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1. Introduction

The manipulation and detection of an electron's charge and, simultaneously, its spin
orientation in electronic devices have been developed to be a new emerging field of
spintronics (or magnetoelectronics) (Prinz, 98; Wolf et al., 2001). At present, the most notable
spintronic applications could be the hard disk read heads and the magnetic random access
memory which are based on metal magnetic materials and are assorted into metallic
spintronic devices. The establishment of metallic spintronics might be ascribed to a
discovery of giant magnetoresistance (Baibich et al.,, 1988; Binasch et al.,, 1989) and,
subsequently, understanding and exercise of a spin-valve scheme (Moodera et al., 1995), and
tunnelling magnetoresistance (Dieny et al., 1991) in ferromagnetic multilayers. On the other
hand, in order to integrate with the modern industrial technology, new semiconductor
materials such as diluted magnetic semiconductors (DMSs) (Furdyna, 1988), also known as
ferromagnetic semiconductors (Ohno, 1998), have been searched for a supply of a spin-
polarized carrier source. Those devices building on a transport of spin current in
semiconductors are categorized into semiconductor spintronics. Spin injection, maintenance
of a spin coherence, spin detection, and a spin carrier source in semiconductors are all
important issues for semiconductor spintronics.

The DMSs, based on host materials of II-VI and IV-VI semiconductors, have been studied for
several decades. Although the indirect exchange mechanisms between 34 transition metal
dopants in these semiconductors have been inspected experimentally and discussed
theoretically (Story et al., 1986; Sawicki et al., 1986; Furdyna, 1988) for a long time, the Curie
temperature (Tc), below which a spontaneous magnetization and a spin-polarized current in
the DMSs arise, was too low to be capable of employment. Until recent advance in III-V
DMSs of (In,Mn)As and (Ga,Mn)As (Ohno et al., 1996), Tc’s of some new DMSs such as
(Ga,Mn)As have been raised up to ~110 K. These new III-V DMS materials were exploited to
demonstrate tunneling magnetoresistance in (Ga,Mn)As ultrathin heterostructures (Hayashi
et al., 1999), electrical spin injection in a ferromagnetic semiconductor heterostructure (Ohno
et al., 1999), electric-field control of ferromagnetism (Ohno et al., 2000}, electrical
manipulation of magnetization reversal (Chiba et al., 2003), and current-induced domain-
wall switching (Yamanouchi et al., 2004). On the other hand, the other approach of spin-
current injection into semiconductors from ferromagnetic metals has recently been achieved,
so as to realize semiconductor spintronics at room temperature.

Source: Nanowires, Book edited by: Paola Prete,
ISBN 978-953-7619-79-4, pp. 414, March 2010, INTECH, Croatia, downloaded from SCIYO.COM
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By using Zener model description, Dietl et al. (Dietl et al., 2000) have theoretically sustained
the fact of a 110-K high Tc for p-type (Ga,Mn)As with a manganese concentration of just 5%.
In addition, they argued the presence of a Tc above room temperature in Mn doped ZnO or
GaN with hole carriers of 3.5 x 1020 cm=. These theoretical arguments drew much attention
on search for room-temperature ferromagnetism (RTFM) in new DMS materials. For
example, Matsumoto et al. (Matsumoto et al., 2001) discovered RTFM in Co doped TiO;
with a magnetic moment of 0.32 Bohr magneton (ug) per Co atom and Toyosaki et al.
(Toyosaki et al., 2004) observed anomalous Hall effect in this particular material. Else, Ueda
et al. descried ferromagnetism and a Tc above 280 K in pulse laser deposited Zn;.,Co,O
films (Ueda et al., 2001). Cho et al. found ferromagnetic and antiferromagnetic ordering in
(Zn1-xMn,)GeP; at temperatures up to 312 K and below 47 K (Cho et al., 2002), respectively.
Among all new as-proposed DMS materials, Co-doped metal oxides, such as Ti;..C0,O; and
Zn;.,Co,0, seem to be an appropriate candidate for a spin-polarized carrier source at room
temperature (Janisch et al., 2005).

ZnO is recently a hot material and it is proposed to be valuable in many application fields
such as blue/ultraviolet optoelectronics (Klingshirn, 2007; Pearton et al., 2004). It is a direct
and wide band gap semiconductor and can be easily over-doped to form conductive and
transparent films. ZnO is natively n-type doped to show relatively lower resistivity due to
difficulties in control of point defects during the growth process. In addition, it shows
ultraviolet (near band edge) and green (or blue) defect emission at ~3.2 and ~2.5 eV,
respectively, in photoluminescence (PL) spectra. It is proposed that oxygen vacancies
(Lanny & Zunger, 2005), zinc interstitials (Look et al., 1999), Zn;-No complexes (Look et al.,
2005), metastable conductive states (Lany & Zunger, 2007), or hydrogens (Van de Walle,
2000) can lead to the native n-type doping, the coloration, and the green emission. The point
defects not only result in an increase of conductivity but also modulate magnetic ordering
after ZnO is doped with paramagnetic 3d transition metal dopants.

2. Important

There are so many experimental and theoretical reports on claiming that Co-doped ZnO is
an intrinsically DMS (Schwartz & Gamelin, 2004; Coey et al., 2005; Neal et al., 2006; Zhang et
al., 2009). Very recently, different magnetic mechanisms are uncovered in insulating and
magnetic regimes (Behan et al., 2008). In particular, magnetic resistance has been observed in a
magnetic tunnel junction fabricated by using Co-doped ZnO as one ferromagnetic electrode
(Xu et al., 2008). There are, however, other contradictory reports exposing antiferromagnetism
(Risbud et al., 2003), secondary phases in crystalline structure, clustering of Co metals or ions
(Sati et al., 2007), or absence of ferromagnetism in this material. On the other hand, even for
similar conclusions of ferromagnetism, the Curie temperature either above or below the room
temperature is another issue. As we have emphasized, it is difficult to control point defects in
ZnO during growth. Moreover, electrical resistivity and PL emission of a pure ZnO, and a
magnetic ordering of a Co-doped ZnO can all be altered by thermal annealing after growth.
Here we propose the employment of nanowires (NWs) for an exploration into magnetism
because, after converted to a nanophase, the nanomaterials have a large surface to volume
ratio, feasible for thermal treatments, and they are handy for a structural characterization by
using transmission electron microscopy.

In our previous reports, we have observed the structure and annealing effect on
ferromagnetic ordering (Jian et al., 2006; Wu et al.,, 2006), and have explored the size
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dependent behavior (Jian et al., 2007) in Zn;.xCoxO NWs. In addition, we have discovered
RTFM in high-vacuum annealed Zn;.,CoO NWs (Chen et al., 2008) and the effect of cross-
sectional shape modulation (Wu et al, 2008). In this chapter, we present complete
characterizations, including structure, optical, and magnetic property measurements on
pure ZnO NWs, as-implanted Zn;.CoO NWs, annealed Zn;Co.O NWs, and a
comparative sample of ZnO NWs sheathed in amorphous carbon with Co clusters, so as to
explore the mechanism of RTFM in the DMS of Zn;.,Co,O NWs.

3. Experiment

(a)

+ Au particles

9507C 500°C ~ 600 °C

Fig. 1. Schematic illustration of the growth of pure ZnO NWs with (a) circular and (b)
hexagonal cross sections.

Cylindrical and hexagonal ZnO NWs were grown by using a vapor-phase transport process.
The growth of cylindrical ZnO NWs is schematically illustrated in Fig. 1(a). A quartz tube
treated as a growth chamber was inserted in a furnace. ZnO powders were placed in a crucible
in the growth chamber and heated to 950°C. The chamber was maintained at 200 Pa with a
constant flow of argon and a pumping system. For a purpose of controlling NW diameter,
gold nanoparticles as catalysts with specified average diameters of 5, 10, 20, 40, 70, and 100 nm
were dispersed on quartz substrates. The substrates were positioned at the downstream end of
the growth chamber and were maintained at 500-600°C. Cylindrical ZnO NWs with a
controllable diameter were formed on substrates after a growth period of 8 h.

The growth of hexagonal ZnO NWs, as schematically illustrated in Fig. 1(b), is different
from that of cylindrical NWs. Diameters of hexagonal NWs cannot be well regulated
through the use of catalysts. During the synthesis process, Zn powders were placed in an
alumina boat in the quartz tube chamber and heated to 500°C. The substrates were put on
top of the alumina boat and the chamber was maintained at 1 atm with a constant flow of
argon. Like the growth of cylindrical NWs, a 8-h synthesis period was retained for
growth of hexagonal ZnO NWs. The crystalline structure and morphology of both
cylindrical and hexagonal ZnO NWs were analyzed by using field-emission scanning
electron microscope (SEM, JEOL JSM 7000F) and transmission electron microscope (TEM,
JEOL JEM-2010F).

The as-grown ZnO NWs were implanted by Co ions with doses of (1-6) x 1016 cm=2. By using
a tandem accelerator (NEC 9SDH-2), the implantation was performed at room temperature.
An accelerating energy of 72 keV was used for NWs with average diameters larger than ~70
nm. Thinner NWs were implanted by Co ions with an acceleration energy of 40 keV. A
beam current of either 150 or 600 nA /cm? was used to make Zn;,Co,O NWs. The high bean
current of 600 nA/cm? could somewhat turn out to be thermal treatment due to the high
energy ion bombardment in a high vacuum. The fabrication process is schematically drawn
in Fig. 2(a) and its corresponding side-view SEM image of the Zn; ,Co,O and ZnO NWs is

www.intechopen.com



156 Nanowires

Znt) Nanowires

3 um

Fig. 2. (a) Schematic illustration of Co ion implantation. (b) Side-view SEM image of
cylindrical ZnO NWs on a quartz substrate.

displayed in Fig. 2(b). As indicated in the figure, only a ~120-nm thin layer of Zn;.,Co,O
NWs could be formed on ~3-um thick layer of pure ZnO NWs (Wu et al., 2006). The
chemical composition as well as Co element distribution in Zn;.xCo,O NWs were inspected
through energy dispersive x-ray (EDX) and electron energy loss spectroscopy (EELS)
mapping. In order to study the origins of ferromagnetism in Zn;.,CoO NWs, some
specimens were post-annealed in argon, in a high vacuum of 5 x 10 torr, or in oxygen at
600°C (or 450°C) for several hours. In particular, multiple steps of thermal annealing in a
high vacuum were carried out to produce a gradual transition of magnetic states of this
DMS material. PL spectra of some specimens were measured at room temperature by using
a 325-nm He-Cd laser as UV fluorescent light excitation.

In addition to DMS Zn;.xCo,O NWs, ZnO NWs sheathed in amorphous carbon with Co
clusters were produced for comparison. These purposely fabricated samples were treated
with the same thermal annealing process as that for DMS NWs. Co metal clusters in carbon-
coated ZnO NWs were intriguingly formed after a high-vacuum annealing. The
morphology, crystalline structure and chemical composition of these comparative samples
were analyzed in a similar way.

Magnetic properties of DMS Zn;.,CoO NWs and comparative samples (Co clusters on ZnO
NWs) were measured by employing a SQUID magnetometer (Quantum Design MPMS-XL7)
with the reciprocating sample option mode. Field cool (FC) and zero-field cool (ZFC)
processes were conducted to obtain temperature dependent magnetization during the rising
temperature sequence under an external magnetic field of 500 Oe. That is, the samples were
subjected to oscillating with decreasing fields and were cooled from 300 K down to 2 K'in a
zero field. The samples were then warmed up to obtain ZFC magnetization as a function of
temperatures in 500 Oe. They were cooled down in the same field and warmed up again to
record the FC magnetization. Before NW growth, the magnetic susceptibility of a quartz
substrate was estimated to be ~-1.1 x 106 emu/cm? so that diamagnetic contribution of the
substrate can be subtracted from the total magnetization. Magnetic data were presented in
unit of pg per Co where the amount of Co ions was evaluated by multiplying the ion dose
per cm? with the substrate area.

4. Growth, morphology, crystalline structure, and photoluminescence

In this section, the growth behavior of pure ZnO NWs is discussed. The morphology,
crystalline structure, and optical properties of as-grown ZnO, as-implanted Zn;..Co,O, high-
vacuum annealed Zn;.CoO, and ZnO NWs sheathed in amorphous carbon with Co
clusters are inspected by using electron microscopy and PL spectra analyses.
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4.1 Growth behavior

2l 1 m
1 —

Fig. 3. SEM images of as-grown cylindrical ZnO NWs with average diameters of (a) 7 nm,
(b) 12 nm, (c) 19 nm, (d) 38 nm, and (e) 113 nm. (f) SEM image of as-grown hexagonal ZnO
NWs with an average diameter of 134 nm. The insets of Figs. 3(e) and (f) display cross-
sections of cylindrical and hexagonal ZnO NWs, respectively.

Figures 3(a)-(e) display SEM images of cylindrical ZnO NWs with increasing average
diameters and Fig. 3(f) displays a SEM image of hexagonal ZnO NWs. The cylindrical NWs
with average diameters of 7, 12, 19, 38, and 113 nm were grown by using gold-nanoparticle
catalysts with average sizes of 5, 10, 20, 40, and 100 nm, respectively. The NWs displaying in
the same magnification SEM images demonstrate obviously distinct dimensions, implying a
very well control of the NW diameter through the size of gold nanoparticles. In addition, the
surface morphology of cylindrical NWs appearing in the inset of Fig. 3(e) indicates that the
cross-section of ZnO NWs certainly conforms to the circular shape of gold nanoparticles. A
different synthesis method resulting in an either circular or hexagonal cross-section could be
discerned in the insets of Figs. 3(e) and (f). Besides, we have noticed a more and more
curved feature for cylindrical ZnO NWs as compared with hexagonal ones, and for thinner
NWs as compared with thicker ones. The same growth period of 8 h is kept and a
considerably high density of small diameter NWs could be observed unambiguously in
SEM images.

Figure 4 displays statistical information of diameters of our as-grown ZnO NWs. In Fig. 4(a),
we demonstrate a representable diameter distribution of cylindrical ZnO NWs with a 12-nm
average diameter. The standard deviation of the 12-nm diameter NWs is evaluated to be 2.7
nm (23%). This somewhat large deviation in NW diameter may come from a broad
size distribution of our catalysts, gold nanoparticles, which is not investigated in this
experiment yet. In contrast, Fig. 4(b) reveals a flat diameter distribution, indicating a large
diameter deviation of hexagonal ZnO NWs, due to a disparate growth behaviour. The
average diameter and standard deviation of hexagonal NWs are estimated to be about 134
nm and 74 nm (55%), respectively. Figure 4(c) reveals the average diameters and standard
deviations of cylindrical ZnO NWs as a function of sizes of gold nanoparticles. A highly
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linear correlation between the nanoparticle and the NW diameters firmly corroborate again
a well control of the NW diameter.
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Fig. 4. (a) A typical statistical distribution of NW diameters for cylindrical ZnO NWs having
an average diameter of 12 nm. (b) A statistical distribution of NW diameters for hexagonal
ZnO NWs. (c) The average diameters with standard deviations of cylindrical NWs as a
function of the diameter of the gold nanoparticles (catalysts).

4.2 Morphology and crystalline structure

Fig. 5. High-resolution TEM images of as-grown cylindrical ZnO NWs with average
diameters of (a) 7 nm, (b) 12 nm, and (c) 38 nm. (d) High-resolution TEM image of
hexagonal ZnO NWs with an average diameter of 134 nm. The upper right insets in Figs.
5(c) and (d) show TEM images of as-grown ZnO NWs at low magnification. The upper
triangles marked in Fig. 5(c) point to the planar defects of stacking faults.

Four representative high-resolution TEM images of as-grown cylindrical ZnO NWs with
average diameters of 7, 12, and 38 nm are presented in Figs. 5(a), (b), and (c), respectively. A
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double layer spacing of 0.52 nm agrees well with the c lattice constant of a ZnO wurtzite
crystal structure that also denotes the [0001] growth direction. A single crystalline structure in
different average diameters of either cylindrical or hexagonal ZnO NWs has been inspected
and verified. The insets in Figs. 5(c) and (d) demonstrate TEM images of cylindrical and
hexagonal ZnO NWs, respectively, at low magnification. A gold nanoparticle sitting on one
end of the cylindrical ZnO NW is observed in Fig. 5(c) as well. Further, as exhibited in Fig.
5(a), a nanoscale bumper edge surface is more evidently observed on thiner and cylindrical
NWs than on thicker and hexagonal NWs. Moreover, many stacking faults, designating by
upper triangles in Fig. 5(c), are identified in cylindrical NWs.

100 nm S 100 nm

- (0110) N8 o L L)

~ @l0001)

1 Onm 16 24
s s ararrnd Diameter (nm})

Fig. 6. SEM images of (a) as-implanted and (c) high-vacuum annealed Zn;.,Co,O NWs with
an average diameter of 38 nm and a Co ion does of 6 x 1016 cm2. High resolution TEM
images of (c) as-implanted and (d) high-vacuum annealed Zn;.CoO NWs. The insets in
Figs. 6(b) and (d) display corresponding electron diffraction patterns. () TEM image of a
ZnO NW sheathed in carbon amorphous with Co clusters after high-vacuum annealing. (f)
Statistical distribution of Co-cluster diameters estimated from TEM images. The average
diameter and standard deviation are 9.4 and 6.0 nm, respectively.

As-grown and pure ZnO NWs were doped by high energy Co ions to form Zn;,Co,O NWs.
SEM and TEM images of Zn; ,Co,O NWs with an average diameter of 38 nm and a Co ion
dose of 6 x 1016 cm-2 are demonstrated in Figs. 6(a) and (b). In Fig. 6(a), the bending feature
of as-implanted Zn;,CoO NWs is appreciable. In addition, the as-implanted Zn;.Co,O
NWs consist of lots of stacking faults, as designated by triangles in Fig. 6(b), and they exhibit
a streaking of an electron diffraction pattern (see the inset). Although the bending feature
can be detected in as-grown ZnO NWs, more and more stacking faults and an obvious
streaking in an electron diffraction pattern are discovered in as-implanted Zn;,CoO NWs.
It is proposed that these structure defects could mainly come from a high-energy Co ion
bombardment during the ion implantation process. After a high-vacuum annealing, SEM
and TEM images of the same sample are shown in Figs. 6(c) and (d). We can see that the
stacking faults (indicated as triangles in Fig. 6(d)) and streaking are removed after a thermal
treatment. We notice that an annealing at 600°C could help to recover structure disorders
and defects. We also found that annealing at a higher temperature may cause a meltdown of
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ZnO NWs. A lower annealing temperature of 450°C was thereafter applied to subsequent
experiments and no noticeable changes in morphology were observed after the thermal
treatment.

In order to study the magnetic mechanism in Zn;,Co,O NWs, we have made a comparative
sample, ZnO NWs sheathed in amorphous carbon by Co ion implantation. There are neither
perceptible clusters nor nanocrystals before any thermal treatments (not shown in figures).
After a high-vacuum annealing, Co clusters, having a broad size distribution, could be
discovered in TEM images. Figures 6(e) and (f) show a typical TEM image of the Co clusters
and a statistical distribution of diameters. The 40-nm diameter ZnO NW is embedded in a
shell of carbon amorphous with a diameter of ~100 nm. The average diameter and standard
deviation of the Co clusters are about 9.4 and 6.0 nm, respectively. This sample was
fabricated by Co ion implantation with a dose of 4 x 101 cm2 and post-annealed in a high
vacuum at 600°C. In contrast to the high-vacuum annealed Zn;.,Co,O NWs, in which Co
cluster have never been detected in TEM images (Fig. 6(d)), the sample of ZnO sheathed in
amorphous carbon with Co-ion implantation exhibits obviously many Co clusters after a
high-vacuum annealing. The result suggests that Co ions may have a longer diffusion length
in amorphous carbon than that in ZnO.

Fig. 7. TEM images of (a) as-implanted and (c) high-vacuum annealed Zn;.,Co,O NWs with
a dose of 6 x 1016 cm2 and an average diameter of 38 nm. EDX mapping images of the Co
element in (b) as-implanted and (d) high-vacuum annealed Zn;.,Co,O NWs.

To identify Co ion distribution in Zn;xCoO NWs, a EDX mapping of the Co element is
employed. Figures 7(a) and (b) present TEM and EDX mapping images of as-implanted
Zn;.,Co,O NWs. For comparison, TEM and EDX mapping images of high-vacuum annealed
Zn;.,Co,O NWs are given in Figs. 7(c) and (d). Under the spatial resolution of the EDX
chemical mapping, no perceptible aggregation of Co ions has ever been detected in all high-
vacuum annealed Zn;.,Co,O NWs. The results are in line with the TEM measurements
shown in Fig. 6. We concluded, therefore, that a low temperature thermal treatment (below
600°C) can induce a recovery of a structure disorder but not a diffusion and aggregation of
Co ions. Moreover, a high resolution technique, the compositional mapping of electron
energy loss spectroscopy, a confirmation of a non-aggregated distribution of Co element in
both as-implanted and high-vacuum annealed Zn;.,Co,O NWs (Chen et al., 2008). Chemical
compositions of Zn;Co,O NWs were determined by using EDX spectra (Jian et al., 2007).
Average Co-concentrations of Zn;.,Co,O NWs were decided to be 2, 4, 6, 8, 10, and 11% for
ZnO NWs with Co ion doses of 1, 2, 3, 4, 5, and 6 x 1016 cm?2, respectively. The variation of
NW diameters does not affect the average Co-concentration but causes a large standard
deviation of Co-concentration in thinner Zn;.,Co,O NWs.
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4.3 Photoluminescence spectra
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Fig. 8. (a) Room temperature PL spectra of as-grown (pure) ZnO bulk and NWs with
average diameters as indicated on graph. Room temperature PL spectra of (b) as-grown, (c)
as-implanted, and (d) high-vacuum annealed Zn s9Co0.1;O NWs with average diameters of
113 and 134 nm for cylindrical and hexagonal cross sections.

The PL spectra of as-grown ZnO, as-implanted Zn;.,Co,O, and high-vacuum annealed Zn;.
+CoO NWs are presented in Fig. 8. PL attributes show a green defect emission at ~2.5 eV
and a near band edge emission at ~3.2 eV. The peak of the near band edge emission is
normalized to be of the same height for a easy comparison of the defect emission. Figure 8(a)
exhibits PL spectra of NWs with several average diameters. It shows that the intensity of the
green emission (near band emission) is relatively higher (lower) for thinner ZnO NWs. As
mentioned above, thinner NWs were examined to have a high density of structure defects
(stacking faults), a bumper surface, and a curved feature. The green defect emission might
be in connection with structure defects such as point defects of oxygen vacancies and zinc
interstitials since an increase of point defects may cause a generation of more planar defects
(stacking faults).

Figures 8(b), (c), and (d) present PL spectra of as-grown, as-implanted, and high-vacuum
annealed ZnyssC0.110 NWs with average diameters of 113 and 134 nm for cylindrical and
hexagonal cross sections. The as-implanted ZnggsCop.1:O0 NWs exhibit a much higher
intensity of a green emission (Fig. 8(c)) while the high-vacuum annealed NWs show a lower
green emission peak (Fig. 8(d)). This result marks a correlation between the structure defects
and the green emission as well. In addition to an intensity change of the defect emission,
Fig. 8(b) points to a shift of the near band edge emission from 3.178 eV (cylindrical) to 3.227
eV (hexagonal) for as-grown ZnO NWs. Both cylindrical and hexagonal, as-implanted NWs
reveal a blue shift in the near band edge emission peak (see Fig. 8(c)). After annealing in a
high vacuum, the blue shift disappears and the band emission peaks move back to 3.186 and
3.236 eV for cylindrical and hexagonal Zngs9Co0.1:0 NWs, respectively. Though structure
defects, strains, and surface effects (surface roughness) could all be the rationales, we believe
that the anomalous blue shift could predominantly come from the surface effects.
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5. Magnetic properties

The morphology and structure analyses indicate that Co-ions are randomly disributed
without aggregation in as-implanted and high-vacuum annealed Zn;.CoO NWs.
Meanwhile, the high-vacuum annealing will induce an aggregation of Co ions in amorphous
carbon coated on ZnO NWs and result in Co clusters. In this section, a SQUID
magnetometer is employed to study temperature and field dependent behaviours of as-
implanted Zn;,Co,O, high-vacuum annealed Zn;,Co,O, and ZnO NWs sheathed in
amorphous carbon with Co clusters.

5.1 Temperature dependent magnetization
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Fig. 9. (a) FC and ZFC behaviors of temperature dependent magnetization of as-implanted
Z19.92C00.0s0 NWs with average diameters of 12, 19, and 38 nm. (b) FC and ZFC
magnetizations of as-implanted and high-vacuum annealed Zny.9,C00.0s0O NWs with an
average diameter of 38 nm. The annealing time is 12 h.

In a magnetic field of 500 Oe, temperature dependent magnetizations of various average
diameters of Znp9:C00.0s0O NWs are shown in Fig. 9(a). The magnetization per Co ion of as-
implanted Zny.9Co0.0sO NWs depends strongly on the NW diameter. Thicker NWs exhibit
higher magnetization. In addition, magnetizations under field cooled (FC) and zero-field
cooled (ZFC) procedures show a division into two separate curves with decreasing
temperature. In a similar way, the transition temperature, at which the FC and ZFC
magnetization curves bifurcate, is higher for the thicker NWs. The difference in FC and ZFC
magnetization suggests an existence of small magnetic domains in Zng.9Co00sO NWs. In
addition, the high transition temperature implies larger magnetic domains existing in
thicker NWs.

In a previous report (Chen et al., 2008), we argued that either oxygen vacancies or zinc
interstitials could result in a ferromagnetic coupling between the Co ions. It is conjectured
that the as-implanted Zng9,Cop0sO NWs consist of the same concentration of oxygen
vacancies (zinc interstitials) so the size of magnetic domains of non-aggregated Co ions may
be larger in thicker NWs. On the other hand, the size dependent magnetization and
hysteresis loop could be owing to the generation of planar defects, stacking faults and
streaking, during the ion bombardment process (Jian et al., 2006). Moreover, planar defects
could hinder an oxygen-vacancy mediated ferromagnetic ordering so as to abate
magnetization and coercivity of thinner, as-implanted Zn;.,Co,O NWs.
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Figure 9(a) displays a non-vanishing and non-decreasing magnetization up to a room
temperature, signifying a ferromagnetic ordering as well as RTFM. After annealing in a high
vacuum, the temperature behavior of Zny9,C00.0sO NWs with an average diameter of 38 nm
is displayed in Fig. 9(b), including reproduced data of as-implanted NWs for comparison.
The temperature behavior demonstrates a much higher magnetization (a strong
ferromagnetic state) and a coincidence and overlapping of FC and ZFC magnetization. This
result indicates a growth and development of large magnetic domains, formed by non-
aggregated Co ions in high-vacuum annealed Zng 9,C0.0sO NWs. This phenomena can be
observed in all Zn; xCo,O NWs having different diameters and Co-concentrations. It implies
that a high-vacuum annealing produces oxygen vacancies (zinc interstitials) to enhance a
ferromagnetic interaction between Co ions and to intensify a magnetic state.
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Fig. 10. FC and ZFC magnetization of ZnO sheathed in amorphous carbon with Co clusters.
The Co ion dose and average diameter of ZnO are 4 x 1016 cm2 and 38 nm, respectively, for
this sample.

The temperature dependent behavior of ZnO sheathed in amorphous carbon with Co
clusters is presented in Fig. 10. FC and ZFC magnetizations are separated into two parts
with a decrease of temperature. The undeniable bifurcation of temperature dependent
magnetization in FC and ZFC procedures stands for a superparamagnetic feature of
ferromagnetic collloids of Co clusters (Bean & Livingston, 1959). This feature will be evident
if the Co clusters are monodispersed and uniform in size. As we have shown in Fig. 6(f), the
Co clusters have a wide distribution and a standard deviation of ~6.0 nm in diameter that
causes a relatively small deviation in FC and ZFC magnetization at low temperatures in
comparison with ideal ferromagnetic colloids. The magnitude of several tenths of pp in
magnetization is in the same order of magnitude as that of DMS Zn;.,CoO NWs (see Fig. 9).
This finding indicates that magnetic moments of cluster samples and DMS Zn;.,CoO NWs
do originate from aggregated Co nanoparticles and non-aggregated Co ions, respectively.

5.2 Field dependent magnetization

In addition to a temperature dependent behavior, data of field dependent magnetizations as
well as hysteresis loops were taken at several different temperatures. Figure 11 exhibits
hysteresis loops of as-implanted Zn;.,Co,O NWs. Having an equal Co-concentration of 8%,
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Fig. 11. (a) Hysteresis loops of as-implanted Zn 9,C00.0sO NWs with three different average
diameters marked on graph. The data were taken at 5 K. (b) Hysteresis loops of as-
implanted Zng.96C00.040 NWs with two different average diameters marked on graph. The
data were taken at 2 K.

thick NWs reveal a high magnetization and a larger hysteresis loop (see Fig. 11(a)). Figure
11(b) presents a similar manner of a size dependence to convince us this general phenomena
observed in as-implanted Zn;.,Co,O NWs. The consequence of a high magnetization in thick
NWs agrees with the temperature dependence delineated in Fig. 9(a).

We have argued that the implantation of a high beam current of 600 nA/cm?2 could
somewhat introduce a high-vacuum annealing and create oxygen vacancies (zinc
interstitials) in ZnO NWs so as to turn on an exchange interaction between non-aggregated
Co ions. The Co ions occupying in a certain volume of a ZnO form a magnetic domain. If the
ZnO is cut into smaller pieces such as NWs, the magnetic domain and magnetization
(moment) will be abated and reduced. This splitting and diminishing of magnetic domains
lead to the size effect observed in as-implanted Zn;.Co,O NWs. Moreover, the small
hysteresis loop indicating a low coercive field (force) in thin Zn;.,Co,O NWs may be due to
a weak interaction between size-reduced magnetic domains or to planar defects (stacking
faults and streaking) induced a reduction of ferromagnetic interactions.

We have observed an increase in magnetization from temperature dependent studies after a
high-vacuum annealing (Section 5.1). To learn the annealing effect, multiple steps of high-
vacuum annealing for hours are employed and the field dependent magnetizations are
investigated after each step of annealing. Figure 12(a) and (b) demonstrate a change in
hysteresis loops of Zng.9,Co.0s0O NWs with average diameters of 38 and 19 nm after each step
of a high-vacuum annealing. The magnetization as well as the loop becomes higher and larger
after several steps of high-vacuum annealing. The results of multiple-step annealing implies a
diffusion of composing elements of the Zn;.,Co,O material. It has been confirmed from EDX,
EELS mapping, and high-resolution TEM inspections that the annealing will not induce
detectable diffusion and clustering of Co ions in the DMS NWs. We argued, therefore, that the
annealing effect produces oxygen vacancies (zinc interstitials) to enhance an exchange
interaction between Co ions.

In addition to the dependence of annealing time, different surface ratios of thin and thick NWs
may give rise to dissimilar responses to annealing time. Figure 12(b) reveals a larger increase
and expansion in magnetization and field-dependent loops for thinner (19-nm average
diameter) NWs. A decrease of annealing time and steps for thinner Zn;.,Co,O NWs is due to a
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Fig. 12. (a) Hysteresis loops, taken at 10 K, of as-implanted, 6-h vacuum annealed, and 12-h
vacuum annealed Zny 9,Co0.0sO NWs with a 38-nm average diameter. (b) Hysteresis loops,
taken at 2 K, of as-implanted, 3-h vacuum annealed, and 6-h vacuum annealed Zny.9:C00,0sO
NWs with a 19-nm average diameter.

large surface-to-volume ratio for oxygen diffusion and a large increase in magnetization could
be related to the above-mentioned reduction of magnetization in thinner NWs. To confirm the
creation of oxygen vacancies during the high-vacuum annealing process, the sample is
annealed in oxygen to exhibit a weak magnetic state of a low magnetization and small a
hysteresis loop (not shown here), and they are subsequently annealed in a high vacuum to
recover a strong magnetic state in high-vacuum annealed Zn;,CoO NWs.

To learn more about the high-vacuum annealing enhancement of ferromagnetic ordering,
temperature dependence of hysteresis loops of Zng9,Cop0sO NWs with 70-nm average
diameter are displayed in Fig. 13(a). Unlike a bulk magnet which shows a weak temperature
dependence of hysteresis loops, the DMS NWs display a strong temperature dependence as
presented in Fig. 13(a). They exhibit the largest hysteresis loop at 2 K and a shrinkage of the
loop like a paramagnetic linear response above room temperature. We infer that a splitting
and dividing of magnetic domains (from bulk) into a small volume in NWs leads to a strong
temperature dependence of hysteresis loops. This phenomena is similar to a
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Fig. 13. (a) Hysteresis loops of Zny.9C00.0sO NWs with 70-nm average diameter at several
temperatures after annealing in a high vacuum for 12 h. (b) The coercive field, estimated
from Fig. 13(a), as a function of square root of temperature.
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superparamagnetic effect on ferromagnetic colloids or magnetic clusters. On the other hand,
if the exchange interaction is mediated by oxygen vacancies (zinc interstitials), a random
distribution of these vacancies in Zn;.,Co,O NWs could give a oxygen-vacancy depleted and
non-ferromagnetic regime. This non-ferromagnetic regime separates and splits magnetic
domains of non-aggregated Co ions into smaller ones. An analysis method similar to that
used in a study of superparamagnetism is employed and the coercive fields evaluated from
Fig. 13(a) are presented as a function of square root of temperature in Fig. 13(b). A linear
dependence can be derived appreciably.

On the contrary, if we assume that the temperature dependent coercivity is originated from

Co clusters, we may estimate the cluster diameter according to the equation (McHenry et al,,
1994):

K(v)

=—), 1
30kp @

Tp

where Tp is the blocking temperature, K = 5 x 10¢ erg/cm?3 is the anisotropy energy of Co
metal, kp is the Boltzmann constant, and <V> is the average volume of Co clusters. The T
can be estimated to be 640 K from the x-axis intercept of the red fitting line in Fig. 13(b).
Assume a spherical geometry for Co clusters, an average diameter of ~9 nm is derived. Such
a large cluster of ~9 nm in diameter, if any exist, should be detectable in electron microscopy
analyses. The Co clusters are nevertheless invisible in electron microscopy images. The
temperature dependence of coercivity is therefore owing to magnetic domains formed by
non-aggregated Co ions in ZnO NWs. Moreover, Fig. 13(a) demonstrates a temperature
independence of magnetization saturation that is consistent with the result shown in Fig.
9(b). The ferromagnetic ordering remains up to room temperature so the RTFM in the high-
vacuum annealed Zn;.,CoO NWs is confirmed.

The field dependent magnetization of the Co clustering sample at various temperatures is
displayed in Fig. 14 for a comparative study. The superparamagnetic attribute of a
shrinkage of hysteresis loops as well as a decrease in coercive fields with increasing
temperature is perceived. The non-vanishing magnetization and coercive field at 300 K
implicate that both the Curie and blocking temperatures, Tc and Tp, are above room
temperature. The coercive field as a function of square root of temperature is delineated in
the inset of Fig. 14. The data are fitted according to the equation (McHenry et al., 1994):

Hc(T)=Hc (0)(1-T/Tg), )

where Hc(T) and Hc(0) are coercive fields at temperatures T and 0 K, respectively. The
blocking temperature is determined to be ~420 K via a least square fitting, shown as a red
line in the inset of Fig. 14. The average diameter of ~9 nm can be estimated by using Eq. 1
with Tp = 420 K. The average diameter of ~9 nm agrees very well with that calculated from a
statistical distribution of cluster diameters from TEM measurements (9.4 nm in Fig. 6(f)).
This result sustains the analyses and deductions used in this work. It is noted that all of the
three characteristics of superparamagnetic Co clusters as well as ferromagnetic colloids have
been observed. These features are a bifurcation of FC and ZFC magnetication (Fig. 10), a
temperature dependent coercive field (Fig. 14), and the same average diameter evaluated
from both TEM measurements (Fig. 6(f)) and Tp estimations (Eq. 2). It is emphasized that a
wide distribution in cluster diameters (standard deviation of ~6.0 nm in this case) could
smooth out superparamagnetic characteristics.
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Fig. 14. Hysteresis loops of ZnO sheathed in amorphous carbon with Co clusters. The Co ion
dose and average diameter of ZnO are 4 x 1016 cm2 and 38 nm, respectively. The inset shows
the coercive field as a function of square root of temperature.

In contrast to Co clustering samples, as-implanted (DMS) Zn;..Co,O NWs display a slight
distinction between FC and ZFC magnetization in Fig. 9. After a high-vacuum annealing, FC
and ZFC magnetization of DMs NWs cannot be separated from each other. High-vacuum
annealed Zn;.,Co,O NWs present a temperature dependence of hysteresis loops and coercive
fields as shown in Fig. 13. Such a large cluster diameter of ~9 nm is estimated from the
temperature dependent coercivity, but no perceptible Co clusters have ever been detected in
Zn;,Co,O NWs (see Fig. 6). The Co ions in the NWs show non-aggregated random
distribution (see Fig. 7) before and even after annealing in a high vacuum. It is conjectured,
therefore, that a magnetic domain could be composed of non-aggregated Co ions in Zn;«Co,O
NWs. Field dependent magnetization shown in Fig. 12 endorses our conjecture. Further, a
vacuum annealing can help to generate oxygen vacancies (zinc interstitials) and induce a
ferromagnetic interaction between Co ions. Moreover, the size effect shown in Figs. 9 and 11
implicates that Zn;..CoO NWs, like a large magnetic domain in bulk being cut into small
pieces, may reveal a relatively low magnetization as well as a weak magnetic state. That is
why the Zn;.,Co,O NWs exhibit superparamagnetic features. Through a systematic analysis
and a comparative study with Co clustering samples, we come to a conclusion that Zn;,Co,O
NWs are a DMS material. Moreover, a ferromagnetic order in Zn;CoO NWs remains up to
room temperature, implying the RTFM in this particular material.

6. Conclusion

Various average diameters of single-crystalline, either cylindrical or hexagonal ZnO NWs
with a [0001] growth direction are synthesized by using the vapor transport method. The
diameters of cylindrical ZnO NWs can be well regulated by using gold nanoparticles as
catalysts while the diameters of hexagonal NWs have a wide statistical distribution. The
hexagonal NWs show straight in the growth direction whereas the cylindrical NWs show a
bending feature, structure defects of stacking faults and point defects, and bumpy surfaces.
The thinner the NWs are the higher the structure defect density and the more obvious the
bending manner exist. In addition, the optical properties of thin ZnO NWs show a stronger
green defect emission.
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The as-grown ZnO NWs are implanted with different doses of Co ions to form Zn;,Co,O
NWs (x < 0.12). The as-implanted Zn;CoO NWs possess a high density of bombardment-
induced structure defects and exhibit either a paramagnetic or a weak ferromagnetic state.
Thinner as-implanted Zn;,Co,O NWs exhibit a larger hysteresis loop and a higher
magnetization. This NW-diameter dependence indicates that a bulk magnet with a large
magnetic domain is divided into many pieces of NWs with lots of small-size domains.
Annealing in a high vacuum reduces structural, planar defects of stacking faults and streaking,
and creates point defects of oxygen vacancies (zinc interstitials) in Zn;.,Co,O NWs to induce a
strong ferromagnetic state. By using EDX mapping, it is observed that Co ions are randomly
distributed without any aggregations in both as-implanted and annealed Zn;.,Co,O NWs. The
annealing effect further supports the idea of oxygen vacancies (zinc interstitials) induced
ferromagnetic interactions between Co ions. Moreover, an oxygen-vacancy depleted, non-
magnetic regime and a NW-divided small volume give rise to a separation and partition of a
ferromagnetic domain, leading to a superparamagnetic feature. After high-vacuum annealing,
more oxygen vacancies are generated and the magnetic domains grow up. The
superparamagnetic features gradually disappear in the high-vacuum annealed Zn;Co,O
NWs. The ferromagnetic properties are observed at room temperature to assure the RTFM in
the high-vacuum annealed Zn;,Co,O NWs, and to confirm the Tc above room temperature.

In particular, ZnO NWs sheathed in amorphous carbon with Co clusters have been
produced after annealing in a high vacuum. The clustering sample show superparamagnetic
features of FC and ZFC magnetization separation, temperature dependent coercivities, and a
blocking temperature with which average diameters of Co clusters have been evaluated. The
result of a comparative study with Co clustering samples corroborates our measurements
and analyses of DMS Zn;.,Co,O NWs.
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phenomena described. The volume contains 20 Chapters covering altogether many (although not all)
semiconductors of technological interest, starting with the V-1V group compounds (SiC and SiGe), carrying on
with the binary and ternary compounds of the IlI-V (GaAs, AlGaAs, GaSb, InAs, GaP, InP, and GaN) and II-VI
(HgTe, HgCdTe) families, the metal oxides (CuO, ZnO, ZnCoO, tungsten oxide, and PbTiO3), and finishing
with Bi (a semimetal).
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