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Surface Dangling Bond Effect on Magnetic Property
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We investigate the magnetic properties of Mn-doped ZnO nanowires (NWs) using the local spin density
approximation (LSDA) and the LSDA+U approach, where U represents the on-site Coulomb interaction. In
carrier-free (Zn,Mn)O NWs, the majority Mn ¢, states are fully occupied, leading to an antiferromagnetic ground
state. We examine the effect of additional p-type doping on the ferromagnetism by considering surface O
dangling bonds. Localized hole carriers are generated in the majority ¢, states and promote a ferromagnetic
ordering via double exchange interactions, similar to the trend of bulk (Zn,Mn)O. The ferromagnetic coupling

tends to increase with increasing of the hole carrier density.
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1. INTRODUCTION

Diluted magnetic semiconductors (DMSs) have
been considered as the promising materials for
spintronic devices where both spin and charge of
electrons are utilized." To develop DMS devices, it
is essential to fabricate a ferromagnetic
semiconductor with the Curie temperature above
room temperature. Since room-temperature
ferromagnetism was theoretically predicted to
exist in wide-gap semiconductors,” extensive
studies have been performed for GaN and ZnO
doped with transition metal (TM) ions. Especially,
ZnO has attracted growing interest due to its
superior material properties®* such as transparent,
semiconducting, piezoelectric, and ferromagnetic
in TM-doped samples. In Mn-doped bulk ZnO,
quite diverse magnetic phases have been observed,
such as  paramagnetic,’  spin-glass,’ and
ferromagnetic (FM).”"" Several models have been
proposed to explain the magnetic coupling
between the TM ions, including Zener/RKKY,
superexchange, and double exchange mechanisms.
However, the origin of the ferromagnetism is still
under debate. A carrier-mediated ferromagnetism
was first proposed by Dietl et al., using the Zener
model.” From the electronic structure calculations
for Mn-doped ZnO, it was suggested that bulk
(ZnMn)O becomes ferromagnetic when the
majority 7, states of the Mn ions are partially
occupied.” The details of the carrier-mediated
ferromagnetism were later discussed, based on
level repulsions between the Mn d orbitals and the
host p orbitals."*"* For bulk (Zn,Mn)O, previous
first-principles density functional calculations
showed that ferromagnetism can be induced by
additional f-type doping using N and Li
acceptors, ' while an antiferromagnetic (AFM)
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ordering is more favorable in undoped and n-type
samples. The magnetic properties of bulk
(Zn,Mn)O were also shown to be very sensitive to
structural defects, especially Zn vacancies which
enhance the ferromagnetic coupling.'*

The electronic properties of nanoscale DMSs
are strongly affected by the quantum confinement
effect and large surface-to-volume ratios. Thus,
the magnetic coupling between TM ions in low-
dimensional systems may be distinctively different
from that of bulk materials. Experimentally, the
magnetic properties of Mn-doped ZnO NWs have
been controversial, exhibiting paramagnetic***’
and ferromagnetic phases.”®”® In ferromagnetic
(ZnMn)O NWs, the Curie temperature strongly
depends on growth conditions and incorporation
of native defects, ranging from 44 to 440 K.
Compared with bulk (Zn,Mn)O, there have been
less theoretical studies for the magnetic properties
of (Zn,Mn)O NWs. In recent theoretical
calculations, (Zn,Mn)O NWs were shown to favor
the FM state if Zn vacancies are introduced, while
they are antiferromagnetic unless additional
carriers are incorporated.”’ However, this study
was relied on the generalized gradient
approximation within the density functional theory,
in which the effect of strong on-site Coulomb
interaction U on the ferromagnetism was neglected.
In TM-free ZnO NWs, other calculations showed
that Zn vacancies alone can induce a FM
ordering.*

In this paper we investigate the magnetic
properties of Mn-doped ZnO nanowires and the
effect of additional hole doping on
ferromagnetism through first-principles density
functional calculations. In defect-free (Zn,Mn)O
NWs, the AFM state is found to be the ground
state, similar to bulk (Zn,Mn)O. To introduce
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additional hole carriers, we consider the surface O
dangling bond effect. We show that the
ferromagnetic coupling between the Mn ions is
promoted by the localized holes in the majority
Mn ¢, states.

II. CALCULATION METHOD

Our calculations are performed using the local
spin density approximation (LSDA) and the
LSDA+U approach, where U represents the on-
site Coulomb repulsion on the localized orbitals of
metal ions. We use the projector augmented wave
(PAW) potentials, as implemented in the VASP
code.’ The wave functions are expanded in plane
waves up to a kinetic energy cutoff of 400 eV. In
bulk (Zn,Mn)O, we use a 3x3x2 supercell
containing 96 host atoms in the wurtzite structure.
In wire structures with the orientation along the
[0001] direction, we use a supercell containing 96
host atoms, which corresponds to two unit cells
along the wire axis, and include a vacuum region
of 10 A to avoid interactions between neighboring
supercells. The summation of charge densities is
done using the special k-points generated by the
2x2x3 and 1x1x6 Monkhorst-Pack meshes™ for
the supercell geometries of bulk and nanowire
systems, respectively. The ionic positions are fully
relaxed until the residual forces are less than 0.05
eV/A. We consider ZnO NWs with the diameter of
about 1 nm, in which the surface Zn and O atoms
are passivated by pseudo-H atoms with 1.5 and 0.5
electrons, respectively (Fig. 1). We optimize the
lattice parameters and find that the diameter
decreases by 3% whereas the length increases by
2%, as compared to the unrelaxed wire.

III. RESULTS AND DISCUSSION

In bulk ZnO, it is known that the localized Zn
3d bands calculated within the LSDA are too high
in energy, increasing the p-d coupling between the
Zn 3d and O 2p orbitals. Similarly, the Mn 3d
impurity levels are overestimated in Mn-doped
ZnO, with the majority ¢, states lying near the
conduction band edge. In the LSDA+U approach,
using the parameters U = 8.5 and 4.0 eV for the
Zn and Mn ions, respectively, we obtain the
positions of the Zn and Mn 3d bands in good
agreement with experiments®?* and other
theoretical calculations.” The majority 7, states
shift down and are located just above the valence
band maximum (VBM), while the nonbonding e,
states lying in the band gap in the LSDA move
into the valence band. As the Mn 3d levels are
close to the VBM, the coupling between the Mn
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3d and O 2p orbitals is enhanced. In the H-
passivated nanowire, the LSDA+U band gap is
calculated to be 3.37 eV, as compared to the bulk
value of 1.68 eV.

Recent experiments showed that doped Mn ions
in ZnO NWs mostly occupy the substitutional Zn
sites, incorporating into the volume lattice rather
than at the surface.”® We examine the stable
position of a single Mn ion by considering three
different Zn sites, which are located in the core,
subsurface, and surface regions in the passivated
nanowire (Fig. 1). The energy of the substitutional
Mn increases by 0.12 eV per Mn ion as going
from the core site to the surface site, consistent
with previous theoretical calculations and
experiments.*”*® The stability of the Mn ion in the
bulk-like core region partly results from the size
matching between the Mn and Zn atoms. In the
core position, the magnetic moment of the Mn ion
is calculated to be 4.88 pp, in good agreement with
other calculated values of 4.6 and 4.89 pg. >’ The
crystal field splitting of the Mn 3d states into the
e, and ¢, states is 0.80 eV [Fig. 2(a)], similar to the
result for bulk (Zn,Mn)O.'**** Due to the trigonal
symmetry, the ¢, levels further split into a singlet
and a doublet level. For the e, and ¢, states, the
exchange splittings are estimated to be 3.31 and
2.81 eV, respectively, in the LSDA, much larger
than the crystal field splitting, while these values
increase by 2.3 eV in the LSDA+U.
jaje pbpd

Fig. 1. A supercell geometry of the [0001] ZnO nanowire, in
which the surface atoms are passivated by pseudo-H atoms
with 0.5 and 1.5 electrons. Blue and red balls represent the
Zn and O atoms, respectively. Possible positions of defects
are labeled by a, b, ¢, and d for the surface O dangling bonds,
by 1, 2, and 3 for the Mn ions.

Next we investigate the magnetic coupling
between the Mn ions in ZnO NWs. As the Mn



MYUC, Sposm Llunscunessnuii ouyue, Quzux Ne 355(16), 2011, xyyo. 24-29

ions prefer to occupy the inner sites, we consider
several Mn configurations in which two Mn ions
are positioned in the core region. In configurations
I and II, each Mn pair consists of two neighboring
Mn ions at the sites 1 and 2 on the basal plane or
the sites 1 and 3 along the wire axis (Fig. 1). Due
to the hexagonal symmetry, these two
configurations are crystallographically different
from each other. In the wire structure, relaxations
slightly elongate the wire and reduce the diameter.
Thus, the Mn-Mn distance (3.039 A) of the Mn
pair on the basal plane is shorter than that (3.250
R) along the wire axis (Table I). In configuration
II1, the Mn ions occupy the sites 1 and 4 which are
far from each other, with the distance of 5.341 A.
The energy differences (AEarv-rv) between the
AFM and FM states are compared for three
configurations in Table I. In configurations I and
I, the AFM state is found to be energetically more
stable by 89 and 46 meV, respectively, than the
FM one, while AEArm-rum 18 =51 meV for the Mn
pair on the basal plane in bulk (Zn,Mn)O, similar
to other calculations.™® In configuration III,
AEapm-rv 18 nearly zero, indicating that a
paramagnetic ordering is more favorable. This
result also infers that the magnetic coupling
between the Mn ions has the short-range nature.
The most stable configuration of two Mn ions is
the AFM state of configuration I, which is lower
in energy by 61 meV than that of configuration II.
Our results are consistent with previous
calculations for bulk (Zn,Mn)O and Mn-doped
ZnO NWs.»"? In the LSDA+U calculations, the
stability of the AFM state against the FM one is
reduced by 0.15 and 0.10 eV for the
configurations I and II, respectively, as compared
to the LSDA results.”’

The density of states and the projected density
of states onto the Mn ion are shown in Fig. 2(b).
The AFM state exhibits the narrow majority ¢,
states than for the FM state. As the ¢, states are
fully occupied, the AFM state becomes stabilized
due to the energy gain by the superexchange
coupling, while there is no energy gain in the FM
coupling. In bulk (Zn,Co)O, it was suggested that
the magnetic state changes from antiferromagnetic
to ferromagnetic if the minority ¢, states are
partially occupied by additional electron doping.'”
In the (Zn,Mn)O NW, as the minority e, and ¢,
states lie well above the conduction band
minimum [Fig. 2(b)], it is difficult to populate
these states by additional electron doping. Even if
the electron carrier density reaches 8.75x10%° cm™,
the stability of the AFM state remains unchanged,
with AEApv—pv = —90 meV, in contrast to previous
LSDA calculations.”
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Fig. 2. The total densities of states (black solid lines in the
FM state) and the projected density of states (red shaded
areas in the FM state whereas blue dashed lines in the AFM
state) onto the Mn ions are compared for (a)-(b) carrier-free
ZnO NWs with one and two Mn ions in the supercell,
respectively, and (c)-(f) bulk (Zn,Mn)O and Mn-doped ZnO
NWs with one or two additional hole carriers. Vertical green
solid and black dot-dashed lines denote the VBM and the
Fermi level, respectively, for the FM state.

On the other hand, many theoretical and
experimental studies showed that bulk (Zn,Mn)O
becomes ferromagnetic with additional hole
doping.'"'*"*  To examine the effect of
additional hole doping on the ferromagnetism of
(Zn,Mn)O NWs, we consider two different doping
strategies, in which hole carriers are generated by
simply adding hole carriers, by introducing Zn and
O dangling bonds (DBs) on the surface. For the
Mn ions in the stable configuration I, the results
for the stability of the FM state against the AFM
one are compared in Table II. In general, the FM
state becomes stabilized by additional p-type
doping. We find that hole carriers are mostly
localized in the majority ¢, states, lowering the
Fermi level. For the carrier density of one hole per
Mn-Mn pair, the O atoms adjacent to the Mn ions
undergo large relaxations of about 0.12 A. In
addition, due to symmetry breaking relaxations,
the majority 7, states split into two groups, the
empty and occupied states, and they become
broadened. We find that the positions of the empty
t, states in the FM state are higher by 0.05 and
0.33 eV than those for the AFM state in bulk and
nanowire systems, respectively [Figs. 2(c) and
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2(d)]. Due to the localized holes, the FM state
becomes stabilized via the double exchange
interaction, with the energy difference AEsry-pv =
140 meV, similar to the bulk value of 154 meV.
When two holes per Mn-Mn pair are doped in the

NW, the empty ¢, states are broadened, with two
peaks separated by about 0.25 eV, while no
splitting occurs for bulk (Zn,Mn)O [Figs. 2(e) and
2(f)]. The FM coupling is much weakened, with
AEAFM*FM =14 meV.

Table 1. For various configurations of two Mn ions in ZnO nanowire, the energy differences (AE rp.py in €V) between the AFM
and FM states, the stable spin configurations, the Mn-Mn distances (dy.ain A), and the magnetic moments (m in ug) of the Mn
ions are compared. The third column represents the energies (OF in eV) relative to the most stable configuration. Numbers in the

first column denote the Zn sites in Fig. 1.

Of(‘:t(\);ll glg\;[l;a:(l)?lg AE AFM-FM OF Spln state dMn—Mn m(Mn 1) m(an)
I(1,2) -0.089 0.000 AFM 3.039 4.561 -4.561
11(1,3) -0.046 0.061 AFM 3.250 4.571 -4.572
111(1,4) 0.000 0.082 Para 5.341 4.585 4.603

Table I1. For various hole-doping strategies in Mn-doped ZnO nanowire, the energy differences (AE pyrru in eV) between the
AFM and FM states, the stable spin states, the Mn-Mn distances (dyy.ag, in A), and the total magnetic moments (m,y, in ug) are
compared. Numbers in parentheses represent the results for bulk (Zn,Mn)O.

AE spv-pm Spin state AMn-Mn Mot
Additional hole carrier
one hole 0.140(0.154) FM 3.0361 8.84(8.80)
two holes 0.014(0.019) FM 3.1447 7.90(7.86)
Surface oxygen DB
one DB 0.042 FM 3.0890 9.30
two DBs 0.123 FM 3.0494 8.84
three DBs 0.150 FM 3.0360 9.31
four DBs 0.093 FM 3.0466 9.79
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Fig. 3. The total densities of states (black solid lines in the
FM state) and the projected density of states (red shaded
areas in the FM state whereas blue dashed lines in the AFM
state) onto the Mn ions are compared for (a) Mn-free ZnO
NW with only one surface O DB and (b)-(c) Mn-doped ZnO
NWs with two and four surface O DBs, respectively. Vertical
green solid and black dot-dashed lines denote the VBM and
the Fermi level, respectively, for the FM state.

Density of states (states/eV/cell)

Surface oxygen DBs act as an acceptor,
generating 0.5 holes per DB defect. We introduce
up to four surface oxygen DBs by removing
pseudo-H atoms labeled a, b, ¢, and d in Fig. 1. As
the surface DBs are separated by 5.54—6.25 A
from the Mn ions, structural relaxations do not
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affect significantly the magnetic coupling between
the Mn ions. For all configurations with different
numbers of the surface DBs, we find that the FM
state is more stable than the AFM one (Table II).
As the number of the surface DBs increases from
one to two, AEapy-py increases rapidly from 0.042
to 0.123 eV, which is close to the energy
difference of 0.140 eV for one additional hole case.
In the (Zn,Mn)O NW, the defect levels of the
surface oxygen DBs are located slightly below the
majority ¢, levels, as shown in Fig. 3. Thus, a
charge transfer occurs from the Mn ions to the
DBs, inducing hole carriers in the ¢, levels. The
hole carriers are estimated to be 0.50 and 0.93
holes for one and two DBs, respectively. Actually,
an isolated surface DB in Mn-free ZnO NW has
the intrinsic magnetic moment of 0.48 pg [Fig.
3(a)]. However, for three and four DBs, an
incomplete charge transfer occurs due to the
proximity of the DB levels to the majority ¢, states.
The doping level of the majority ¢, levels is found
to saturate to about one hole per Mn-Mn pair,
while extra hole carriers are distributed at the DB
defects [Figs. 3(b) and 3(c)]. When four DBs are
introduced, the total magnetic moment increases to
9.79 ug due to the contributions from the DB
states, as compared to the magnetic moment of
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8.84 ug for two DBs. On the other hand, the
ferromagnetic coupling is slightly weakened, with
AEAFM*FM =93 meV.

IV. CONCLUSION

In conclusion, we have studied the hole-carrier-
mediated ferromagnetism of Mn-doped ZnO
nanowires through the first-principles calculations
within the LSDA+U approach. While the ground
state of carrier-free (Zn,Mn)O NWs is the
antiferromagnetic state, the ferromagnetism is
promoted by additional p-type doping, which
induces localized holes in the majority ¢, levels of
the Mn ions. For various p-type doping strategies,
(ZnMn)O NWs exhibit a tendency that the
maximum stability of the ferromagnetic state
occurs for the doping level of about one hole per
Mn-Mn pair. For the surface oxygen DB defects,
the number of transferred charges from the
majority ¢, levels to the DB states saturates to one
hole per Mn-Mn pair due to the proximity of the
acceptor level to the ¢, levels.
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