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Magnetic properties of nitrogen doped ZnO*
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Using the first principle method based on density functional theory, this paper studies the electronic structure

and the ferromagnetic stability in N-doped ZnO. The calculated results based on local density approximation (LDA)

and LDA+U method show that ferromagnetism coupling between N atoms is more energetically favourable for eight

geometrically distinct configurations. The dominant ferromagnetic interaction is due to the hybridization between O

2p and N 2p. The origin of the ferromagnetic state in N doped ZnO is discussed by analysing coupling between N 2p

levels. We also analyse N dopant concentration and lattice strain effect on ferromagnetism.
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1. Introduction

Diluted magnetic semiconductors (DMSs) are
compounds with intermediate properties between a
non-magnetic semiconductor and a magnetic element.
They can usually be obtained by doping a non-
magnetic semiconductor with transition metal (TM)
elements.[!l The DMSs have attracted broad interest
for their promising applications in spintronics because
the charge and spin of the carriers can be simultane-
ously controlled. After the seminal discovery of fer-
romagnetism (FM) in (Ga, Mn)As with Curie tem-
perature as high as 110 K,[? there is a worldwide in-
terest in III-V DMSs. The ferromagnetic Curie tem-
perature of III-V DMSs is too low to realize practi-
cal application.[®* The realization of practical com-
mercial or mobile devices will require these materials
with room temperature FM. As a result, significant re-
search effort has been focused on developing the DMSs
with higher Curie temperature. The ZnO has a di-
rect band gap of 3.3 eV and a large exciton binding
energy of 60 meV,[56 which makes it more suitable
for blue lasers, ultraviolet lasers, and light emitting
diodes than GaN. Now, ZnO-based DMSs have at-
tracted a lot of attention because of their unique prop-
erties. During the past years, a large number of papers
have been published to discuss the room-temperature
FM of TM-doped ZnO."~1% Even though ferromag-
netism has been observed in a number of systems, ex-
perimental studies on TM-doped ZnO have produced
inconsistent results and the mechanism of FM in TM-

doped ZnO remains unclear. It is speculated that TM-
doped ZnO easily forms clusters or secondary phase,
which are unfavourable for application of DMSs. As a
result, this stimulates an extensive experimental and
computational search for non-TM doped ZnO.11—13]
The magnetic properties of N-doped ZnO are differ-
ent from TM-doped ZnO. First, p orbits of N elements
have not unpaired spins because they usually full in
ionic state. Second, valence electrons in p states are
delocalized in comparison with d or f states, which
may produce a long-range exchange coupling interac-
tions. Third, the interaction between spin and orbit
is weak for p states.
Recently, Shen et al. studied FM in N-doped
ZnO.'"Y They proposed that alignment of magnetic
moments in N-doped ZnO is achieved through the in-
teraction between impurity p states and the host p
states. However, effects of N configuration, dopant
concentration and lattice strain on FM properties of
N-doped ZnO still need investigation. The origins of
the magnetic properties in N-doped ZnO are not fully
understood because of lack of systematic studies for
characterization of samples. In this paper, we will in-
vestigate possible geometrical configurations affecting
FM coupling. We will demonstrate that the FM orig-
inates from the p—p coupling between N atoms. In
addition, we also investigate the effect of N concen-
tration and lattice strain on FM of N-doped ZnO. We
hope that our work can offer some help for the appli-

cations of the new type of DMSs.

*Project supported by the Science Foundation from the Educational Department of Liaoning Province of China (Grant

No. L2010003).
TCorresponding author. E-mail: slb0813@sohu.com

© 2010 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

127001-1



Chin. Phys. B Vol. 19, No. 12 (2010) 127001

2. Computational details

The calculations are performed by using the
CASTEP code, which is based on density func-
tion theory (DFT) and plane-wave pseudopotential
method.['%] Exchange-correlation function is adopted
in the local density approximation (LDA). In addi-
tion, LDA4U method is also used to investigate fer-
romagnetism of N-doped ZnO. Here, U is the Hubbard
parameter. The basic idea of LDA+U is that the de-
localized states (s and p) are treated as LDA, and the
potential of the local states (d and f) are treated as
+U. Another important parameter in the LDA+U
method is J, which is defined as Hund’s rule exchange
parameter.['0l In this paper, we use an effective Ueg
instead of the separate U and J. The LDA+U cor-
rections have been proved to be an effective improve-
ment of LDA results for either magnetic or nonmag-
netic systems.[!718] The interaction between valence
electron and ion core is described by ultrasoft pseu-
dopotential. The valence electron configurations for
N, Zn and O are considered as 2s22p3, 3d'%4s? and
2s22p*, respectively. In order to approach realistic ex-
perimental dopant concentration, we used a periodic
3x3x2 wurtzite supercell of ZnO, which consists of 72
atoms in a unit cell. Substitution of two O atoms by
N then gives a dopant concentration of 5.6%.

Fig. 1. The schematic 72 atom supercells used in the cal-
culation. The undertone big balls and fuscous small balls
stand for O and Zn atoms, respectively.

Figure 1 shows the supercell ZnzggN2O34 and eight
configurations. Among these configurations, we sub-
stitute one N for Og, and the other N for O atom in
the range from O; to Og, which is named as code from
configuration 1 to configuration 8, respectively. The
convergence tests of the total energy with respect to
the plane wave cut-off energy and k-points sampling
have been carefully examined. The final set of the cut-
off energy is 340 eV, and the integration is performed
by using 2x2x2 k-point sampling which is generated
by the Monkhorst—Pack scheme.

The experimental lattice parameters of wurtzite
Zn0, a = 3.246 A (1 A = 0.1 nm) and ¢ = 5.200 A,[19]
are employed, and the internal coordinates and lattice
parameters are fully relaxed throughout this work.
The optimization will finish if the convergence cri-
terion is satisfied (Maximum force between atoms is
0.03 eV/A. Maximum stress is 0.05 GPa. Maximum
displacement is 10~3 A. Maximum energy change is
1075 eV /atom).

3. Results and discussion

3.1. Magnetic properties of N-doped
ZnO

Figure 2(a) shows the density of states (DOS) for
B4 ZnO, which is calculated within LDA. We can find
from Fig. 2(a) that the main peak of Zn 3d state is
located at —4.4 eV below the valence band maximum,
which is in worse agreement with the experimental
results. The experimental result shows that Zn 3d
state is located at —8.8 eV below the valence band
maximum.?°) The origin of this error mainly comes
from the inappropriate treatment of the Zn 3d states
within LDA scheme. The DOS peaks of Zn 3d will
shift if we change the value of U. When the position
of the Zn 3d peak is in good conformity with that
of experiment, the effective U is obtained. The op-
timized U is about 10 eV in the present paper. The
DOS of B4 ZnO for U = 10 eV and U = 20 €V is
shown in Figs. 2(b) and 2(c), respectively. The Zn
3d peak will shift toward lower level and exhibit local
characteristic with increasing U.
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Fig. 2. The DOS of ZnO calculated with different ap-
proximations: (a) LDA; (b) LDA+U with U = 10 eV; (c)
LDA+U with U = 20 eV.
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For N-doped ZnO, in order to investigate spin polarization and ideal positions of N atom, we first substitute
only one oxygen atom with one nitrogen atom. We choose five different configurations of nitrogen ions (see
Table 1 and Fig. 1). The total energies of supercell of spin polarization and non-spin polarization are calculated,
respectively. During the calculation, the total energy of spin polarized system for configuration 1 is chosen as an
energy reference. The calculated results are shown in Table 1. It is found that the total energy of the supercell
for configuration 1 is lower than other configurations, which indicates that N atom exhibits site preference.
The total energies of supercell for spin polarized system are lower than those for non-spin polarized system,
indicating that replacing O by N in ZnO can produce spontaneous spin polarization. The magnetic moment
of N hardly changes with positions of N. We can also find that the values of magnetic moment obtained from
LDA method are smaller than those obtained from LDA+U method.

Table 1. The energy (meV) and magnetic moment (up) of N atoms. The calculation is carried out in relaxed 3x3x2
supercell structures with replacing one O by one N. E7 is the energy of spin polarized system, Es3 is the energy of non-
spin polarized system. The AFE is defined as the energy difference between E; and E2. The energy of spin polarized
system for configuration 1 is chosen as an energy reference.

LDA LDA+U
configuration N position

Ey Es AE My, Eq Ey AE My
1 0 0 41.2 —41.2 0.38 0 8.2 -8.2 0.48
2 1 5.2 48.1 —42.9 0.40 0.1 13.2 -13.1 0.48
3 2 5.0 48.0 —43.0 0.40 2.9 13.0 -10.1 0.48
4 7 6.6 49.4 —42.8 0.38 5.5 13.0 7.5 0.48
5 8 6.8 47.8 -41.0 0.40 1.4 12.8 -11.4 0.48

In order to investigate whether FM coupling between N atoms exists in ZnO supercell, we calculated eight
geometrically distinct configurations. For configurations from 1 to 3, the two N atoms are separated by one
Zn atom, forming -N-Zn—N-. For configurations 4, 5 and 6, the two N atoms are separated by two Zn atoms,
forming -N-Zn—O—-Zn—N-. For configurations 7 and 8, the two N atoms are separated by three Zn atoms, forming
—N—Zn—0-Zn-0-Zn-N-. For each configuration in Fig. 1, the total energies of the ferromagnetic (Ery) and
antiferromagnetic (EarMm) spin configurations are calculated by using LDA and LDA+U methods. The magnetic
coupling strength can be obtained from the energy difference between FM and AFM (antiferromagnetic) states
(AE = Epp — Eapm). We can estimate which state is more energetically favourable from the AE. Negative AE
means that FM state is lower in energy than the AFM state, indicating that the FM state is more favourable.
In order to make the total energy comparison among different configurations, the energy of FM states for
configuration 3 is chosen as an energy reference. Therefore in the new scale, the energy of FM states of

configuration 3 is equal to zero. The calculated results are shown in Table 2.

Table 2. The energy (meV), magnetic moment (upg) and distance (A) between N atoms in relaxed 3x3x2 supercell
structures for eight FM/AFM configurations. The energy of FM states for configuration 3 is chosen as an energy
reference. The AFE is defined as the energy difference between FM and AFM states.

configuration N position LDA LDAYU distance
FM AFM AE Mo My M AFM AE My My
1 0,1 165 176 -11 0.50 0.50 166 214 —48 0.60 0.58 3.172
2 0,2 169 182 -13 0.52 0.50 167 223 -56 0.60 0.58 3.184
3 0,3 0 36 -36 0.52 0.52 0 68 —68 0.60 0.60 3.219
4 0,4 345 401 -56 0.38 0.38 426 505 -79 0.44 0.46 4.554
5 0,5 350 403 -53 0.38 0.38 428 493 —65 0.44 0.44 4.564
6 0, 6 209 281 -T2 0.42 0.40 267 365 -98 0.50 0.48 5.628
7 0,7 345 402 -57 0.38 0.38 426 502 ~76 0.44 0.46 7.240
8 0, 8 350 403 -53 0.38 0.36 429 507 —78 0.46 0.46 7.245
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The energies for configurations from 1 to 3 are
lower than those for the configurations from 4 to 8,
which indicate that N atoms in ZnO have a clear clus-
tering tendency. The clustering tendency has been re-
ported in TM-doped ZnO.[2!] The FM energy of con-
figuration 3 is lowest among configurations that two
nitrogen atoms are separated by one Zn atom (see con-
figurations 1-3). It is clearly observed from Table 2
that the FM energy of configuration 6 is lowest among
configurations that two nitrogen atoms are separated
by two Zn atoms (see configurations 4-6). The two
N atoms are located on a—b plane for configurations
3 and 6. This result indicates that N atom prefers to
reside on a—b plane, similar to what had been found
in TM atoms-doped ZnO.??

From Table 2, it is found that the N-doped ZnO
system possesses FM stability for eight geometrically
distinct configurations. As two N atoms are separated
far away by 7.2 A in the configuration 7, the calcula-
tion based on LDA shows that the energy of FM state
is 57 meV lower than that of AFM state. The cal-
culation based on LDA+U shows that the energy of
FM state is 76 meV lower than that of AFM state,
indicating that N-doped ZnO may possess room tem-
perature FM, which is in agreement with the report in
Ref. [14]. These results also indicate that FM interac-
tion between N atoms could be regarded as long-range
coupling. The N 2p states are more delocalized than
d or f states of TM, which could promote long-range
coupling. The total magnetic moment is 2up per
Zn3NoO34 supercell in FM configuration. The cal-
culated results show that magnetic moment is mainly
dominated by N, the rest magnetic moment mainly
comes from spin polarized neighbouring Zn and sec-
ond nearest neighbouring O.

In order to analyse long-range coupling order in
N-doped ZnO, we calculated spin partial DOS in con-
figuration 7. Figure 3 shows the partial spin DOS
for ferromagnetic ZnzgN2Os4 in configuration 7. The
vertical dot line in Fig. 3 is Fermi energy. Figure 3(a)
presents the results within LDA scheme. Since the en-
ergy level of the Zn 3d state is close to that of the O
2p state in valence band, and shape of DOS for Zn 3d
and O 2p is similar, so the two states show a strong
hybridization. The N 2p hybridizes with O 2p near
valence band top, which introduces p-type carriers in
It is ob-

served that the electronic states at the Fermi energy

system and results in spin redistribution.

are spin-polarized. These electronic states at Fermi

level are dominated mainly by minority spin states of
N 2p, O 2p. Figure 3(b) presents the results within
LDA+U scheme. It is clearly observed from Fig. 3(b)
that the DOS of Zn 3d shifts to lower energy region
compared to LDA method. The Zn 3d hardly hy-
bridizes with O 2p in valence band. We can make
a conclusion that LDA method will overestimate the
interaction between O 2p and Zn 3d. Thus, the quan-
titative results obtained by LDA+U calculations are
more reliable.

sof @) ' ' 18
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Fig. 3. The partial spin DOS for
Zn3eN2034 in configuration 7. Figure (a) shows calcu-

ferromagnetic

lation results based on LDA. Figure (b) shows calculation
results based on LDA+U. The solid lines show N 2s. The
dot lines show Zn 3d. The dark gray regions show O 2p
states. The reseau regions show N 2p states. The left scale
denotes O, Zn. The right scale denotes N.

Here, we give a concise physical picture to ex-
plain the origin of the FM state in N-doped ZnO. We
propose holes mediation as the mechanism of FM cou-
pling in N-doped ZnO. Substitution of O atoms by N
will introduce holes in O 2p states, which will cou-
ple with O 2p by p—p interaction, similar to p—d hy-
bridization in TM-doped ZnO.[?3] Alignment of mag-
netic moments can be achieved through interaction
of N energy levels, similar to d—d interaction in TM
doped Zn0.1?Y We suppose that a nitrogen atom will
obtain about two electrons from zinc atoms by sub-
stitution of N atom at O sites in ZnO. The roughly
Ty crystal field splits the N ion into lower single state
s and upper triply degenerate p states. All majority
spin states (s; and p;) and minority spin states sy will
be occupied. However, minority spin states ps will be
partially occupied. Figure 4 shows the schematic plot
of N level. Figures 4(a) and 4(b) denote FM and AFM
interactions between N atoms, respectively. The Ay
and A, denote the energy gap between N 2s and N
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2p in FM and AFM couplings, respectively. For fully
occupied majority spin states s1, p1 and minority spin
states so, one level is pushed up due to FM coupling,
and the other is pushed down by the same amount,
therefore, there is no net energy gain (see Fig. 4(a)).
The FM interactions between partial occupied minor-
ity spin states ps can result in energy gain because the
electrons push down and occupy lower level. For AFM
interaction, the s and p of one N ion with majority spin
(minority spin) couple with the s and p of another N
ion with the same spin. The AFM coupling will re-
sult in ps level increasing, which is unfavourable for
system stability. Therefore, the FM coupling is more
energetically favourable. This may explain why the
FM state is more stable for N or C-doped ZnO.[11—14
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Fig. 4. Coupling between the N energy levels. Figure 4 (a)
denotes FM coupling. Figure 4 (b) denotes AFM coupling.

3.2. Effect of N dopant concentration on
magnetic properties

To study the effect of N concentration on mag-
netic properties, we performed extensive calculations
on 3x3x3, 2x2x3, 2x2x2; 2x2x1 wurtzite supercell
of ZnO, which consists of 108, 48, 32 and 16 atoms in
a unit cell, respectively. Substitution of two O atoms
by N then gives a dopant concentration of 3.7%, 8.3%.
12.5%, 25%, respectively. It is found from Table 2 that
FM energy of configuration 6 is lowest among these
configurations that two nitrogen atoms are separated
by two Zn atoms, forming -N-Zn—-O-Zn—N-. There-
fore, the calculation is carried out in configuration 6.

The calculated results are shown in Fig. 5. Our
calculations indicate that FM coupling is preferable
to the AFM for different nitrogen concentration. The
calculations based on LDA/LDA+U methods show
that the FM is lower in energy by —75/-104, —72/—
98, —29/-55, —17/30 and —1/-11 meV than the AFM

states for ZnN,O;_, with x = 0.037, 0.056, 0.083,
0.125 and 0.25, respectively. The AFE obtained from
LDA method is larger than those values obtained
from LDA+U. The FM coupling stability will be
enhanced with decreasing N concentration, this fact
indicates that nitrogen is a novel dopant for ZnO di-
lute magnetic semiconductor materials. Since the en-
ergy associated with thermal electronic fluctuations
is in the order of kgT, which is approximately equal
to 26 meV for T' = 300. The values of AF for N
concentration of 12.5% and 25% do not guarantee
any effective FM coupling at room temperature. The
magnetic moments per nitrogen atoms obtained from
LDA/LDA+U are 0.42/0.46, 0.41/0.49, 0.22/0.74,
0.22/0.26 and 0.12/0.28 up for nitrogen concentra-
tion with = 0.037, 0.056, 0.083, 0.125 and 0.25, re-
spectively. The behaviour of magnetic moment results
obtained from LDA+U method shows existence of a
Although LDA method

could give a very accurate lattice constant, the results

maximum value of 0.74ug.

strongly underestimated the band gap due to overesti-
mation of the hybridization between Zn 3d and O 2p
states.[? The LDA method will result in electronic
transition between Zn 3d and O 2p due to hybridiza-
tion between Zn 3d and O 2p. As Hubbard param-
eter U is introduced into the calculation, the Zn 3d
peak will shift toward lower level and exhibit local
characteristic. Mulliken charge shows that electrons
transition from Zn 3d to N 2p will disappear with U
introduction into calculation, which results in increas-

ing magnetic moment of N atoms.

z

b= 10.75

E -
< =]
= —30} )
; 5
g 10.50 &
£ o
2 —601 =
5 10.25

£ 90}

%

A 0.04 0.08 0.12 0.16 0.20 0.24
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Fig. 5. The energy difference AE and magnetic moment
vs. N concentrations. Solid symbols denote the energy
difference between FM and AFM. Hollow symbols denote
magnetic moment of N per atom. Circle symbol denotes
the calculation results obtained from LDA+U method.
Square symbol denotes the calculation results obtained
from LDA. Energy unit is meV. Magnetic moment unit

is uB.
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3.3. Strain affecting FM and AFM prop-
erties of N doped ZnO

Because of lattice mismatch between the film
and the substrate, lattice strain exists inevitably in
films.
enhance the physical properties of a chosen mate-

Strain engineering offers the opportunity to
rial. It has been found that a strain-induced break
in symmetry has a great influence on the single spin
and the corresponding magnetic behaviour of typi-
cal DMSs such as Mn:GaAs.[26] Therefore, it is im-
portant to investigate strain affecting FM coupling
for N-doped ZnO. The axis strain is defined as, ¢ =
(C —Cy)/Cy x 100%, where C' is the lattice constant
(a,b,c) of strained ZnggNoO3z4 for configuration 7 in
FM/AFM state. The Cj is the lattice constant of un-
strained ZnggNoOgy for configuration 7 in FM/AFM
state. For tensile strain, ¢ is larger than zero. For
stress strain, € is smaller than zero. The calculation
is carried out in the a-axis and c-axis strain changing
in the range from —0.15 to 0.15 in intervals of 0.05.
The calculated results from a-axis and c-axis
strain are shown in Tables 3 and 4, respectively. We
find from Tables 3 and 4 that the calculated re-
sults based on LDA are different from those based
on LDA+U. Because LDA method overestimates the
interaction between O 2p and Zn 3d, therefore the
results obtained by LDA+U calculations are more re-

liable. In this paper, we only analyse the results based
on LDA+U method. For LDA+U method, the energy
difference AE between FM and AFM is increased to
45, —14, 13, —12 and -5 meV as a-axis strain ¢ =
—-0.15, —0.10, —0.05, 0.10 and 0.15, this fact indicates
that the FM stability of N-doped ZnO will decrease.
As a-axis strain e = 0.05, the energy difference AFE
between FM and AFM is decreased to —81 meV, in-
dicating that FM coupling is enhanced. For c-axis
strain, FM stability of N-doped ZnO is decreased as
c-axis strain € = —0.15, —0.10, —0.05, 0.10 and 0.15.
The FM coupling will be strengthened as c-axis strain
¢ = 0.05. The change of magnetic moment (up) of N
atoms is small as lattice strain changes. The FM cou-
pling variation reflects complexity of the hybridization
and anisotropy of spin density distributed in space. It
is well known that the energy of the system will rise
with increasing strain. Tables 3 and 4 also show that
energy of N-doped ZnO depends on the axial strain.
Previously, Li et al.?") pointed out that band gap
of ZnO can be tuned by strain. Liu et al.l*®! found
that the FM enhancement in Zng.g95Co0q.050 films orig-
inates from a combination of an increase in Co—O bond
length and an increase in the number of defects in-
duced by lattice strain. These results indicate that
lattice deformation plays a significant role in the TM-
doped ZnO.

Table 3. The energy (eV), energy difference AFE (meV) and N magnetic moment (up) under a axial strain. The energy

of FM states for unstrained configuration 7 is chosen as an energy reference.

a-axis strain LDA LDA+U

FM AFM AFE Moy M~y FM AFM AFE Mo M~

-0.15 19.041 19.080 -39 0.38 0.40 20.940 20.985 —45 0.48 0.48
-0.10 5.482 5.481 1 0 0 6.987 7.001 -14 0.48 0.48
-0.05 0.289 0.289 0 0 0 1.345 1.358 -13 0.46 0.48

0 0 0.057 -57 0.38 0.38 0 0.076 -76 0.44 0.46

0.05 3.699 3.749 =50 0.40 0.42 3.275 3.356 —81 0.48 0.50
0.10 9.936 9.975 -39 0.44 0.46 9.380 9.392 -12 0.52 0.52
0.15 17.468 17.475 -7 0.48 0.48 16.844 16.849 -5 0.54 0.54

Table 4. The energy (eV), energy difference AE (meV) and N magnetic moment (ug) under ¢ axial strain. The energy

of FM states for unstrained configuration 7 is chosen as an energy reference.

c-axis strain LDA LDA+U

FM AFM AE Mo M~ FM AFM AE Mo M~

-0.15 22.245 22.247 -2 0 0 23.749 23.782 -33 0.44 0.44
-0.10 6.766 6.794 —28 0.34 0.34 8.157 8.174 -17 0.42 0.42
-0.05 0.401 0.456 -55 0.36 0.36 0.971 0.989 -18 0.44 0.44

0 0 0.057 -57 0.38 0.38 0 0.076 —~76 0.44 0.46

0.05 3.181 3.246 —65 0.38 0.38 2.375 2.457 -82 0.46 0.46
0.10 9.189 9.225 -36 0.40 0.40 8.602 8.612 -10 0.46 0.48
0.15 15.673 15.694 21 0.42 0.42 14.415 14.434 -19 0.52 0.46
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4. Summary

In this paper, we investigated the magnetic prop-
erties of N-doped ZnO by the first principles. By in-
vestigating eight geometrically distinct configurations,
we found that energies of FM are lower than those of
AFM, indicating that FM state is more energetically
favourable. We propose that p—p interaction between
N atoms can be regarded as long-range FM coupling.
The origin of the FM state in N-doped ZnO can be
discussed by coupling between N 2p levels. The re-
sults also show that FM coupling is preferable to the

AFM for different nitrogen concentrations. The FM
stability will be enhanced with decreasing N concen-
tration. Because complexity of the hybridization and
anisotropy of spin density distributed in space, the

FM coupling can be tuned by lattice strain.
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