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Abstract

We have conducted several ways to approach the goal of our project. Firstly, we have studied
orbital susceptibilities of PbSe quantum dots. Two types of orbital susceptibilities, including
Curie susceptibility and finite-size corrections to the Landau susceptibility, have been observed.
The two effects can easily be separated. We have reported the field, temperature, and size
dependence of the two orbital susceptibilities. Secondly, we have prepared thin films of PbSe
gquantum dots. The quantum dots, like atoms in ultra high vacuum, were deposited on graphite
or micain air. Coverage and temperature dependences of growth have been scanned by using
atomic force microscope. Thirdly, we have fabricated periodically arranged nanostructures on
graphite surface.  Either graphite pits or gold mounds on graphite were formed by using voltage
pulse between the tip and the sample. By controlling the amplitude and duration of pulse, we
have made periodically spaced gold mounds with a diameter of ~10 nm and a eight of 1-2 nm on
the surface. Fourthly, we have studied nanocontact junctions between electrodes and ZnO
nanowires by using the e-beam lithography. Two types of nanocontact junctions with different
current-voltage characteristics have been found. We demoed bottom-up fabricated
nanowire-devices which can be used for replacing pn junctions, and JFET or MOSFET transistors
in the near future. Finaly, we have home-made an STM with mechanical parts and electronic
controllers.  We also built a nano ampere current supplier with anoise level aslow as 1 %.
Keywords: growth of nanostructures, electrical properties of nanostructures, magnetic properties

of nanostructures
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Different sizes of three dimensional PbSe quantum dots have been synthesized for the study of
orbital magnetic susceptibilities. Two types of orbital susceptibilities have been found, including
the Curie susceptibility and finite-size corrections to the Landau susceptibility. The Curie term
of a quantum dot manifests itself in the temperature dependence of magnetic susceptibility at low
temperatures while the field dependent differential susceptibility shows finite-size corrections to the
Landau susceptibility. Both of the two orbital susceptibilities show linear dependence on the size.
The experiments about finite-size corrections to the Landau susceptibility agree well with theoretical

calculation of two dimensional quantum dots.

PACS numbers: 75.50.Tt, 75.75.4a, 73.21.La

Semiconductor and diluted magnetic semiconductor
quantum dots (QDs) have drawn a lot of attention since
their physical properties can be modified by the quan-
tum confinement effects [1, 2 3] and they possess a po-
tential application in building spintronic devices such as
quantum computer.[4] Recently, due to a successful de-
velopment of synthetic methods, high quality prepara-
tion of many II-VI and IV-VI semiconductor QDs have
been carried out and it has become possible to char-
acterize their physical properties, especially the optical
properties. [5, [6] 7, 8] [9]

Physics at mesoscopic scales often leads to striking
phenomena due to intrinsic quantum effects.[10] Mag-
netic properties of materials, when transferred to the
nano phase, may be much different from those in their
bulk state. For example, carbon nanotubes, like two di-
mensional structures of graphite, exhibiting large dia-
magnetic susceptibility and owing mainly to orbital
ring currents, have been studied experimentally and
theoretically.[11], 12] Another example is that below a
threshold diameter, Pd and Au nanoparticles, which cor-
respond to para- and diamagnetic metal in bulk states,
respectively, may display spontaneous magnetization. |13}
14, 15] According to a theoretical calculation, a meso-
scopic tube is diamagnetic when the radius is larger than
a threshold value, but becomes paramagnetic when its
radius is smaller.[10]

Orbital magnetism had been an important theoreti-
cal work to understand the magnetic properties of ballis-
tic billiard in mesocopic regime[16], for example, to ex-
plain the magnetization of a large amount of two dimen-
sional semiconductor QDs which were fabricated by the
lithography technique.[20] Two different theoretical ap-
proaches were adopted. One was taking quantum dots as
atomiclike objects to demonstrate the orientational para-

magnetism and precessional diamagnetism which were
like the Curie and Langevin susceptibilities of atoms,
respectively.[17] The oscillatory paramagnetic suscepti-
bility as a function of the number of electrons in the QD
were predicted. The other theoretical method was start-
ing from the Landau susceptibility in bulk states. The
free-electron diamagnetic susceptibility was then mod-
ified by finite-size corrections.[16, 18, 19] A zero-field
paramagnetic peak which was firstly observed by Lévy et
al.’s experiments[20] was reproduced theoretically. Re-
cently, the experimental report[21] showed information
about magnetization of two dimensional electron system
and QDs which were differentiated in their field depen-
dencies. The magnetization of QDs confirmed the zero-
field paramagnetic peak.

Although quite a lot of theoretical works have been
conducted to simulate the orbital magnetic response of
QDs, the experimental studies of both the Curie and
finite-size corrections to the Landau susceptibility of QDs
have not been reported. With a help of high quality
preparation of monodisperse semiconductor QDs[22} 23]
and a careful separation of magnetic contribution from
atoms and QDs, we report a direct observation of the two
kinds of orbital magnetism.

7.9 g of selenium powder (99.999%, Aldrich) was added
into 100 mL of TOP (trioctylphosphine, 90%, Aldrich)
are stirred for overnight in a glove box to form a clear
TOP-Se solution (1 M for Se). In a typical experiment,
1.081 g of lead acetate trihydrate [(CH3CO32)2Pb-3H20,
99.99+%, Aldrich, 2.85 m mol], 1.8 mL of oleic acid (90%,
Aldrich) and 15 mL of phenyl ether were mixed and
heated to 150 °C for 30 min under argon atmosphere.
After the solution was cooled to 40 °C, it was transferred
to a glove box and mixed with 4.0 mL of TOP-Se stock so-
lution. This room-temperature mixed solution was then



FIG. 1: TEM images of PbSe QDs with diameters of 10.5 nm
((a) and (c)), and 6.7 nm ((b) and (d)). The image sizes of
(a) and (b) are 90 nm x 90 nm and the image sizes of (c) and
(d) are 12.3 nm x 12.3 nm and 7.4 nm X 7.4 nm, respectively.

rapidly injected into vigorously stirred phenyl ether (15
mL) that was pre-heated to 150 °C in a three-neck flask
equipped with a condenser under argon stream. After
the injection, the temperature of the mixture dropped
to about 135 °C and then was kept constant at 150 to
200 °C for 10 min, depending on the desired size of PbSe
nanocrystals. The PbSe dispersion was then cooled and
ethanol was added to flocculate the nanocrystals which
were subsequently separated from solution by centrifu-
gation. The size distribution of PbSe nanocrystals was
further narrowed by a size-selection post-treatment using
a pair of solvents, hexane/ethanol system.

PbSe QDs with different sizes have been prepared. The
size distribution was monitored by using transmission
electron microscope (TEM), where the standard devia-
tion are 7.1% and 4.1% for QDs with diameters of 10.5
and 6.7 nm, respectively. The crystalline structure and
the spherical shape of the PbSe QDs were confirmed by
the high resolution TEM images shown in Fig. [1. The
TEM images were carried out on a JEOL JEM-2010F.
Magnetic properties of PbSe QDs were measured, over a
temperature range of 2 to 300 K and a field from 0 to
50 kOe, by a SQUID magnetometer (Quantum Design
MPMS-7). The magnetization of PbSe QDs is at least ten
times larger than the sample holder background which is
mainly from the capsule and is about -1x107% emu at 1
kOe. The susceptibility was calculated by dividing the
molar grams of PbSe, not that of QDs.

The as-grown PbSe QDs stabilized with capping agents

TABLE I: Fitting results of 10.5-nm PbSe QDs

H (Oe) xo0 (emu/mol Oe) C (emu K/mol Oe) T. (K)
1k 2.7%x107% 6.0x107% -1.7
3k 0.1x107* 6.9x107* -1.5
5k -0.6x107* 5.6x1074 -1.4
10 k -1.0x107* 6.1x1074 -1.9
30 k -1.5x107* 7.4x1074 -8.6

TABLE II: Fitting results of 6.7-nm PbSe QDs

H (Oe) xo0 (emu/mol Oe) C (emu K/mol Oe) T. (K)
3k 2.6x107% 1.7x1073 -2.7
10 k -1.9x10~* 1.9x1073 -4.2
30 k -3.3x107* 1.8x1073 -7.3

of both TOP and oleic acid. The total ratio of cap-
ping agents in all samples is ~10 wt. % which was
obtained by using differential scanning calorimetry and
thermogravimetric analysis (DSC-TGA). The molecular
susceptibilities from TOP and oleic acid are -3.20 and
-2.10x10~* emu/mol Oe, respectively.[24] The temper-
ature and field independence of molecular susceptibili-
ties of TOP and oleic acid, which are about -0.12 and -
0.11x10~* emu/mol Oe in our samples, were subtracted
from the collected data. We also removed the contri-
bution from the core diamagnetism of PbSe, taken as
-1.0x10™* emu/mol Oe in bulk states.[25] To examine
the magnetization from contamination of magnetic impu-
rities, a larger-size system of Mn-doped PbSe nanoarrays
were synthesized.[23] We observed that the field depen-
dence of magnetization of PbSe with Mn impurities had
paramagnetic response under high magnetic fields while
that of pure PbSe QDs didn’t have any paramagnetic re-
sponse at 5 K, even though the temperature dependence
of molar susceptibilities and the Curie constants are the
same. The following data is solely from the QDs.

How many electrons are there in a QD? If no free elec-
tron exists, we cannot observe any orbital susceptibil-
ity. A native hole-doping of PbSe is typically having a
bulk carrier concentration of ~ 10 carriers/cm3.[26] It
generates less than one carrier per QD with a size of 10
nm. Besides doping carriers, it had been established that
PbSe, when exposed to the air or oxygen, formed a strong
p type surface layer and had high surface charge densities
of 2-5x1013 carriers/cm?.[26] We then estimate it being
15-40 carriers in the 10-nm sized QD when exposed to
the air.

Temperature dependent susceptibilities are shown in
Fig. 2. The magnetic susceptibilities of the PbSe QDs
are given by X = XC,atom + XL,atom + XC,QD + XL,QD +
XLandau where XC,atoms XL,atoms XC,QD> and XL,QD
are the atomic Curie, atomic Langevin, the QD’s Curie,



] 1 k Gauss
0.0006 " " " ® 3k Gauss
B 5 k Gauss
0.0003 L v 10 k Gauss
~ " 30 k Gauss
I(D 0.0000‘ [ XX T RTRTRY
O vy TV T WYYV Y "V VY VY VY V’
v -0.0003 : . :
g L = | k Gauss
" e 3k Gauss
0.0009 |
:ES " 10 k Gauss
I "™ v 30k Gauss
() b
~ 0.0006 5 3
=
\....A
0.0003 | i
0.0000 [ 4
-0.0003 P "!'*I \AAAAAMALAars "IJ "T.T YYVYVYVYYY

0 50 ](I)O 150 200 250 300
Temperature (K)

FIG. 2: Temperature dependence of susceptibilities of PbSe
QDs under several external fields indicated in the graph. The
susceptibilities are estimated per mole of PbSe.

and the QD’s Langevin susceptibilities, respectively, and
X Landaw 1S the contribution from finite-size corrections to
the Landau susceptibility. The filled shells of electrons in
PbSe result in a zero susceptibility of the atomic Curie
term and the core Langevin diamagnetism is subtracted
from data. The remaining contribution to the tempera-
ture dependent susceptibility is the Curie susceptibility
of QDs. It can only be observed at temperatures T' < 10
K and no field dependence of paramagnetism has been
observed at a temperature exceeding 5 K. The disappear-
ance of the QD’s Curie susceptibility at a slightly higher
temperature comes from the degraded quantization since
the QDs have a much larger diameter compared to the
size of atoms. The susceptibility as a function of tem-
perature is fitted by x = xo + C/(T — T.), where xo is
a constant shift, C is the Curie constant, and T, is the
Curie or Weiss temperature. The samples studied un-
der different external fields are listed in Table Il and 1L
The fitted results show the same Curie constants for QDs
with the same size and approve good fitting. The Curie
constant of 6.7-nm QDs is ~ 2.8 times of that of 10.5-nm
QDs. It roughly corresponds to (10.5/6.7)2, that is pro-
portional to D~2, where D is the size of the QDs. An
increase of Weiss temperature with a raising field may in-
dicate a strong interaction in the QD. The positive shift
of x¢ is from the orbital Landau susceptibility, not from
the Curie susceptibility.
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FIG. 3: Differential susceptibilities per mole PbSe. The open
circles are calculated from field dependent magnetization of
10.5-nm QDs at 200 K. The crosses and the pluses represent
susceptibilities of 6.7-nm QDs at 200 K and 5 K, respectively.
The closed circles and squares are xos in Table Il and II of
PbSe QDs with diameters of 10.5 and 6.7 nm, respectively.
Inset: susceptibility in the low-field regime.

A clear evidence of zero-field paramagnetic peak which
agree well with the theory of finite-size corrections to the
Landau susceptibility is shown in Fig. 3. The differ-
ential susceptibilities of both the 6.7- and 10.5-nm QDs
taken at 200 K show paramagnetic with positive value
under low fields and a transition to negatively saturated
susceptibility under high magnetic fields. The saturated
Landau diamagnetism in a high field gives -4.16 and -
1.88x10~% emu/mol Oe for 6.7- and 10.5-nm PbSe QDs,
respectively. The orbital Landau susceptibility of the
QDs per PbSe is several times larger than that of the
atomic diamagnetism and varied with the diameter, D,
as a function of D~2. Differential susceptibilities under
low magnetic fields is displayed in the inset of Fig. 3| to
display its consistent enhancement in small-sized QDs.
The temperature effect on the differential susceptibility
is inspected for 6.7-nm QDs. It shows a broader zero-
field paramagnetic peak at 5 K as comparing with data
taken at 200 K. The constant shifts ygs listed in Table I
and [II are also plotted in Fig. i3l They tend to lie on the
differential susceptibility taken at low temperatures.

For a flux quantum threading through a 10-nm QD, a
magnetic field up to 130 kOe is needed. The extremely
high field is required to see a complete cycle of oscillatory
susceptibility. A transition from positive susceptibility to
negatively saturated susceptibility in Fig 3l may be un-
derstood by using the magnetic length. If we consider
it as a probing length of a QD, we need to apply a field
higher than ~ 7.4 kOe to probe local magnetic properties
of 10.5-nm QDs. The experimental result shows a transi-
tion field of ~ 3 kOe at 200 K. The same estimation gives
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FIG. 4: Field dependence of magnetization per QD under high
magnetic fields. Inset: magnetization under low magnetic
fields.

a required field of ~ 18.5 kOe for 6.7-nm QDs while our
experiment shows ~ 7 kOe at 200 K. The inconsistent
transition fields between experiments and estimations re-
sult from the temperature effects.

We calculate the magnetization of a QD by multiply-
ing the total number of PbSe unit cells and draw the
field dependent magnetization in Fig. 4. It shows a small
positive increase in a field lower than 1 kOe and a large
decrease in a high field. The high-field magnetization
exhibits linear dependence on magnetic fields at higher
temperatures. Since the number of PbSe unit cells is pro-
portional to D3, and the Curie and finite-size corrections
to the Landau susceptibilities per mole of PbSe are both
proportional to D2, we find that the orbital magnetic
susceptibilities of the QD vary linearly with its diameter
as D!. The results agree well with theoretical calculation
of two dimensional QDs.[19] Here, we use the concept of
thermal length Ly = hvp/kpT to see the temperature
effect. A periodic orbit contributes significantly only if
the size is of the order or shorter than the thermal length,
D < Lp.[18] This leads to a relation T' < hvp/kpD. As
the size of the QDs is smaller, the orbital susceptibility
can be observed at a higher temperature. Comparing
with previous experiments performed at 0.2 K and 8 K
for QDs with sizes of 4.5 um and 550 nm, respectively,
the orbital susceptibility of the 10-nm QD can exist up
to room temperature.

Two kinds of orbital susceptibilities, including the
Curie and finite-size corrections to the Landau suscep-
tibilities, have been observed in the three dimensional
PbSe QDs. The temperature dependence of susceptibil-
ity at low temperature shows the Curie susceptibility of
the QDs. In addition, the field dependence of differential
susceptibility shows zero-field paramagnetic peak and re-

veals finite-size corrections to the Landau susceptibility.
Both the two kinds of orbital susceptibilities display lin-
ear dependence on the size of the QD. Since the averaged
susceptibility per PbSe unit cell decrease as a function of
inverse square of the size, the susceptibilities from the QD
disappears in the bulk state. Theories of orbital magne-
tization of two dimensional QDs adequately explain our
experiments of three dimensional PbSe QDs.
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Abstract

The Zn;_,Co,O nanowires with an averaged diameter of ~40 nm have been prepared by thermal
evaporation method and then being ion implanted. The as-implanted nanowires were inspected
in detail by X-ray diffraction, mapping of electron energy loss spectroscopy, and high resolution
transmission electron microscope to make sure that no second phase exists down to a spacial limit
of ~1 nm. Two kinds of annealing processes, including annealing under an 1-atm argon flow and
that in high vacuum at 600°C', were performed and their effects on ferromagnetism in Zn;_,Co,O
nanowires were studied. The annealing in an argon flow at 1 atm recovers structural defects of
stacking faults and orientation variations, and increases ferromagnetic order. The recovery of
crystalline structure has been approved again in the analysis of electron energy loss spectra of Co
element in Zn;_,Co,O nanowires. The second kind of annealing process in high vacuum largely
enhances ferromagnetism in Zn;_,Co,O nanowires. It is suggested that the annealing in high
vacuum not only removes structural defects but also increases oxygen vacancies as well as carrier
concentration. Both the two kinds of annealing processes enhance ferromagnetic properties of

Co-implanted ZnO nanowires.



Structure effects on ferromagnetism in Zn;_,Co,O nanowires

W. B. Jian*
Department of FElectrophysics, National Chiao Tung University, Hsinchu 300, Taiwan, ROC

Z. Y. Wu, R. T. Huang, F. R. Chen, and J. J. Kai
Department of Engineering and System Science, National Tsing Hua University, Hsinchu 300, Taiwan, ROC

C. Y. Wu
Opto-FElectronics and Systems Laboratories, Industrial Technology Research Institute, Hsinchu 310, Taiwan, ROC

S. J. Chiang and M. D. Lan
Department of Physics, National Chung Hsing University, Taichung 402, Taiwan ROC

J. J. Lin*
Department of Electrophysics and Institute of Physics,
National Chiao Tung University, Hsinchu 300, Taiwan, ROC

Diameter controllable crystalline ZnO nanowires, with the [0001] growth direction in the plane,
have been fabricated by using the thermal evaporation method. The as-grown nanowires with di-
ameter of ~ 40 nm were implanted with various amounts of Co ions. The as-implanted Zn;_,Co,O
(z < 0.11) nanowires exhibited paramagnetic, but not ferromagnetic, behavior, and possessed high
density of radiation induced orientation variations and stacking faults. After annealing the struc-
tural defects largely disappeared, and noticeable hysteresis in the magnetization loops revealed
apparent ferromagnetic ordering in the nanowires. This work supports the idea of carrier-mediated
ferromagnetism in diluted magnetic semiconductors having a long transport mean free path.

Not only high Curie temperature but also the mecha-
nism of carrier-induced ferromagnetism in diluted mag-
netic semiconductors (DMS) has recently drawn much
experimental and theoretical attention. It has been pro-
posed that the ferromagnetism in ITI-V based DMS mate-
rials, (In,Mn)As and (Ga,Mn)As, is mediated by the mo-
bile holes originating from the magnetic Mn-dopants[1-
3]. The ferromagnetic p-type (Ga,Mn)As with a high car-
rier density (1018—102° ¢cm~3) could possess Curie tem-
perature as high as 110 K.[3] It has also been argued
that the Curie temperature of the p-type Mn-doped ZnO
semiconductor, with a carrier concentration of 3.5 x 10%°
ecm ™3, could be as high as the room temperature. Re-
cently, these theoretical proposals have stimulated nu-
merous experimental works in an effort to search for high
Curie temperature DMS ferromagnets.[4-6] In particular,
ab initio theoretical calculations predicted a stable ferro-
magnetic phase in the n-type ZnO with Co doping.[7, §]
Experimentally, significant discrepancies have been re-
ported among different groups and between the mea-
surements and theoretical calculations. The widely pro-
posed mechanism of carrier-induced ferromagnetism in
Co-doped ZnO nanowires has not been clarified in the
experiment.

ZnO is an oxide semiconductor with a room tempera-

*Authors to whom correspondence should be addressed; electronic
mail: wbjian@mail.nctu.edu.tw; jjlin@mail.nctu.edu.tw

ture energy gap of 3.37 eV. In contrast to the other II-VI
compound semiconductors, ZnO can be heavily doped
with electrons to form a transparent conductor. Since
nanostructures are potentially ideal functional compo-
nents in the future nanometer-scale electronics and op-
toelectronics, the study of ZnO nanowires is currently
of high interest. Realization of spintronic devices from
the bottom up would be feasible by adopting the DMS
Co-doped ZnO nanowires.[9, 10]

In addition to the carrier concentration, it is theoreti-
cally accepted that crystalline quality and structural de-
fects should play an important role in the occurrence
and stability of ferromagnetism.[11-13] Thus far, there
has been no clear experimental observation to discern
this conjecture. In this work, we use natively doped
crystalline n-type[14] ZnO nanowires, implanted with Co
ions, to investigate the correlations between the struc-
tural defects and the strength of ferromagnetism.

ZnO powder was placed in a crucible situated at the
center of a quartz tube in a furnace heated to 950°C.
A glass substrate at a temperature of 500°C with gold
nanoparticles (~ 40 nm in diameter) as catalysts pre-
deposited on it was located at the downstream end of
the quartz tube. The chamber was maintained at 200
Pa with a constant flow of argon. After 8 hours, ZnO
nanowires with an average diameter of 40 nm was formed
on the glass substrate. The as-grown ZnO nanowires
were implanted by Co ions with doses of (1—6)x106
cm~2. The implantation was performed at room tem-
perature with an accelerating energy of 40 keV by using
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FIG. 1: (a) A typical SEM image of the as-implanted
Zn0.94C00.060 nanowires. (b) The inverse magnetizations
of Zn1_,Co,O nanowires taken at a field of 1000 Oe. The
nanowires reveal paramagnetic behavior, and the paramag-
netism enhances with increasing Co doping. Insets: An TEM
image of a nanowire (left) together with its corresponding
EDX mapping image (right) shows an uniform distribution of
Co ions in the nanowires.

a tandem accelerator (9SDH-2). The beam current was
kept at 150 nA/cm? to avoid beam heating. Annealing
of the as-implanted ZnO nanowires was then performed
at 600°C in a tube furnace under an argon flow of 150
sccm at 1 atm for 12 hours. This annealing tempera-
ture would not cause segregation and clustering of the
implant ions, as was established previously for ZnO[15]
and was confirmed by our HRTEM studies. The an-
nealing at 1 atm prevented any significant change in
carrier concentration.[13, 16, 17] Both the as-implanted
and annealed ZnO nanowires were characterized by us-
ing field-emission scanning electron microscope (JEOL
JSM-6330F) and high-resolution transmission electron
microscope (JEOL JEM-2010F). Magnetic properties of
the nanowires were studied by using a Quantum Design
SQUID magnetometer. All the magnetizations as a func-
tion of applied field were taken at 2 K.

Most of the ZnO nanowires lay on the substrate with
[0001] growth direction in the plane. The high energy Co
ions were bombarded on one side of the ZnO nanowires
to form DMS nanowires. Computer simulation SRIM
code[18] enabled us to estimate the distribution of Co
ions in the ZnO nanowires. The Co-ion density distribu-
tion as a function of penetration depth showed a peak
at 20 nm. The SRIM simulation predicted a range of
Co ions about the diameter (~ 40 nm) of our nanowires.
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FIG. 2: An HRTEM image of as-implanted Zng.g9Cog.110
nanowires with white triangles indicating stacking faults. In-
set: A typical diffraction pattern revealing a rotation of re-
ciprocal lattice points.

Figure 1(a) shows an SEM image of representative as-
implanted nanowires. We found that the morphology and
dimension of the ZnO nanowires did not change appre-
ciably after implantation, except some slight bending of
the nanowires. The energy dispersive X-ray spectroscopy
(EDX) compositional map shows Co distribution in the
right image of the inset in Fig. 1(b), in comparison to
the bright field TEM image in the left. The estimated
thickness of a layer of DMS nanowires on the substrate
was about 110 nm which was ~ 2 times larger than the
estimated ion range by using SRIM code simulation. Fig-
ure 1(b) shows a plot of the inverse magnetizations of our
7Zn;_,Co,O nanowires with several concentrations x as
indicated. These as-implanted nanowires display param-
agnetism closely obeying the Curie law. As z increases,
the paramagnetism is enhanced, being in accord with the
Co concentrations determined from the EDX spectra.

The as-implanted nanowires exhibit paramagnetism,
whereas they vaguely reveal ferromagnetic ordering (see
squares in Fig. 3(a)). The structural defects produced
during the high energy Co-ion bombardment were ex-
pected and inspected in detail. The HRTEM image
shown in Fig. 2 displays one type of structural defects,
i.e., stacking faults, as indicated by the many small tri-
angles. Another type of structural defects is orientation
variations. The inset of Fig. 2 shows a typical diffrac-
tion pattern of which for the representative as-implanted
7Zmg g9 Cog.110 nanowires. One sees that the lattice planes
along the [0001] direction are fairly ordered while there
is orientation variation between the (1120) lattice planes.
The latter leads to appreciable disorder in the other di-
rections.

Thermal annealing was performed on our nanowires
and magnetizations were then remeasured. Figure 3(a)
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FIG. 3: (a) Magnetization as a function of applied field at
2 K, squares and circles represent as-implanted and annealed
Zng.89Cop.110 nanowires, respectively. (b) Magnetization as
a function of applied field at 2 K for annealed Zn;_,Co,O
nanowires with different Co concentrations as indicated. The
magnetization for each concentration has been scaled by di-
viding the factor of its concentration.

shows the field dependent magnetizations of the repre-
sentative Zng ggCog.110 nanowires. The open and closed
circles, respectively, stand for the forward and backward
sweeping of the magnetic field. For all Co concentra-
tions, the as-implanted nanowires revealed negligible hys-
teresis while the annealed nanowires displayed distinct
ferromagnetism as evidenced in the hysteresis loop (cir-
cles in Fig. 3(a)). This comparison study of the as-
implanted and annealed samples enable us to identify
the mechanism for the enhanced ferromagnetism, i.e.,
structural defects are detrimental to the occurrence of
ferromagnetic ordering. Figure 3(b) shows the magneti-
zations of ZIl()_gﬁCOo,()4O7 ZHO_QQCOQ_Ogo, ZHQ.QQCOO_loo,
and Zng.ggCog.110O nanowires divided by a factor of 4,
8, 10, and 11, respectively, for comparison. One sees
that the hysteresis loops become more profound with in-
creasing Co concentration, implying the formation of do-
mains as well as the enhanced exchange interactions be-
tween Co ions. Meanwhile, the magnetization increases
with increasing Co-ion implantation, confirming the ex-
istence of ferromagnetic, but not previously reported
antiferromagnetic[12], order among Co ions.

The structure of the annealed Zn;_,Co,O nanowires
was then inspected by HRTEM. The diffraction pattern

oo
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FIG. 41 An HRTEM image of annealed Zng.s9Co00.110
nanowires with white triangles indicating stacking faults. In-
set: A typical diffraction pattern showing regular reciprocal
lattice points.

in the inset of Fig. 4 clearly shows disappearance of ori-
entation variations. The lattice points along the [0110]
direction are now well ordered. Moreover, the HRTEM
image of the annealed Zngg9Cop110 in Fig. 4 shows
a significant reduction in the density of stacking faults.
Therefore, it is clear that the improved lattice order in
the annealed DMS Co-ZnO nanowires leads to enhanced
ferromagnetism. Before annealing, ferromagnetic order-
ing was deprived due to the presence of a high density
of orientation variations and stacking faults. This result
strongly suggests that the electron transport with a long
mean free path is crucial to the carrier-induced ferromag-
netism in Co-ZnO nanowires.

To summarize, 40-nm diameter Zn;_,Co,0 (z <
0.11) nanowires were synthesized by thermal evapora-
tion, followed by high energy Co-ion implantation. The
implanted Co ions were uniformly distributed in the
nanowires and they produced many orientation varia-
tions and stacking faults as structural defects. After an-
nealing the crystalline lattice order was essentially recov-
ered. The magnetizations then indicated apparent ferro-
magnetic behavior. This observation is strongly support-
ive of the current idea of the carrier-mediated ferromag-
netism in DMS Zn;_,Co,O nanowires.

This work was supported by the National Science
Council of R.O.C. under Grant Nos. 93-2112-M-009-038
and 93-2120-M-009-009.
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