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Surface Passivation-Induced Strong Ferromagnetism of Zinc OxideACHTUNGTRENNUNGNanowires

Shu-Ping Huang, Hu Xu, Igor Bello, and Rui-Qin Zhang*[a]

II–VI semiconducting materials have attracted much in-
terest owing to their potential applications in spintronics,[1a]

light-emitting diodes,[1b] and laser diodes.[1c] Of these materi-
als, ZnO has become a recent focus because of its novel
electronic, optical, and magnetic properties, which facilitate
the creation of multifunctionally integrated devices in a
single monolithic structure. In particular, ZnO nanosized
structures offer added property values associated with nano-
structures that are greatly influenced by their diameters,
crystallographic orientations, surface passivation, presence
of dopants, and so forth. The bare and completely passivat-
ed wires are semiconducting, and the band gap of ZnO
nanowires (ZnONWs) can be tuned by changing the wire di-
ameter and by using different surface passivants.[2–3] In spin-
tronic applications, the ultimate goal of research is the de-
velopment of ferromagnetic ZnO at room temperature. The
primary method for introducing magnetism into ZnO is
doping with a small amount of transition metals (TMs).[4]

However, debates have arisen over the origin of magnetism
in TM-doped ZnO because magnetic TMs are intrinsically
magnetic and their precipitates or secondary magnetic
phases in the host semiconductor may be the primary cause
of the observed ferromagnetism. The dispute over the pres-
ence of magnetic precipitates can be solved by introduction
of a new type of dilute magnetic semiconductor (DMS). Al-
though ferromagnetism in N- or C-doped ZnO and ZnO
with intrinsic point defects (e.g., a Zn vacancy) have been
explored experimentally[5a–c] and theoretically,[5b,d–g] the poor
controllability and destructive processing due to volume
doping impose an inherent disadvantage. Surface passivation
doping[6] has been shown to be an alternative approach to

conventional volume doping for modulating the conductivity
of silicon nanowires. Interestingly, some recent experiment-ACHTUNGTRENNUNGtal[7a, d–e] and theoretical[7b–e] studies report that the magnetic
properties of ZnO may also be induced by surface effects,
which indicate the importance of the surface of low-dimen-
sional ZnO. Among them, Garcia et al.[7a] experimentally
prove that the adsorption of certain organic molecules onto
the surface of ZnO nanoparticles modifies their electronic
structure and gives rise to ferromagnetic-like behavior at
room temperature. However, most of these studies focus on
nanoparticle systems in which the surfaces are multifaceted;
the lack of long-range ordering leads to poor control over
the magnetic properties.[7e] One-dimension single-crystalline
ZnONWs, on the other hand, possess a large surface-to-
volume ratio, well-defined facets on the surface, and an an-ACHTUNGTRENNUNGisotropic geometry for the shape-tunable magnetic proper-ACHTUNGTRENNUNGties.[7e] Most recently, experimental magnetic moments and
room-temperature ferromagnetism in thiol-capped ZnONW
or nanotube arrays have been reported; it was found that
the magnetic moments can be varied by changing the length
of the nanowires.[7e] But again the underlying mechanism of
ferromagnetism remains largely unsolved. Also, what is the
effect of other capped species, such as F, Cl, OH, and NH2?
These small inorganic species should have smaller steric hin-
drance effects than organic molecules on the surfaces and
thus could more efficiently alter the system magnetic mo-
ments. A study of these surface terminates could also eluci-
date the effect of their electronegativity on the distribution
of magnetic moments.

In addition, the half-metallic (HM) characteristic of ZnO,
in which the conduction electrons at the Fermi energy EF

are fully spin polarized, would also be desirable to study.
HM materials are ideal for spintronic applications, such as
the tunneling of magnetoresistance and giant magnetoresist-
ance elements. The HM density of states (HMDOS) at EF of
CoxZn1�xO was predicted by using theoretical approaches
within density functional theory (DFT),[8] but DFT+ U cal-
culations[9a] showed they were just magnetic semiconductors,
consistent with the poor conductivity in experiments.[9b] The
recent DFT study by Chen et al.[10] demonstrates that zigzag
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ZnO nanoribbons (constructed from stable graphitic-like
sheets) can show HM behavior by NH2 edge passivation.
The problem is still open because a DFT+U study might
destroy the HM state. Even the results obtained with DFT+

U have to be regarded with caution.[11] Opportunities
remain for ZnONWs to present HM properties, in particular
when passivants of large electronegativity are adopted.

In this work, we show theoretically inducing half-metal
characteristics of ZnONWs by surface saturation of only the
zinc dangling bonds (DBs) with fluorine using both DFT
and DFT+ U calculations. This result is significant to solve
the dispute on the origin of magnetic properties, while it
also poses a possible route for fabrication of HM ZnONWs
by the sole manipulation of NWs surfaces.

We chose triangular, quadrangular, and hexangular
ZnONWs along the <0001> direction enclosed by (101̄0)
facets for study, and constructed their initial atomic configu-
rations from the bulk wurtzite structure. X-ZnO (101̄0) or
X-ZnONW denote a ZnO (101̄0) surface or nanowire with
all Zn DBs on the surface passivated by chemical species X
after relaxation (X=F, Cl, OH, and NH2). For the hexangu-
lar F-ZnONW, we also considered that only half of the Zn
DBs is passivated by F (6 F atoms/unit cell) in two different
configurations. One configuration involves each second
layer of Zn DBs being passivated, denoted as F-ZnONW-1.
There are two Zn-O dimer layers along the wire direction in
a unit cell of ZnONW. In the second configuration, labeled
F-ZnONW-2, each alternate Zn DB is passivated.

We first present the optimized structures, and the results
show that the chemical species F, Cl, OH, and NH2 energeti-
cally favor adsorption on the Zn surface sites instead of the
O surface sites. The detailed total energy comparison for the
various adsorption sites of F, Cl, OH, and NH2 are provided
in the Supporting Information. F-ZnONW-2 is 494 meV en-
ergetically more favorable than F-ZnONW-1, which may be
due to the larger repulsion of F atoms in F-ZnONW-1.
Figure 1 depicts the relaxed structures of the F-, HO-, and
H2N-ZnO (101̄0) surfaces and the relaxed structures of hex-
angular F-ZnONWs, F-ZnONW-1, and F-ZnONW-2. For F-
ZnO (101̄0), the surface oxygen atoms located in the first
layer relax toward the bulk region, whereas the correspond-
ing zinc atoms relax outwards due to the strong attraction of
F. For the Cl-, OH-, and NH2-ZnO (101̄0) surfaces, the sur-
face oxygen atoms located in the first layer relax slightly
toward the bulk region, whereas the corresponding zinc
atoms remain close to their bulk positions owing to the
close electronegativities of N, Cl, and O. There are intra-mo-
lecular hydrogen bonds in the H2N- and HO-ZnO (101̄0),
and the N-H···O(s)-Zn(s) and O-H···O-H lengths are 2.13
and 2.46 �, respectively. The lengths of the surface Zn�O
bonds parallel to the axis are 1.87, 1.90, 1.90, and 1.93 � for
F-, Cl-, HO-, and H2N-ZnONWs, respectively, which are
closer to that of the bulk (�2.0 �) when compared to the
bond length in bare wires (1.82 �). The Zn�O bond lengths
and angles in the core of the NWs are less affected and are
close to the bulk ZnO values, which indicates the localized
effect of passivation.

To verify the energetic stability of the passivated wires, in
the following we calculate the corresponding adsorption en-
ergies (see Tables S3 and S4 in the Supporting Information).
All the adsorption energies are negative, indicating that all
the studied adsorptions are exothermic and should be ob-
served in experimental work. The 25 or 50 % passivation is
energetically more favorable than full passivation. The ad-
sorption energy of F on ZnONW surfaces attained the larg-
est absolute value at half passivations, which implies the
easiest formation of F-ZnONWs.

To obtain the ground-state structures, we used different
initial guesses for the magnetic moment locations of X-ZnO
(101̄0) surfaces and F-ZnONWs, including ferromagnetic
(FM), anti-ferromagnetic (AFM), and nonmagnetic (NM)
spin configurations. Several possible AFM-ordered struc-
tures were considered for the AFM state. The calculations
show that the ground states of bare ZnONWs and (101̄0)
surfaces with both Zn and O DBs have no magnetism,
which is consistent with experimental results,[8c] and that the
non-dissociative NH3 adsorption on (101̄0) surface of Zn
sites does not induce magnetism neither. The ferromagnetic
property of O-terminated ZnO (0001) surfaces with ad-
sorbed NH3

[8b] is mainly the intrinsic ferromagnetism of O-
terminated ZnO (0001) surfaces, and is not the result of the
adsorption of NH3. For (101̄0) surfaces with Zn DBs passi-
vated by F, Cl, and OH, and for F-ZnONWs, the FM state is
the most stable whereas the NM state is the most unstable
(Table S2 in the Supporting Information). For H2N-ZnO
(101̄0), however, the ground state is an AFM state,
104.83 meV more favorable than its corresponding FM
state. This is an AFM semiconductor with an indirect gap of
0.16 eV, which differs from the results of ZnO nanoribbons
because of the different geometrical structures.[10] The total
magnetic moment of the FM configuration for F-, HO-, and
H2N-ZnO (101̄0) surfaces is 1.0 mB unit cell�1, whereas it is

Figure 1. Side view of X-ZnO (101̄0): a) F-ZnO (101̄0), b) HO-ZnO
(101̄0), and c) H2N-ZnO (101̄0); the bottom surface DBs are saturated
by pseudo hydrogen atoms, and only the Zn DBs of the top surface are
passivated. Top views of hexangular d) F-ZnONW, e) F-ZnONW-1 (each
second layer of the Zn DBs is saturated), and f) F-ZnONW-2 (each alter-
nate Zn DB is saturated).
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only 0.53 mB unit cell�1 for Cl-ZnO (101̄0). The magnetic
moment induced by each Cl atom is improved when the di-
mensions of ZnO decrease from two to one. The total mag-
netic moments for triangular, quadrangular, and hexangular
F-, Cl-, and HO-ZnONWs are 9.0, 10.0, and 12.0 mB unit
cell�1, respectively. For both F-ZnONW-1 and F-ZnONW-2,
the total magnetic moments are 6.0 mB unit cell�1. Therefore,
the magnetic moments in ZnONWs can be altered by
changing the coverage of passivants as well as the diameter
and length. For the (1 �2) F-ZnO (101̄0) surface, the FM
state is 20.81 meV (10.41 meV F�1) lower in energy than the
AFM state, whereas the FM state is 266.39 meV
(22.20 meV F�1) lower in energy than the AFM state for the
hexangular F-ZnONW. This indicates that when the dimen-
sions of ZnO decrease from two to one, FM stability is im-
proved and the Curie temperature (Tc) increases. Thus, fer-
romagnetism above room temperature could be expected
for F-ZnONWs.

To further investigate the distribution of the magnetic
moment, we calculated the magnetic moment on each atom,
as displayed in Table 1. All Zn atoms of the studied system

carry negligible magnetic moments (not shown in Table 1).
For F-ZnO (101̄0), the magnetic moment mainly stems from
the surface O (0.43 mB) and F (0.16 mB). The situation is the
same for F-ZnONWs, but the individual magnetic moments
of surface O atoms for F-ZnO are enhanced when the di-
mensions of ZnO decrease from two to one. For F-ZnONW-
2, the surface O(s) atoms of O(s)�Zn(F) parallel to the
<0001> direction have the largest local magnetic moment
(0.32 mB), whereas the other surface O atoms, the subsurface
OACHTUNGTRENNUNG(sub) atoms, and the F atoms carry magnetic moments
0.17 mB, 0.11~0.12 mB, and 0.11 mB, respectively. For Cl-
ZnONW, the magnetic moment stems mainly from the Cl
atoms, whereas the O atom on the surface layer has the
second largest local magnetic moment. For HO-ZnO (101̄0),
both the O on OH and the surface oxygen atoms carry a
magnetic moment of 0.31 mB. For (2 � 1) H2N-ZnO (101̄0),
the magnetic moments of the AFM state are located mainly
on the N atoms (one is 0.42 mB, the other is �0.42 mB). These
results indicate that different passivants lead to different

magnetic moment distributions. The higher electronegativity
of F creates more holes in the corresponding surface O
atoms and causes them to carry the largest magnetic mo-
ments; for the Cl, OH, and NH2 passivants, the Cl, O, and N
carry the largest magnetic moments due to their lower elec-
tronegativity.

An explanation of the origin of the magnetic properties
can be given from the view point of Bader charge analysis
and electronic structures. The change in the coordination of
surface atoms for the bare wires and the 50 % NH3 passiva-
tion weakly affects the charge distribution of Zn and O
atoms (Table S5 in the Supporting Information), so no mag-
netism is induced. Because the surface Zn atoms are passi-
vated by F, Cl, OH, and NH2, the Zn atom transfers part of
its charge to F, Cl, N, and O, and the charge transfer to the
neighboring O atoms decreases, creating holes in the O 2p
orbitals and resulting in magnetic systems in which the 2p
electrons in O, N, and F and the 3p electrons in the Cl sites
are spin polarized (Table S5 in the Supporting Information).
The large electronegativity of F leads to the largest charge
transfer, leaving more holes in the O 2p orbitals. Conse-
quently, these polarized charge carriers localized around the
O, N, Cl, and F sites mediate the long-range magnetic cou-
pling.

The generalized gradient approximation (GGA) calcula-
tions show that bare ZnONWs are non-magnetic semicon-
ductors, and all ZnONWs with surface Zn atoms passivated
by F, Cl, and OH are half-metals. It has, however, been
argued that the spin-dependent GGA may fail to properly
represent localized 3d electrons. It may be that on-site re-
pulsive Coulomb interaction destroys the HM state. There-
fore, we carried out GGA+ U calculations to examine the
effect of on-site Coulomb repulsion and found the bare hex-
angular ZnONW to have a direct band gap (2.18 eV) at G

by using GGA+ U. After on-site Coulomb U correlated cor-
rection, the F-ZnO NWs still showed HM behavior.

The analysis of electronic structures indicates that for the
bare wires the top of the valence bands is composed mainly
of O 2p states, whereas the bottom of the conduction bands
is mainly contributed by Zn 4s states. The partial surface
passivation causes great changes in the electronic structures
of ZnO. Figure 2 displays the band structures for the F-ZnO
(101̄0) surface and F-ZnONWs by GGA+U calculations,
and Figure 3 shows the total density of states (TDOS) and
partial DOS (PDOS) for F-ZnO (101̄0) and hexangular F-
ZnONWs. Compared with F-ZnO (101̄0), the FM configura-
tions of F-ZnONWs have more split bands above and below
the Fermi level. For F-ZnONWs, there are two spin-down
bands crossing the Fermi level to lead to an HM system
with charge-compensating holes of well-defined spin polari-
zation. In addition to these, there are 8, 9, and 11 spin-down
bands just above the Fermi level for the triangular, quadran-
gular, and hexangular F-ZnONWs, respectively. This indi-
cates that holes mediate FM coupling. The band structure of
spin-up shows that the direct band gaps are 2.44, 4.43, 4.16,
and 3.57 eV for F-ZnO (101̄0) surface, triangular, quadran-
gular, and hexangular F-ZnONWs, respectively, which indi-

Table 1. The magnetic moment (M) distributions of X-ZnO (101̄0) and
X-ZnONW.

M [mB]
F/Cl/N/O(H) O(s)[a] O ACHTUNGTRENNUNG(sub)[b]

F-ZnO (101̄0) 0.16 0.43 0.10
triangular F-ZnONW 0.17~0.19 0.51~0.59 0.20~0.26
quadrangular F-ZnONW 0.15~0.18 0.50~0.56 0.19~0.21
hexangular F-ZnONW 0.16 0.48~0.49 0.13~0.20
F-ZnONW-2 0.11 0.32, 0.17 0.11~0.12
hexangular Cl-ZnONW 0.40 0.26~0.28 0.13~0.14
HO-ZnO (101̄0) 0.31 0.31 0.06ACHTUNGTRENNUNG(2�1) H2N-ZnO (101̄0) 0.42, �0.42 0.09, �0.09 0.08, �0.08

[a] Surface oxygen atoms. [b] The oxygen atoms in the subsurface layer.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 13072 – 1307613074

R.-Q. Zhang et al.

www.chemeurj.org


cate the quantum confinement effects on the band gap.
Figure 3 shows that the magnetic moments are contributed
mainly by the bands near the Fermi level, which are mostly
from the surface O 2p orbitals with a mixing of F 2p and
subsurface O 2p orbitals. The bands near the Fermi level
also oscillate, which shows that the p orbitals are delocalized
and could promote long-range exchange coupling interac-
tions. The p orbital characteristics of spin density differ com-
pletely from the origin of magnetism in TM-doped ZnO, in
which the localized 3d orbitals of dopants contribute to the
observed magnetism. That is to say, the passivation of F
atoms at Zn sites introduces holes in the O 2p states, which
couple the nearest O 2p and F 2p states by p–p interactions
because these interactions are relatively long-ranged. This
long-range coupling pushes the minority p–p mixed state
upward and the opposite spin state downward, thus leading
to metallicity in the spin-down direction and lowering the
total energy of the system.

In conclusion, we predict that ZnO surfaces and nano-
wires offer interesting magnetic properties when only the
surface Zn atoms are chemically decorated. The partial sur-
face passivation of the surface zinc bonds with oxygen DBs
causes redistribution of charges in Zn, O, and surface passi-
vants, inducing magnetism. The magnetic moments of
ZnONWs can be modified with the coverage of passivants
as well as diameter and length. In particular, the ZnONWs
with zinc DBs partially or fully passivated by F acquire half-

metallic behavior from DFT +U calculations. The FM sta-
bility is improved when the dimensions of ZnO decrease
from two to one. Compared with conventional 3d TM
cation-doped DMSs, non-TM surface adsorption provides a
possible way to resolve the clustering problem of magnetic
elements and opens up another route for producing poten-
tially useful DMSs.

Computational Methods

We performed calculations by using both spin-polarized and spin-unpo-
larized DFT within the generalized gradient approximation (GGA) as
implemented in the Vienna ab initio simulation package (VASP).[12] We
adopted the Perdew and Wang (PW91) form[13] of the GGA with the pro-
jected augmented wave (PAW)[14] potentials, and also employed the
GGA+U[15] method to explore the effect of Coulomb correlation U on
the ferromagnetic stability, with U=7.8 as described in earlier works.[1h, 16]

More computational details are described in the Supporting Information.
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Figure 2. The GGA +U band structures for the FM configurations of a) F-ZnO (101̄0), b) triangular F-ZnONW, c) quadrangular F-ZnONW, and d) hex-
angular F-ZnONW.
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Figure 3. The GGA +U TDOS and PDOS for a) F-ZnO (101̄0) and
b) hexangular F-ZnONWs. O(s) and O ACHTUNGTRENNUNG(sub) represent the surface and
subsurface O atoms, respectively. The Fermi level is shown as a dashed
line. The up and down arrows denote spin-up and spin-down, respective-
ly.
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