balls represent the Zn and O atoms. The number marked on the
atom refers to the number of other atoms that will substitute for the
number-marked atom.

Table 1. Calculated results of different doping configurations in Mn-
doped ZnO. The first column shows the different doping configurations,
the second column the ground state of each doping configuration, the
last column the energy difference between the ground state of each con-
figuration and the ground state of the system, i.e., AFM state of config-
uration (0, 1).

Configuration (i, j) Ground state Relative energy ∆E/meV

(0, 1) AFM 0
(0, 2) AFM 17.68
(0, 3) AFM 76.16
(0, 4) AFM 77.52
(0, 5) AFM 72.08

3. Results and discussion
Firstly, we investigate the properties of N-doped ZnO be-

cause some groups[20–22] reported in recent years that N-doped
ZnO can induce magnetism. We consider a single anion O sub-
stituted by one N atom (NO) in the 48-ion supercell. Results
show that each N dopant introduces a total magnetic moment
of 0.78 µB/supercell (∼ 0.44 µB from N itself,∼ 0.34 µB from

Fig. 2. (color online) (a) Side view of the schematic ZnO supercell
consisting of 24 O atoms (small) and 24 Zn atoms (big). The number
marked on the atom refers to the number of other atoms that will sub-
stitute for the number-marked atom. (b) The spatial spin distribution of
N-doped ZnO in the 48-ion supercell, (ρ = 8×10−4 e/au3), the unit au
is the abbreviation for atomic unit.

its 10 second-nearest-neighboring O atoms and its nearest-
neighboring Zn atoms). Shen et al.[20] pointed out that the
magnetism is the strong interaction between N 2p and the
second-nearest-neighboring O 2p states at the Fermi level.
Figure 2(b) shows the corresponding spatial spin distribution
of N-doped ZnO in spin-polarized state. We expect that the
spin-polarized N atom may play an important role in mediat-
ing the exchange interaction between the two Mn ions in (Mn,
N)-codoped ZnO.

Secondly, we study the C-1 and C-2 configurations in
(Mn, N)-codoped ZnO. In the two configurations, both the fer-
romagnetic (FM) and antiferromagnetic (AFM) orderings are
calculated, and the energy difference ∆EAFM−FM between the
AFM and FM spin orderings indicates that the lower one is
for the ground magnetic ordering. Table 2 shows the magnetic
moments and the values of energy difference ∆EAFM−FM be-
tween GGA and GGA +U schemes for C-1 and C-2 doping
configurations, respectively. It is found that both doping con-
figurations are of FM ordering. Using the mean-field theory
and Heisenberg model, i.e., kBTC = (2/3)∆EAFM−FM,[23,24]

we estimate the Curie temperature of the doping system. The
energy difference ∆EAFM−FM is large enough to lead to high
temperature ferromagnetism. In Table 2, it can be seen that
the interlocking N atom is polarized and has a small magnetic
moment. In the ground state (FM state), the spin alignments
of Mn and interlocking N atoms can be shown as Mn(↑)–
N(↓)–Mn(↑) for Zn22Mn2O23N, the intermediate spin-down
N atom mediates the spin states of the two Mn atoms par-
allelly. In order to estimate the charge transfer between Mn
and N ions, Mn-doped ZnO is also studied with GGA and
GGA +U schemes, and both schemes demonstrate that Mn-
doped ZnO is AFM. The magnetic moments of Mn atoms
are about 4.6 µB and 4.8 µB in Mn-doped ZnO with GGA
and GGA +U schemes, respectively. We consider Mn ions
in the form of Mn2+ in Mn-doped ZnO as reported by other
groups.[12,25,26] The valence electron configurations of Mn,
O, and N atoms are 3d54s2, 2s22p4, and 2s22p3, respectively.
Therefore, the charge transfer can be estimated by comparing
the magnetic moments of Mn atoms in Table 2 with those cal-
culated by using corresponding schemes (GGA and GGA +U)

in Mn-doped ZnO, respectively (e.g., for the FM state of
C-1 configuration with GGA scheme, N substituting for O
makes the magnetic moment of Mn to decrease from 4.6 µB to
4.11 µB, which suggests that there is about 0.5 electron from
Mn 3d-shell which transfers to N2− ion). In the FM state, the
GGA calculations show that about 0.5 electron per Mn2+ ion
(the remaining 0.5 electron belongs to Mn 3d-shell) transfers
to the N2− ion (N 2p-shell) when the N atom substitutes for
the intermediate O atom of the paired Mn atoms, which leads
to the high-state Mn ion (close to +2.5) and trivalent N3− ion.
However, in the AFM state, the GGA calculations show that
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there is one electron that transfers from the downspin Mn2+

ion (Mn 3d-shell) to the N2− ion (N 2p-shell) but no electron
transfers for the upspin Mn2+ ion (so it remains its former va-
lence), which causes the AFM state to possess a net magnetic
moment of about 1 µB rather than 0 µB. Figure 3 shows the
schematic diagram of the electron transfer between Mn and
N ions in the FM and AFM states, respectively. In the FM
state, the electron transfer results in the stronger exchange in-
teraction between two Mn ions than in the AFM state: the

exchange interaction lowers the kinetic energy of the system,
which results in the fact that the FM state is favorable in en-
ergy. When the Coulomb interaction parameter U is added to
the system, the minority- and majority-spin states of Mn 3d
are pushed upward and downward, respectively, which makes
the magnetic moments of Mn atoms and N atom obtained from
the GGA +U scheme increased compared with from the GGA
scheme (see Table 2), and the electron transfer similar to that
from the GGA scheme.

Table 2. Calculated total magnetic moments of (Mn, N)-codoped ZnO supercell (Mtot), magnetic moments of Mn ion (MMn), N ion (MN) and
Mn-3d orbital (MMn−3d), and the energy difference ∆EAFM−FM between the AFM and FM states, obtained by GGA and GGA +U schemes,
respectively. The negative magnetic moments in the brackets are owned by the spin-down atoms. (UZn = 2 eV and UMn = 3 eV).

Configuration Magnetic couple Mtot/µB MMn/µB MMn−3d/µB MN/µB ∆EAFM−FM/meV

C-1
FM 8.84 4.11 4.0 –0.15

216.4
AFM 0.97 4.47 (–3.57) 4.34 (–3.52) 0.08

C-1 +U
FM 8.97 4.50 4.38 –0.36

260.1
AFM 1 4.76 (–4.15) 4.63 (–4.07) 0.3

C-2
FM 8.81 4.14 4.03 –0.15

205.3
AFM 0.89 4.45 (–3.60) 4.32 (–3.54) 0.08

C-2 +U
FM 8.98 4.52 4.40 –0.37

251.6
AFM 1 4.77 (–4.15) 4.63 (–4.07) 0.3

FM state   Mn2+(Mn2.5+)↑-N2-(N3-)↓-Mn2+(Mn2.5+)↑

AFM state   Mn2+(Mn2+)↑-N2-(N3-)↑-Mn2+(Mn3+)↓

.e .e

e

Fig. 3. (color online) Schematic diagrams of the electron transfer be-
tween Mn and N ions in the FM and AFM states respectively. The
valences of Mn and N ions in the bracket are the final valences after
charge transfer. The arrows indicate the spin alignments of Mn and N
ions (arrows indicate up and down directions, respectively).

To further reveal the origin of FM in (Mn, N)-codoped
ZnO system, we investigate the electronic structure of C-1
configuration. Figure 4(a) shows the total density of states
(DOS) of the system, obtained with the GGA scheme. It can
be seen that the Fermi energy passes through the spin-up den-
sity states, and there are no contributions to the DOS from
the spin-down band. Therefore, the system shows the ferro-
magnetism and a half-metal characteristic. Figure 4(b) shows
the partial DOSs of Mn 3d and N 2p states obtained with the
GGA scheme. It can be seen that the Mn 3d and N 2p states
overlap well. The hybridization between Mn 3d and N 2p elec-
trons mediates the stable FM ordering. Figures 4(c) and 4(d)
show the band structures of C-1 configuration obtained with
the GGA +U method, at UZn = 2 eV and UMn = 3 eV. It can
be seen that parameter U makes the band gap between the oc-
cupied and unoccupied Mn 3d states broader. However, the
hybridization between Mn 3d and N 2p states remains almost
the same as results obtained with GGA scheme (as shown in

Fig. 4(d)) and the FM state is still lower in energy than the
AFM state. Figure 5 shows the spin distribution for the C-1
configuration, in which the spin components are mainly dis-
tributed around the Mn–N–Mn complex. The intermediate
N ion is polarized and has an opposite spin alignment to the
adjacent Mn ions. The ferromagnetism is mediated through
the p–d exchange interaction between carriers and Mn ions,
which induces an indirect exchange interaction between Mn
ions. The big values of UZn = 3 eV ∼ 7 eV and UMn = 4,
5 eV are also adopted in C-1 configuration to study the effect
of Hubbard U on the ground magnetic ordering in (Mn, N)-
codoped ZnO system. The assumed values of the “U” contain
the typical values of transition metals.[27,28] It is found that the
hybridization between Mn 3d and N 2p states remains almost
the same as UZn = 2 eV and UMn = 3 eV and the FM state
is still lower in energy than the AFM state. Therefore, the
value of “U” has little effect on the ground magnetic ordering
in (Mn, N)-codoped ZnO system.

To investigate the long-range magnetic ordering, we cal-
culate the electronic structure of (Mn, N)-codoped ZnO with
two Mn and one N atoms in a 4×4×4 supercell with 72 atoms.
This amounts to an Mn concentration of 5.6% and the N con-
centration of 2.8%, and they are consistent with the experi-
mental concentrations. In the doping supercell, the two Mn
atoms and one N atom are far from each other. Results show
that the FM ordering is 43.5 meV lower in total energy than
the AFM ordering, indicating that the FM ordering is more
stable than the AFM ordering. Therefore, (Mn, N)-codoped
ZnO system can realize the long-range ferromagnetism. Later,
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the magnetic property is also studied when increasing the N
dopant concentration. Table 3 shows the calculated results of
Mn and N at different ratios. It is found that the energy dif-
ference ∆EAFM−FM is somewhat reduced but still remains sub-

stantial at high N doping concentration. However, it is found
that the total magnetic moment decreases with the N concen-
tration increasing. Hence, too high N dopant concentration is
not beneficial to the (Mn, N)-codoped ZnO system.
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Fig. 4. (color online) The total DOSs, partial DOSs of Mn 3d and N 2p by different calculation schemes for C-1: (a) total DOSs in
GGA; (b) partial spin DOSs of Mn 3d (black line) and N 2p (blue dashed line) in GGA; (c) total DOSs in GGA +U ; (d) partial spin
DOSs of Mn 3d (black line) and N 2p (blue dashed line) in GGA +U . The vertical dotted line denotes the Fermi level.

Fig. 5. (color online) Spatial spin density distribution of (Mn, N)-
codoped ZnO system of C-1 in the FM ordering. The direction of arrow
indicates the spin-up region and spin-down region. (ρ = 0.008 e/au3).

Table 3. Calculated results of Mn and N at different ratios. The sec-
ond column refers to the energy difference between AFM state and FM
state, the third column the ground state of each doping configuration,
and the last column the total magnetic moment.

Mn:N ratio EAFM−FM/meV Ground state Mtot/µB

2:1 216.4 FM 8.84
2:2 170.0 FM 7.93
2:3 79.6 FM 6.99
2:4 127.0 FM 6.00
2:5 168.6 FM 4.94

4. Conclusions
In this paper, (Mn, N)-codoped ZnO is studied by GGA

and GGA +U schemes of density functional theory, and both
schemes indicate that N dopant can make the system have sta-
ble ferromagnetism. The ferromagnetism is mediated through
the p–d exchange interaction between carriers and Mn ions,
which induces an indirect exchange interaction between Mn
ions. However, the indirect exchange interaction of Mn–N–
Mn complex is different from the Mn–O–Mn complex be-
cause the electron transfer leads to the Mn 3d-shells not half-
occupied any more. Our studies demonstrate that the ferro-
magnetism can be explained by the p–d exchange interaction
mechanism in (Mn, N)-codoped ZnO.
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