
ZHANG ET AL. VOL. 5 ’ NO. 10 ’ 8357–8364 ’ 2011

www.acsnano.org

8357

September 11, 2011

C 2011 American Chemical Society

Liquid Crystalline Order and
Magnetocrystalline Anisotropy in
Magnetically Doped Semiconducting
ZnO Nanowires
Shanju Zhang, Candice I. Pelligra, Gayatri Keskar, Pawel W. Majewski, Fang Ren, Lisa D. Pfefferle, and

Chinedum O. Osuji*

Department of Chemical and Environmental Engineering, Yale University, New Haven, Connecticut 06511, United States

R
ecent theoretical advances point to
the prospect of room temperature fer-
romagnetism in III�V and II�VI semi-

conductors in which a few atomic percent of
metal ions are replaced by magnetic transi-
tion metal ions such as Mn2þ or Co2þ.1�3

Consequently, dilute magnetic semiconduc-
tors (DMS) have been a topic of considerable
interest in recent years.4�7 It is worth noting
that conflicting reports have been produced
in that time, and it is not yet clear under what
conditions true high Curie temperature (TC)
DMSmaterials can be reliably and consistently
produced.8,9 Nonetheless, the ground-break-
ing potential for spintronic devices utilizing
low-cost DMS materials continues to spur
work in this field. The ability to simultaneously
exploit both electron spin and charge currents
makes putative ferromagnetic semiconduc-
tors very attractive as a class of materials for
the development of new paradigms in com-
puting, both in storage as well as in informa-
tion processing.10,11 A particularly exciting
area is the development of spintronic devices
based on nanowire arrays where structural
anisotropy on mesoscopic length scales intro-
duces polarization-dependent optoelectronic
propertieswhichare spin-sensitive.5,12 Theuse
of direct chemical synthesis to controllably
produce large gram-scale quantities of nano-
wires combined with bottom-up assembly by
lyotropic ordering in fluid suspensions holds
the prospect of the facile realization of such
systems. However, to date, such solution-based
self-assembly of magnetically doped semicon-
ducting nanowires has not been realized.
We show here that this may be accom-

plished starting with a simple, optimized
solvothermal synthesis to produce high as-
pect ratio ZnO nanowires with controlled
doping by Mn and Co ions. Appropriate

functionalization of the nanowire surfaces
by thiol ligands successfully suppresses at-
tractive interactions between nanowires,
permitting the formation of stable, homo-
geneous nematic mesophases in organic
solvent based only on excluded volume
interactions. The nanowires are paramag-
netic and display strong alignment under
shear flow, resulting in the production of
large-area monodomains. We demonstrate
that alignment may also be advanced using
magnetic field, but only for the case of
Co-doped nanowires. Magnetic alignment
occurs with the long axes of the nanowires
orthogonal to the field direction. This indi-
cates that magnetocrystalline anisotropy
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ABSTRACT Controlled alignment of nanomaterials over large length scales (>1 cm) presents a

challenge in the utilization of low-cost solution processing techniques in emerging nanotechno-

logies. Here, we report on the lyotropic liquid crystalline behavior of transition-metal-doped zinc

oxide nanowires and their facile alignment over large length scales under external fields. High

aspect ratio Co- and Mn-doped ZnO nanowires were prepared by solvothermal synthesis with

uniform incorporation of dopant ions into the ZnO wurtzite crystal lattice. The resulting nanowires

exhibited characteristic paramagnetic behavior. Suspensions of surface-functionalized doped

nanowires spontaneously formed stable homogeneous nematic liquid crystalline phases in organic

solvent above a critical concentration. Large-area uniaxially aligned thin films of doped nanowires

were obtained from the lyotropic phase by applying mechanical shear and, in the case of Co-doped

nanowires, magnetic fields. Application of shear produced thin films in which the nanowire long axes

were aligned parallel to the flow direction. Conversely, the nanowires were found to orient

perpendicular to the direction of the applied magnetic fields. This indicates that the doped ZnO

possesses magnetocrystalline anisotropy sufficient in magnitude to overcome the parallel alignment

which would be predicted based solely on the anisotropic demagnetizing field associated with the

high aspect ratio of the nanowires. We use a combination of magnetic property measurements and

basic magnetostatics to provide a lower-bound estimate for the magnetocrystalline anisotropy.

KEYWORDS: nanowires . dilute magnetic semiconductors . lyotropic liquid crystals .
magnetic alignment
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exists in the system and that its effects dominate over
shape anisotropy in the field response of these
nanowires.
ZnO in its most common wurtzite form is a wide

band gap semiconductor with a 3.37 eV direct HOMO�
LUMO transition. It forms a hexagonal unit cell in which
the absence of inversion symmetry gives rise to both
piezoelectric and pyroelectric properties. Both physical
deposition techniques and solution-based chemical
methods have been developed to synthesize ZnO
nanomaterials with a wide variety of morphologies,
including nanowires.13�16 At sufficiently high aspect
ratios, anisotropic nanomaterials such as nanowires
may undergo a spontaneous ordering transition as a
function of volume fraction.17 Nematic phases are
formed as a result of free energy minimization in
suspensions of long rigid objects, solely on the basis
of entropic or excluded volume interactions. This
phenomenon is well-known18 and entails a transition
from an isotropic suspension to a mixture of isotropic
and nematic domains for hard rods with no attractive
interactions at a volume fraction of φ1* = 3.34/(L/D),
where L/D is the aspect ratio of the objects. At φ2* =

4.49/(L/D), the system transitions from a biphasic state
to a homogeneous nematic state. Magnetically driven
alignment of nematic liquid crystal systems has been
well-studied experimentally, including in systems
which incorporate second phase materials such as
anisotropic gold nanorods,19 ferromagnetic nano-
particles,20 and carbon nanotubes.21 In some cases,
the inclusions act as magneto-responsive handles
which enhance the alignment of the surrounding
nematic. In other cases, the alignment of the nematic
by the field is used as a template to control the
orientation of nanomaterials. The problem has been
well-treated theoretically.22 Here, by contrast, we de-
scribe a system in which the nematogen itself is an
anisotropic nanoparticle intrinsically modified for en-
hancedmagnetic anisotropy. We leverage themobility
of the lyotropic phase to produce films of nanomater-
ials with uniform orientation.

RESULTS AND DISCUSSION

Mn- and Co-doped ZnO nanowires were solvother-
mally prepared by the reduction of zinc and dopant

Figure 1. ZnO-based DMS nanowires with 5 atom % Mn and Co dopants. (a) SEM image of Co-doped ZnO nanowires.
(b) UV�vis absorption spectra of undoped ZnO andMn- and Co-doped ZnO nanowires in aqueous solutions. Inset shows the
absorption in the visible range. (c) EPR spectra of Mn- and Co-doped ZnO nanowires at room temperature and 7.5 K,
respectively. (d) Magnetization versus field at 7 K of Mn- and Co-doped ZnO nanowires.
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ions under basic conditions in anhydrous ethanol
under moderate heating. A structure-directing agent
was used to guide uniaxial growth. Nanowires were
produced with very high selectivity by empirical opti-
mization of the reaction conditions for high-aspect
ratio rods with small (<50 nm) diameters. Details are
provided in the Supporting Information. The resulting
nanowires are polydisperse in length and diameter
(Figure 1a) with average aspect ratios of 20 and 12 for
Co- and Mn-doped nanowires, respectively. Size dis-
tributions are summarized in Figure S1. ZnO is in the
commonly observed wurtzite form, and substitutional
Co- and Mn-doping has little effect on the hexagonal
crystalline structure of the ZnO nanowires as indicated
by X-ray diffraction (Figure S2). TEM images show
single crystal-like wurtzite lattice structures (Figure
S3), similar to the pure ZnO nanowires.17

UV�vis absorption spectra recorded from a suspen-
sion of freshly prepared nanowires in water show an
absorptionmaximumnear 370 nm (Figure 1b), which is
in good agreement with the expected band gap of
3.37 eV (368 nm) for ZnO. A small blue shift of the ZnO
absorption maximum is observed with Co-doping,
consistent with prior reports on Co-doped ZnO.23

While the spectrum of Mn-doped ZnO nanowires
shows no apparent extra absorption in the visible
region, the Co-doped ZnO nanowire spectrum shows
three absorption peaks at 565, 610, and 665 nm. It has
been suggested that these peaks are attributed to d�d
absorption levels of the Co2þ ions, which are charac-
teristic of Co2þ in a tetrahedral crystal field.24

Electron paramagnetic resonance (EPR) spectrosco-
py was used to provide insight regarding the dopant
distribution and local environments of dopant ions in
the nanowires. The EPR spectrum of Mn-doped ZnO
nanowires at room temperature is shown in Figure 1c.
In amagnetic field, the spin degeneracy ofMn2þwill be
lifted by the Zeeman splitting term of the spin Hamil-
tonian for the ion, resulting in the observation of six
energy levels. Hyperfine splitting causes each of these
transitions to be split into the characteristic sextuplets
exhibited in Figure 1c.25 The observed hyperfine split-
ting has a spacing of ΔHpp = 75 G, in good agreement
with the bulk value for diluteMn in ZnO ofΔHpp = 76G.
This indicates an absence of surface state Mn2þ ions
and shows that the isolated manganese ions are sub-
stitutionally incorporated only into the ZnO wurtzite
crystal lattice tetrahedral sites.26 Co-doped samples, on
the other hand, did not display any EPR resonance at
room temperature. At 7.5 K, the EPR spectrum shows
an intense broad resonance at ∼1500 G and a weaker
band at∼3000 G (Figure 1c). Similar to the appearance
of splitting in the Mn-doped nanowire samples, a
doublet of peaks with hyperfine splitting into octuplets
would be expected in the Co-doped ZnO sample.
However, it is typically observed that these signals
are substantially broadened by the much stronger

magnetic dipolar interactions of distant Co2þ ions in
a dilute doped crystal.27 Comparison with previous
studies of materials containing a Co(0) phase further
suggests that the broad signals and lack of hyperfine
splitting observed at low temperature are consistent
withmetal cluster-free Co-doped ZnO nanorods.26 This
is supported by X-ray absorption near-edge structure
(XANES) spectra (Figure S3 in Supporting Information),
which show cobalt ions present only in the Co2þ

oxidation state, thus ruling out the formation of ele-
mental cobalt phases in the nanowires synthesized
here.
Magnetic properties of the doped ZnO nanowires

were further examined by superconducting quantum
interference device (SQUID) magnetometry. Magneti-
zation curveswere recorded as a function of field at 7 K,
up to 7 kOe (Figure 1d). Both Mn- and Co-doped
samples exhibit purely linear hysteresis-free magneti-
zation, M(H), indicating that no magnetic ordering
exists in these materials for temperatures as low as
7 K and that both systems are purely paramagnetic.
From the slope of the curves, the magnetic mass
susceptibilities, χp, are found to be 1.0 � 10�5 and
9.7 � 10�5 cm3/g for Mn- and Co- doped nanowires,
respectively. When an unchanged bulk density relative
to ZnO of 5.6 g/cm3 is assumed, the dimensionless
volume susceptibilities are χm= 7.3 � 10�4 and 7.0 �
10�3. At 5 kOe, themagnetization corresponds to 0.015
and 0.14 μB/atom for Mn and Co dopants, respectively,
assuming that the nominal transition metal loading of
5 atom % was achieved.
The as-synthesized nanowires have limited dispersi-

bility in liquid media. To study the suspension proper-
ties, the nanowires were functionalized by covalent
attachment of a short (C12) alkyl chain via a thiol end

Figure 2. Phase diagram of ZnO-based DMS nanowires in
dichlorobenzene. Typical optical images in (a) isotropic,
(b) biphasic, and (c) nematic liquid crystalline phases.
(d) Phase transitions against concentration. The letters I, B,
and LC represent isotropic, biphasic, and liquid crystalline
phases, respectively; φ1* and φ2* represent the critical
concentrations of biphasic and nematic phase transitions,
respectively.
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group which reacts with the native ZnO surface.28�30

Surface functionalization of the nanowires also serves
to combat attractive interactions and provides steric
repulsions between nanowires, providing conditions
closer to the ideal hard-rod interactions described by
Onsager theory.18 It should be noted, however, that
liquid crystalline order has also been observed in
carbon nanotube suspensions where attractive or
“sticky” interactions are very difficult to suppress.31,32

Momentary sonication of the nanowire/alkyl thiol mix-
ture allowed for uniform functionalization of individual
nanowires without the observable presence of aggre-
gates, as probed through mild centrifugation (short
ramp over 15 s to 14.5k g-force followed by immediate
deceleration). Reaction with the ligand, 1-dodeca-
nethiol (DDT), permits easy dispersal of the nanowires
in common organic solvents including chloroform and
dichlorobenzene. The resulting dispersion remains
homogeneous for weeks without significant visible
aggregation under optical microscopy. Figure 2 shows
the phase diagram of ZnO-based DMS nanowires in
dichlorobenzene. The critical concentration for phase
transitions was estimated by examining optical bire-
fringence using polarized light microscopy. Isotropic-
to-biphasic and biphasic-to-nematic transitions with
increasing concentration were found in both Mn- and
Co-doped ZnO nanowire suspensions. In dilute sus-
pensions, the nanowire suspension forms an isotropic
phase which appears dark under crossed polarizers.
Increasing concentration beyond the critical value φ1*

results in biphasic samples which display optically
birefringent and thus bright nematic domains distrib-
uted in the dark isotropic matrix. Further increasing
concentration beyond the critical valueφ2* leads to the
formation of a single phase with liquid crystalline
order. Schlieren textures with black brushes typical
of the nematic phase are apparent in the highly
concentrated nanowire suspension. Representative
optical images of each phase for Mn- and Co-doped
ZnO nanowires are also shown in Figures S5 and S6,
respectively.

Using polarized optical microscopy, the biphasic
range was estimated to be between 3.9 and 9.0 vol %
forMn-dopednanowires and between0.5 and7.2 vol%
for Co-doped nanowires (Figure 2). Correspondingly,
thewidth of the coexistence regime is 5.1 and 6.7 vol %
for Mn- and Co-doped nanowires, respectively. These
values are much larger than the theoretical value of
1.2 vol % for monodisperse hard-rod particles.18 The
widening of the biphasic region in both systems is
attributed to the substantial polydispersity in the size
and aspect ratios of the nanowires and the segregation
of longer nanowires to the growing nematic domains.
This is especially apparent in the Mn-doped ZnO
material which contains a small fraction of low-aspect
ratio particles dispersed among the nanowires. A
similar widening of the coexistence regime has been
observed in polydisperse solutions of tobacco mosaic
virus,33 carbon nanotubes,34,35 graphene,36 and inor-
ganic metal and semiconducting nanowires including
ZnO17 and silver nanowires.37

Figure 3 shows representative polarized optical
microscopy images of ZnO-based DMS nanowires at
11 vol % in dichlorobenzene. The strong birefringence
with black brush patterns shows typical Schlieren
textures of a polydomain nematic phase.38 Upon 45�
rotation of the crossed polarizers, the dark and bright
regions change alternately based on the relative align-
ment of the nematic director and the polarization
vector of the light (Figure 3). A pair of black brushes
around a singular point represents a (1/2 disclination
or topological defect. The brushes rotated at twice the
angular velocity of the polarizers (Figure S7). Some of
the black brushes rotate in the same direction as the
crossed polarizers and others in the opposite direction,
demonstrating the singularities of strength þ1/2 and
�1/2, respectively.39

The topological defects in lyotropic liquid crystals
can be preserved as a thin solid film after the solvent is

Figure 3. Polarized optical microscopy images of Schlieren
textures in the nematic liquid crystalline phase of 11 vol %
Co-doped ZnO nanowires in dichlorobenzene. The polydo-
mains become bright and dark as the crossed polarizers
rotate. Regions A0, B0, and C0 of the (b) image correspond A,
B, and C of the (a) image after 45� rotation of crossed
polarizers.

Figure 4. SEM images of Co-doped ZnO nanowires around
the liquid crystalline defects: (a)þ1/2 disclination, (b)� 1/2
disclination, (c) bendwall, and (d) splaywall. Insets show the
corresponding molecular director patterns.
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completely removed.40 To demonstrate this, the DMS
nanowire organization in the nematic director fieldwas
examined by scanning electron microscopy (Figure 4
and Figure S8). Figure 4 shows typical morphologies
and structures around isolated topological defects in a
dried film. The samples were prepared by solvent
evaporation of an 11 vol % nematic liquid crystalline
phase on a glass slide. The remaining cooperative
organization of individual DMS nanowires is consistent
with the director patterns around the disclinations of
strengths s =(1/2 (Figure 4a,b). It is interesting to note
that shorter nanowires with disordered alignments
appear to preferentially segregate into the disclination
core (Figure 4a,b). The exact reasons for this remain
unclear, butwe speculate that their decreased ability to
form LC phases relative to longer nanowires (at a given
volume fraction) leads to a propensity to selectivity
reside in the comparatively disordered regions in the
vicinity of the disclination cores. Such a disordered
structure of the disclination core will reduce the high
elastic distortion energies in that region.41 This obser-
vation is consistent with those from experiments con-
ducted on carbon nanotube liquid crystals.34 Other
than (1/2 disclinations, the director patterns of iso-
lated inversion walls are also observed (Figure 4c,d).
Inversion walls have mirror symmetry and lead to a
discontinuous change in the nematic director across
the wall. The director undergoes a rotation of π from
one side of the wall to the other. It was found that
inversion walls connected pairs of adjacent (1/2 dis-
clinations (Figure S9), showing analogous behavior of
our DMS nanowires to those of ordinary nematic liquid
crystals during director reorientation.42

Liquid crystalline suspensions of DMS nanowires
were readily processed under external fields to pro-
duce thin films with large-area microdomains exhi-
biting a high degree of alignment. Manually applied
reciprocating shear between two glass slides at a
shear rate of roughly 100 s�1 for 2�3 s proved
sufficient to produce large-area domains of densely
aligned nanowires with long axes aligned parallel to
the direction of flow (Figure 5). Optical contrast of
the aligned thin film under the crossed polarizers
drops to zero when the DMS nanowire axes, serving
as the nematic director, are parallel to or perpendi-
cular to the polarizer (at the extinction conditions)
(Figure 5a) and is maximized when the axes lie at 45�
to the polarizer (Figure 5b). After complete removal
of the solvent by evaporation, the thin solid film
produced inherits the single-domain nematic order
and defect-free alignment of the precursor nematic
suspension. SEM images demonstrate that the indi-
vidual nanowires in the thin film are densely packed
and highly aligned along the shear direction
(Figure 5c,d).
Magnetic alignment was also investigated by al-

lowing dilute isotropic nanowire suspensions in
chloroform to quickly and completely evaporate at
35 �C under a static 5 T field. A large-area mono-
domain resulted for Co-doped nanowire samples,
but only random nanowire arrangements were ob-
tained for Mn-doped materials. We attribute this to
the markedly lower magnetic susceptibility of the
Mn-doped nanowires. SEM and polarized optical
microscopy images of the aligned Co-doped nano-
wires are shown in Figure 6. The nanowire long axes

Figure 5. Shear-induced alignment of Co-doped ZnO nano-
wires in the liquid crystalline phase at 11 vol %. Optical
images under crossed polarizers with the shear direction
(a) parallel to the polarizer and (b) rotated by 45�. (c) SEM
images at low magnification of sheared thin films. (d) SEM
image at highmagnification of (c). Arrows indicate the shear
directions.

Figure 6. Controlled alignment of 5 wt % Co-doped ZnO
nanowires in chloroform suspension during evaporation
under a 5 T magnetic field. Arrows indicate the field direc-
tions. Optical images under crossed polarizers with the field
direction (a) parallel to the polarizer and (b) rotated by 45�.
(c) SEM images at lowmagnificationof alignedfilms. (d) SEM
image at high magnification of (c).
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are clearly and uniformly oriented perpendicular to
the magnetic field, which was vertically applied in
the experiment. This clearly rules out alignment by
flow patterns due to gravity or drying as the nano-
wires' long axes are orthogonal to the gravitational
field direction, and the resultingmonodomain shows
no Schlieren structures characteristic of a dried
nematic. The driving force for alignment of the
system is the minimization of the magnetostatic free
energy resulting from the interaction of the external
field with the magnetized nanowires. Magnetic en-
ergy can be expressed as in eq 1 below where H, the
magnetic field strength (or B, the magnetic flux
density), has both an internal, or demagnetizing,
component and an external component. The demag-
netizing component arises from the magnetization
of the material itself. The μ0 is the permeability of
free space, a constant, andM is the magnetization of
the body by the magnetic field, with M = χHext =
χBext/μ0, where χ is the dimensionless magnetic
susceptibility.43

F ¼ � 1
2
μ0M� Hd � μ0M� Hext

¼ � 1
2
M� Bd �M� Bext (1)

Alignment due to shape anisotropy originates in the
shape-dependent demagnetizing field that exists
due to magnetic dipoles on the surface of a body
magnetized by an external field. The magnetic field
inside the body is given by eq 2, where Hext is the
external field and R is the shape factor.

Hint ¼ Hext � Hd ¼ Hext � RM;

Bint ¼ Bext � Bd ¼ Bext � RM=μ0 (2)

For a prolate ellipsoid, the demagnetizing field shape
factor along the principal axis, Rb, has an asymptotic
limit of (1/r2)(log(2r) � 1), where r is the aspect ratio
of the object.44 For an infinitely long object, Rb = 0
and Ra, the shape factor for the perpendicular or-
ientation is 1/2. Thus, for a magnetically isotropic
body with a needle-like shape, alignment with the
long axis along the field direction minimizes the free
energy.43 This fact can be used to establish a lower
bound for the magnitude of the magnetocrystalline
anisotropy in our system. We assume an isotropic,
random distribution of Co ions in the lattice with no
magnetocrystalline coupling. On this basis, we can
estimate the susceptibility of an individual nanowire
using the bulk powder measurement obtained
through SQUID magnetometry which well repre-
sents the stated assumption by measuring a random
distribution of cobalt ions in the system. Further
assuming that the system behaves as a perfect para-
magnet with χ ∼ 1/T, we can extrapolate the dimen-
sionless susceptibility to 35 �C, where alignment
was conducted to be roughly 2 � 10�4. For a

magnetically isotropic material, the difference in the
free energy density due to shape anisotropy, ε (the
“self” part of the magnetostatic energy), for infinitely
long rods is given by eq 3.43

ε ¼ (χB)2=(4μ0) (3)

From the fact that the system aligns orthogonal to
the shape-dictated direction, themagnetocrystalline
anisotropy must be of a magnitude sufficient to
overcome the shape effects. Thus, |Δχ| = |χc � χa | >
10�8 based on the preceding estimates. Since the
nanowires align perpendicular to their long axes,
we can further deduce that χa > χc. This lower limit
for the magnetocrystalline anisotropy of our system
provides useful insight into shape versus crystallinity
effects in alignable systems of nanowire arrays. Mag-
netocrystalline anisotropy with a minimum suscept-
ibility along the c-axis has also been observed in
Co-doped ZnO films produced by pulsed laser depo-
sition45�47 but has not, to the knowledge of the
authors, been previously demonstrated in single-crys-
talline, high-aspect ratio DMS nanowires. Such magne-
tocrystalline anisotropy in dilute doped oxides is
indicative of a strong coupling of the orbital moments
of the dopant ions to the crystalline field of the oxide.
The fact that it is sufficient to overcome shape anisot-
ropy in the system described here is remarkable.
Understanding and controlling the interplay between
magnetocrystalline anisotropy and shape effects will
play important roles in the design of responsive mag-
netic nanocomposites.

CONCLUSION

In summary, we have demonstrated lyotropic liquid
crystalline behavior and bulk alignment of transition-
metal-doped zinc oxide nanowires. Dopant ions were
uniformly incorporated into zinc sites in the wurtzite
crystal lattice without significant phase impurities or
clustering, and thus both materials exhibited purely
paramagnetic behavior with susceptibilities of 7.3 �
10�4 and 7.0 � 10�3 for Mn- and Co-doped material,
respectively. Isotropic-to-liquid crystalline transitions
via a biphasic region were exhibited for dispersed
nanowire systems with increasing concentration,
which is characteristic of theoretical predictions for
hard-rod particles. Uniaxially aligned thin films of DMS
nanowires were then produced by shearing the lyo-
tropic liquid crystalline suspensions followed by dry-
ing. Furthermore, uniaxial magnetic alignment of
nanowires with their long axis perpendicular to the
fieldwas achieved. On the basis of this observation, the
influence of magnetocrystalline anisotropy in the sys-
tem was considered using classical magnetostatics for
prolate ellipsoids. The work described here enables
fully solution-based processing of liquid crystalline
DMS nanowires and a facile route for the fabrication
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of macroscopically aligned thin films of these nanowires
for emerging applications. Lyotropic self-assembly of
nanomaterials is particularly interesting in the context

of fabricating magnetic polymer nanocomposites, prop-
erties and applications of which have recently been
reviewed.48

MATERIALS AND METHODS
Synthesis of DMS Nanowires. ZnO-based DMS nanowires were

prepared in our own laboratory using solvothermal synthesis. In
a typical procedure, metal salts (zinc nitrate or zinc acetate)
were dissolved in 150 mL of ethanol to achieve a concentration
of 6.67 mM in metal ion with 5mol % of Co or Mn. Then, 1.2 g of
NaOH was added, and the solutions were stirred vigorously for
1 h until turbid. The Co-doped ZnO precursor solution was
prepared at atmospheric conditions and was sonicated for
30 min directly after mixing using a Branson Sonifier 450 tip
sonicator with a power input of 25 W. The Mn-doped ZnO
precursor solution was prepared under nitrogen. Then, 7.5 mL
of ethylenediamine (EDA) was added, and the solutions were
sonicated for 20 min in a Branson 2510 ultrasonic cleaner.
Finally, each solution was transferred to a Teflon linear and
sealed in a stainless steel autoclave which was set at 130 �C for
2 days. After naturally cooling to room temperature, the obtained
reaction products were collected and purified by washing with
water and ethanol. Co-doped nanowires were royal-green in
color, and Mn-doped nanowires were light brown in color. For
surface modification, 20 mg of DMS nanowires was mixed with
0.202 g of 1-dodecanethiol (DDT) under stirring in chloroform
overnight. The resultant products were collected by centrifuge
and rinsed with chloroform several times. DDT-modified nano-
wires were dispersed in dichlorobenzene without any additives.
A bulk density of 5.61 g/cm3 of ZnO was used to convert from a
mass to a volume basis.

Characterization of DMS Nanowires. UV�vis absorption spectra
of the nanowire suspensions were taken on Cary-100 spectro-
photometer at 25 �C. Optical textures of the suspensions were
studied in transmissionmode under cross polarizers on a Zeiss
Axiovert 200 M optical microscope. After solvent complete
evaporation, the dried samples were coated by a thin gold
layer and examined in a Hitachi SU-70 scanning electron
microscope (SEM) with a 10 kV accelerating voltage. Quanti-
tative analysis of nanowire dimensions was performed by
imaging a large number of representative nanowires with
resolution in either diameter, length, or both dimensions.
Images were then analyzed using Image-J software. The
X-ray absorption spectra (XAS) data were collected at beam-
line X23A2 at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory. The spectra were performed
at the Co K edge at 7709 eV at room temperature. Extended
X-ray absorption fine structure (EXAFS) spectra were recorded
in the transmission mode above the Co K edge. A Co foil
reference (4 μmthick)was used to calibrate the edge energy of
each scan. A fit of the EXAFS data was performed using the
IFEFFIT program based on FEFF 6.0. Perpendicular-mode
electron paramagnetic resonance (EPR) spectroscopy was
performed at X-band (9.357 GHz) on a Bruker Biospin/ELEXSYS
E500 spectrometer equipped with an SHQ cavity and an
Oxford ESR900 liquid helium cryostat. Powder samples were
sealed in glass tubes purged with N2 and placed in a 5 mm o.d.
quartz EPR tube. For samples collected at cryogenic tempera-
tures, the quartz tube was filled with 40/60 acetone/toluene
mixture to stabilize the inner tube and allow efficient heat
transfer. All spectra were recorded with microwave power of
1.0 mW. A FEI Tecnai-20 high-resolution transmission electron
microscope (HRTEM) was employed to image individual
doped nanowires. Two-dimensional wide-angle X-ray diffrac-
tion (2-D WAXD) patterns were obtained in a transmission
mode on Rigaku 007HF using Rigaku Saturn 944þ CCD detec-
tion system. Magnetic properties were measured with a
Quantum Design MPMS superconducting quantum interfer-
ence device (SQUID) magnetometer at temperature of 7 K.

Magnetic Alignment of DMS Nanowires. Magnetic alignment
experiments were performed with a superconducting electro-
magnet designed by American Magnetics Inc. capable of
producing a 6 T static field. DDT-functionalized Co-doped ZnO
nanowires were dispersed in chloroform to 5 wt % and drop-
casted onto piranha-treated hydrophilic silicon wafers. Samples
were mounted in a custom sample holder within the vertical
bore of the magnet such that the plane of the sample substrate
surface was parallel to the direction of the vertical field. The
temperature of the sample holder was maintained at 35 �C by
enlisting a heating coil and temperature controller. The field
was maintained at 5 T until all solvent was completely evapo-
rated from the samples.
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