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Reduction of defect-induced ferromagnetic stability in
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First-principles calculations are performed to study the electronic structures and magnetic properties of ZnO
nanowires (NM). Our results indicate that the single Zn defect can induce large local magnetic moment (∼ 2µB) in the
ZnO NWs, regardless of the surface modification. Interestingly, we find that local magnetic defects have strong spin in-
teraction, and favor room-temperature ferromagnetism in bared ZnO NW. On the other hand, although H passivation does
not destroy the local magnetic moment of Zn vacancy, it does greatly reduce the spin interaction between magnetic de-
fects. Therefore, our results indicate that H passivation should be avoided in the process of experiments to maintain the
room-temperature ferromagnetism.
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1. Introduction
Recently, dilute magnetic semiconductors (DMSs) have

attracted broad interest due to their potential applications in
spintronic devices, which can utilize both the charge and spin
of electrons.[1–3] One of the important problems in this re-
search field is how to search for an ideal DMS with ferromag-
netism at or above the room temperature for practical appli-
cations. Traditionally, the magnetic moments in a DMS have
been introduced by the doping magnetic elements, which con-
tain partially 3d or 4f subshells.[4–7] However, the clusters or
secondary phases of the magnetic impurities are comparatively
easy to form due to the presence of magnetic elements in the
host semiconductor, and are difficult to be avoided.

On the other hand, whether the observed ferromagnetism
in this kind of DMS comes from the doping magnetic elements
is still under debate. Interestingly, in recent years, room-
temperature ferromagnetism (RFM) has been achieved in the
un-doped wide bandgap d0 semiconductors, e.g., ZnO, HfO2,
SnO2, MgO, In2O3, TiO2, and CaO, or doped with the light
elements such as H, C, N, K, Li, and Mg.[8–20] In contrast
from DMS, there are no magnetic ions in the host materials.
Consequently, it is quite interesting to explore the possible
origin of the observed magnetism. Unfortunately, the origin
of the magnetism in these materials is still controversial, al-
though most studies have shown that the cationic defects may
be the possible origin,[21,22] there are still many works sug-

gesting that anionic vacancies may be the key to produce mag-
netism. For example, recently, we have theoretically explored
if anionic vacancies can also produce magnetic states in some
semiconductors.[23]

Although previous theoretical works have reported that
vacancies induce the intrinsic magnetic properties, we still do
not know how the surface changes the magnetic properties in
such semiconductors. Xiang et al. predicted that the RFM in
the DMS is very sensitive to superficial hydrogen passivation
and magnetic interactions can be significantly enhanced.[24]

The essential reason for these interesting phenomena has not
yet been found. Thus it is interesting for us to study whether
such effects also exist in d0 semiconductors as well.

Here we choose ZnO nanowire (NW) as the main pro-
totype materials for the so-called “d0 semiconductor” be-
cause of the successful growth of the ZnO NW network
and various electronic or photonic devices proposed in recent
experiments.[25–27] To this aim, the ZnO NW has been consid-
ered as a typically technological material for the novel elec-
tronic and optical equipments, such as transparent electrodes
for solar cells,[28] field-effect transistors,[29] light-emitting
device,[30] and electricity nanogenerators.[31] ZnO NW also
has potential applications in future nano spintronics because
it can possess both semiconducting and magnetic properties at
the same time. Based on recent theoretical and experimental
evidence, it has been suggested that the intrinsic defects may
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play an important role in the magnetic origin of ZnO NW. In
the present work, the electronic structures and magnetic prop-
erties of ZnO nanowires with Zn vacancies are systematically
studied via first-principle calculation to explore the surface ef-
fect on the magnetic interaction.

2. Computational methods

All of our calculations are performed within the frame-
work of a spin-polarized density functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Pack-
age (VASP)[32] and the generalized gradient approximation
(GGA) exchange–correlation functional.[33] As we know, the
GGA has been well used to describe the magnetic properties in
d0 semiconductors. The interaction between valence electrons
and ion cores is described by the projected augmented wave
(PAW) method.[34,35] In this simulation, the NW axis is along
the c direction. To ensure a negligible interaction between two
neighbor NWs, they are each separated by a vacuum gap of
∼ 20 Å. The convergence in energy is set to 10−5 eV for self-
consistent field calculations and that of the force in geometry
optimization is set to 0.01 eV/Å. In the case of the defect-free
and the single defected NWs, we use a 1×1×2 supercell, and
1×1×4 supercell is applied for the research on the magnetic
interactions between the two Zn defects in the NWs. A 1×1×3
k-mesh with the Monkhorst–Pack k-point scheme is adopted.

3. Results and discussion

Here we mainly focus on the ZnO NWs with hexagonal
cross sections along the [0001] direction with a diameter about
1 nm, as shown in Figs. 1(a) and 1(b). Pseudohydrogen is
used to saturate the dangling bonds of the NW surface to get
H-passivated ZnO NWs. A side view of the bared and pas-
sivated NWs is presented in Figs. 1(c) and 1(d). In order to
research the magnetic origin in ZnO NWs, the electronic and
magnetic properties of the single cationic vacancy and double
cationic vacancies in ZnO NWs are systematically carried out
via first principles for both bared and passivated ZnO NWs.
For comparison, the electronic and magnetic properties of the
defect-free ZnO NWs are also performed in this work.

The calculated lattice constant c in defect-free ZnO NW is
about 5.2054 Å, which is in good agreement with experimental
values, and the lattice constants of the defected NWs are fixed
to this value since the Zn defect changes only marginally the
lattice constant. To probe the origin of the different nature of
magnetism in both of bared and passivated NWs, we plot the
density of state (DOS) in Fig. 2. As shown in Figs. 2(a) and
2(b), both bared and passivated NWs are found to be nonmag-
netic semiconductors and the band gap is about 1.3 eV and
2.3 eV, respectively. The results suggest that the passivated

NW’s band gap increases due to the annihilation of surface
states in bared NW.

(a) (b)

(d)(c)

Fig. 1. (color online) (a) Top view of a bared ZnO NW with a diame-
ter about 1.0 nm. (b) Top view of a ZnO NW passivated by pseudo-H
atoms. (c) Side view of a bared ZnO NW. (d) Side view of a passivated
ZnO NW with a 1×1×4 supercell. p1, p2, and p3 in (a) and (b) denote
three inequivalent Zn positions.

(a) (b)

Fig. 2. (color online) Spin density of (a) bared and (b) H-passivated
ZnO NWs with single Zn vacancy. The spin density is much more lo-
calized in H-passivated ZnO NM than that in bared ZnO NW.

For single cationic vacancy in ZnO NWs, there are three
different configurations (p1, p2, and p3 in Figs. 1(a) and 1(b)
denote three inequivalent Zn positions). To identify the most
stable defected position, we calculate the formation energy of
single Zn defect in ZnO NWs

Ef = E(ZnO)defect +nµZn −E(ZnO)defect−free, (1)

where E(ZnO)defect is the total energy of the single defect ZnO
NW, E(ZnO)defect−free denotes the total energy of the defect-
free system, and µZn is the chemical potential for Zn atom.
To avoid the interaction between single Zn defect, a 1×1×2
supercell is adopted in our calculations. As reported in Ta-
ble 1, formation energies have the lowest value at the surface
of the NW (namely, p3 position), where the formation energy
is only 2.444 eV for bared ZnO NW. For the passivated ZnO
NW, the most stable position is at p2 and the formation en-
ergy is equal to 2.571 eV. This conclusion agrees well with
the general trends observed in Cu-doped GaN NW, i.e., the
H passivation can affect the stability of the cationic defect.
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The results shown in Table 1 also indicate that the ability of
the single cationic defect formation depends sensitively on the
surface termination of the ZnO NW.

Table 1. Relative formation energy ∆E of a single Zn defect in bared
and passivated ZnO NWs.

Cation defect Znp1 Znp2 Znp3

Ef(H + ZnO)/eV 2.752 2.571 3.137
Ef(ZnO)/eV 2.553 2.675 2.444

Moreover, we find that the defect-induced local magnetic
moment is close to 2µB in all cases with a single Zn defect
in ZnO NW and the ZnO NW with O defect is nonmagnetic.
This outcome reveals that the ferromagnetism in the ZnO NW
is correlated directly with a Zn defect, which is also consist
with the experimental results.[36,37] As shown in Figs. 2(a) and
2(b), the spin density has different behaviors in bared and H-

passivatied ZnO NWs. For the bared NWs, the spin density is
more delocalized, indicating that the surface states have strong
effect on the spin distribution. Generally, a local magnetic mo-
ment is formed by the localized electrons. For bared ZnO NW,
the calculated magnetic moment is 1.92µB, while 2.00µB in H-
passivatied case. The reduced magnetic moment suggests that
defective states of Zn vacancy interact with the surface states
of bared NWs.

To see how the surface and vacancies change the elec-
tronic structures, we plot the projected DOS (PDOS) for such
systems. As shown in Figs. 3(a) and 3(b), without any sur-
face modifications, the dangling bonds of the surface have
contributed to the states around the Fermi level in bared NW,
which disappears in H-passivatied case. By introducing a sin-
gle Zn vacancy, we find that the PDOS almost keeps their orig-
inal shape, except for the spin-polarized defect states around
the Fermi level (Figs. 3(c) and 3(d)).
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Fig. 3. (color online) Plotted DOS of ZnO NWs. The left column is DOS for the bared ZnO NWs and the right column is DOS for the
passivated ZnO NWs. (a), (b) defect-free ZnO NW; (c), (d) single-defect ZnO NW.

It is well known that existence of the local magnetic mo-
ments does not necessarily result in collective magnetism. In
order to study the magnetic interaction between these defect-
induced local moments, we use the 1×1×4 supercells con-
taining two Zn defects separated by different distances varying
from 4.566 Å to 18.601 Å. The magnetic interaction between
the two defects in the ZnO NWs is studied through calculating
the total energy of different spin states, that is, ferromagnetic
(FM) and antiferromagnetic (AFM) states. The energy dif-
ference between the FM and AFM states versus the distance
of the two Zn defects is presented in Fig. 4. For the bared

ZnO NW, the spin interaction is determined by the distance
of two vacancies. When the distance is less than 5 Å, local
magnetic moments have strong spin interaction. As shown in
Fig. 4, the energy difference is about 200 meV, which ensures
that the magnetic structure can survive under room tempera-
ture. While for the longer distance, we can see that the local
moments do not interact with each other, indicating the exis-
tence of a spin-glass state. On the other hand, for H-passivated
NWs, we find that there is no strong spin interaction in any of
the studied states. Consequently, the RFM cannot be obtained
in H-passivated ZnO NW.
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Fig. 4. (color online) Energy difference between the AFM and FM state
for all possible inequivalent configurations of two Zn defects in a bared
and passivated ZnO nanowires with 1×1×4 supercell.

As we know, the energy gap will be underestimated by
the GGA method. However, the localization of Zn vacancies
is still well described, as confirmed by the calculated magnetic
moments (1.92µB). Moreover, we have shown that the spin
interaction has no connection with the position of conductive
band. Therefore, we believe that the GGA method is reliable
for the study of magnetic property of defective ZnO, as shown
in previous reports.[19–24]

4. Conclusion
In summary, we systematically investigate the electronic

structures, magnetic properties, and spin interaction in the
ZnO nanowires via first-principle calculation. Our results in-
dicate that single Zn vacancy in both bared and H-passivated
ZnO NW can produce a local magnetic moment, which is
close to 2µB. Since saturated hydrogen atoms remove the
surface states of ZnO NWs, the spin interaction between two
local magnetic moments is greatly reduced, leading to weak
magnetic structure. However, for bared NW, the RFM can be
obtained in the short distance of two Zn vacancies. Therefore,
our results show that surface states are important for magnetic
interaction in d0 semiconductors, and should be kept in exper-
iment to achieve RFM devices.
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