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N
anomaterials possessing both fer-
romagnetic and semiconductor
properties have attracted much at-

tention in the past few years due to poten-
tial applications in wide ranging fields such
as spintronics,1 information storage,2 and
biomedicine.3 III�V and II�VI diluted mag-
netic semiconductors are an attractive class
of materials because spin-dependent mag-
netic phenomena can be potentially ma-
nipulated in the low dimensional tailored
magnetic films for various spin-based de-
vices. The traditional synthesis methods of
dilute ferromagnetic semiconductors in-
volve the doping of magnetic (nonmag-
netic) elements into semiconductor nano-
particles to induce 3d�host hybridization
and strong Coulomb interactions between
3d�3d electrons.4 However, the nature and
origin of the observed magnetic behavior
of dilute magnetic semiconductors are still
unclear. This is complicated by the presence
of intrinsic point defects or extended de-
fects which can also contribute to ferromag-
netic behavior at room temperature in non-
doped nanomaterials.5�10

Recently, organic passivation of noble
metals to induce room-temperature ferro-
magnetism has been demonstrated in an
organic�inorganic hybrid nanosystem.11

For example, the permanent magnetic mo-
ment in thiol-capped Au nanoparticles at
room temperature has been found and is
associated with the spin of 5d localized
holes as a result of Au�S bonding.12 This
phenomenon, termed interfacial magne-
tism, has stimulated the development of a
new class of magnetic semiconductor nano-
structures for various applications. Interfa-
cial magnetic behavior has been observed

for organically passivated semiconductor
nanostructures including ZnO,13 CdSe,14 and
PbS nanoparticle assembly on GaAs.15 Of
these, ZnO is particularly attractive because
of its ability to retain ferromagnetism at
room temperature and the possibility of
producing spin field-effect transistors and
light-emitting diodes with circularly polar-
ized light emission. Theoretical study has
verified that, when ZnO nanostructures are
capped with amine or thiol, hybridization
between Zn 4s orbitals with S 3p orbitals in-
duces charge redistribution, which causes
the 2p electrons in O and 3p electrons in S
sites to become spin-polarized.16 Moreover,
ferromagnetic-like behavior has also been
reported at room temperature for thiol-
capped Ag nanocluster/ZnO NWs17 and
Ag�Zn0.9Co0.1O metal�semiconductor hy-
brid nanostructures.18 Unfortunately, most
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ABSTRACT The present study reports room-temperature ferromagnetic behaviors in three-dimensional (3D)-

aligned thiol-capped single-crystalline ZnO nanowire (NW) and nanotube (NT) arrays as well as polycrystalline ZnO

NT arrays. Besides the observation of height-dependent saturation magnetization, a much higher Ms of 166

�emu cm�2 has been found in NTs compared to NWs (36 �emu cm�2) due to larger surface area in ZnO NTs,

indicating morphology-dependent magnetic properties in ZnO NW/NT systems. Density functional calculations

have revealed that the origin of ferromagnetism is mainly attributed to spin-polarized 3p electrons in S sites and,

therefore, has a strong correlation with Zn�S bond anisotropy. The preferential magnetization direction of both

single-crystalline NTs and NWs lies perpendicular to the tube/wire axis due to the aligned high anisotropy

orientation of the Zn�S bonds on the lateral (100) face of ZnO NWs and NTs. Polycrystalline ZnO NTs, however,

exhibit a preferential magnetization direction parallel to the tube axis which is ascribed to shape anisotropy

dominating the magnetic response. Our results demonstrate the interplay of morphology, dimensions, and

crystallinity on spin alignment and magnetic anisotropy in a 3D semiconductor nanosystem with interfacial

magnetism.

KEYWORDS: ZnO nanotubes and nanowires · thiol · magnetic
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of these studies are limited to nanoparticle systems, in

which the surfaces are multifaceted and the lack of

long-range ordering of hybridized metal�S bonds

leads to poor control over the magnetic properties.

One-dimensional (1D) single-crystalline ZnO nanostruc-

tures such as nanotubes (NTs) and nanowires (NWs),

possessing defined facets on the surface for ordered in-

terfacial bond formation and an anisotropic geometry

for the shape-tunable magnetic properties and polar-

ized electron transport, are ideal candidates for address-

ing ferromagnetism in semiconductors by interfacial

charge transfer across the semiconductor interface. In

this way, the ferromagnetic organic�inorganic nano-

system can be extended from zero-dimensional (0D)

thiol-capped ZnO nanoparticles to three-dimensional

(3D) thiol-capped aligned ZnO NT and NW arrays. The

additional degrees of freedom offered by NT/NW arrays

by their geometry (i.e., shape anisotropy) and align-

ment in the z-axis as well as the variation in diameter

and wall thickness enable the modulation of the mag-

netic properties through the manipulation of the size,

morphology, and crystallinity of the nanostructures.

Thiol-capped ZnO NTs, with their moments arising due

to charge transfer across the bond at the

organic�inorganic interface, are expected to behave

differently from typical ferromagnetic NTs. In addition,

due to the higher specific surface and porosity, ZnO NTs

are an attractive alternative to ZnO NPs and NWs for

Figure 1. SEM and TEM of single-crystalline NWs and NTs: (a) 45° tilted SEM of vertically aligned VPT-grown NWs array; (b)
TEM image of several VPT-grown NWs; (c) SAED and HRTEM of VPT-grown NW; (d) 45° tilted SEM of hydrothermally grown
NW arrays; (e) TEM image of a single NW; (f) HRTEM of a single NW; inset shows the SAED pattern; (g) 45° tilted SEM of NT ar-
rays, fabricated by etching of hydrothermally grown NW; (h) TEM of a single NT; (i) HRTEM of a single NT; inset shows the
SAED pattern.

Figure 2. (a) SEM tilted view of ALD polycrystalline ZnO NT arrays; inset shows the top view. (b) TEM of a single polycrystal-
line NT, with SAED pattern in the inset, and (c) HRTEM of a single polycrystalline NT.
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the understanding of the effect of morphology on the
physical properties of nanomaterials19 and in the fabri-
cation of new nanodevices.20,21

In the present work, we have developed an
organic�inorganic 1D nanosystem consisting of an
aligned array of thiol-capped ZnO NWs/NTs possessing
room-temperature ferromagnetism. Vertically aligned
single-crystalline and polycrystalline ZnO NWs/NTs
were synthesized by vapor phase transport (VPT), hy-
drothermal treatment, and atomic layer deposition
(ALD). Thiol molecules were self-assembled on the sur-
face of ZnO NTs/NWs to induce charge transfer result-
ing in a magnetic moment across the thiol�ZnO inter-
face. Density functional calculations are also performed
to understand the origin of room-temperature ferro-
magnetism by considering the Zn�S bond geometry
with respect to the lateral plane of the NW/NT. By com-
parison between single-crystalline and polycrystalline
NWs and NTs, the correlations of dimensions, morphol-
ogy, and crystallinity of these ZnO NWs/NTs on tun-
able magnetic properties were demonstrated.

RESULTS AND DISCUSSION
Characterizations of Bare and Thiol-Capped ZnO NWs/NTs.

Aligned ZnO NW/NT arrays could be fabricated by vari-
ous methods such as VPT, hydrothermal treatment,
electrodeposition, and ALD. The ZnO NW/NT arrays ob-
tained by VPT usually have high vertical alignment,
while the hydrothermal treatment is a more facile
method for the synthesis of ZnO NTs. Both methods
can achieve large-scale growth of ZnO NW/NT arrays
with single-crystalline nature. In contrast, the ZnO NWs/
NTs prepared by template-based routes, for example,
electrodeposition and ALD in anodic alumina oxide
(AAO), generally result in polycrystalline ZnO NWs/
NTs.22 For the sake of comparison, we employed VPT,
hydrothermal treatment, and ALD methods to synthe-
size ZnO NW/NT arrays with different dimensions and
crystallinity in the current work.

The morphology and structure of vertically aligned
ZnO NW/NT arrays were examined with scanning elec-
tron microscopy (SEM), transmission electron micros-
copy (TEM), and X-ray diffraction (XRD). Part a of Fig-
ure 1 shows the 45° tilted view SEM image of the ZnO
NW arrays grown by VPT. The average diameter of the
NWs is about 80 nm, and the density of the ZnO NW ar-
ray is �6.4 � 109/cm2. The TEM image in part b of Fig-
ure 1 shows several NWs removed from the substrate.
The selective-area electron diffraction (SAED) in part c of

Figure 1 indicates the single-crystalline nature of the

VPT-grown NWs. The SEM images of the ZnO NWs and

NTs synthesized by hydrothermal method are pre-

sented in parts d�i of Figure 1. Parts d�f of Figure 1

show the 45° tilted SEM image, TEM image, and high-

resolution TEM (HRTEM) image (with SAED in the inset)

for the hydrothermally grown NWs of outer diameter

�150 nm, while parts g�i of Figure 1 show that for the

NTs of outer diameter �300 nm. The 45° tilted SEM

views for the NW and NT in parts d and g of Figure 1

show the vertical alignment of the NWs and NTs. The

TEM image of a single NT in part h of Figure 1 clearly

shows the hollow structure of the NTs with well-defined

traversal contrast, and the inner/outer wall surfaces are

quite smooth. The 300 nm NTs have a wall thickness

(dwall) of �30 nm. Similar to the VPT grown NWs, these

hydrothermal grown NWs and NTs also show the single-

crystal character, as shown in the HRTEM image and

the SAED pattern in the insets shown in parts f and i of

Figure 1. The SAED pattern is attributed to the hexago-

nal ZnO with zone axis [21�30]. For all single-crystalline

NWs and NTs, the [0001] is the growth direction, and

the side surfaces of the tube are formed by the equiva-

lent (1000) family planes. ZnO NTs obtained by the fac-

ile solution procedures tend to be well-crystallized at a

relatively low temperature, and the crystallinity of the

obtained NTs is not affected by the selective dissolution

of the NW core.

Parts a�c of Figure 2 show SEM and TEM images of

the polycrystalline ALD ZnO NTs (after removal of the

AAO template). The height of the template is 1.5 �m,

and the interpore distance of the AAO template is

around 100 nm, as shown in Figure 2a. The AAO pore

size is reduced to 50�55 nm by the ZnO embedded

TABLE 1. Summary of Geometric Parameters of ZnO NWs and NTs, Synthesized by VPT, Hydrothermal Growth, and ALD

synthesis method morphology crystallinity length (�m) diameter (nm) wall thickness (nm) neighbor-to-neighbor distance (nm)

VPT nanowire single-crystalline range from 4.1 to 15.5 80 133
hydrothermal nanowire single-crystalline 7 150 282
hydrothermal nanotube single-crystalline 4 294 30 411
ALD nanotube polycrystalline 1.5 80 15 104

Figure 3. XRD patterns of ZnO NWs and NTs: (a) VPT-grown
single-crystalline ZnO NWs, (b) hydrothermally grown
single-crystalline NWs, (c) NTs fabricated by etching of hy-
drothermally grown NWs, and (d) polycrystalline ALD NTs.
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onto the wall of pores, and the ZnO NTs produced

have an average outer diameter of 80 nm with a wall

thickness of �15�20 nm for 100 ALD cycles. Figure 2b

is a TEM image of a single NT which shows that the wall

of the NT is uniform in thickness, confirming that suc-

cessive ALD preserves the porous structure of the AAO

template. The polycrystalline nature of the walls was

confirmed by high-resolution TEM and SAED, as shown

in Figure 2b,c. The bottom of the NT is closed due to

ALD occurring on the underlying substrate; thus the

contribution of thiol-capped Au to the measured mag-

netic signal can be ruled out, although the AAO is

grown on a gold-coated Si. The geometric parameters

of ZnO NWs and NTs are summarized in Table 1, provid-

ing an overview of the fabrication methods, crystallini-

ties, and dimensions (length, diameter, neighbor-to-

neighbor distance, and wall thickness).

The XRD patterns of ZnO NWs and NTs can be in-

dexed as hexagonal ZnO, consistent with the values in

the standard card (JCPDS 36-1451), and no impurity was

observed as shown in Figure 3. For the single-crystalline

NWs/NTs, they have a strong (002) orientation, but the

ALD-deposited ZnO NTs are polycrystalline in structure.

The photoluminescence (PL) and resonance UV Raman
spectra of as-prepared ZnO NWs/NTs are shown in Fig-
ure 4. As can be seen in Figure 4a, the peak at �378 nm
is observed for all samples, which is attributed to re-
combination of free exciton at the ZnO band edge. The
slight blue-shifted peak of the polycrystalline NTs is
due to finite size effect induced by smaller particle
size.23 By comparison with single-crystalline ZnO NWs,
the broadening of the emission peak for ZnO NTs fabri-
cated by hydrothermal method and polycrystalline
NTs can be ascribed to defect-induced changes in elec-
tronic structure and its size heterogeneity (only for poly-
crystalline ZnO NTs). Resonance UV-Raman spectra for
ZnO NWs and NTs are presented in Figure 4b. Three
peaks at 571, 1135, and 1705 cm�1, prominent in the
measured region, correspond to the LO phonon (A1

mode) and its overtones (nLO, n � 2,3).24 Similar to the
PL results, the Raman peak of polycrystalline ZnO NTs
shows a slight blue shift due to their small particle size.
The PL and resonance UV-Raman results indicate the
good quality of obtained ZnO NW/NT arrays.

The obtained ZnO NWs and NTs were capped by
thiol molecules by a self-assembly process. To confirm
the existence of the thiol on the surface of ZnO NWs/
NTs after the self-assembly process, infrared spectros-
copy (IR) and X-ray photoelectron spectroscopy (XPS)
were carried out for the ZnO NT arrays before and af-
ter thiol capping. Figure 5 shows the typical FTIR spec-
tra of bare ZnO and thiol-capped ZnO NTs. The peaks
at 2853 and 2924 cm�1 are due to the symmetric and
asymmetric CH2 stretching modes, and the peak at 1371
cm�1 is assigned to the CH2 wagging mode. A compari-
son of the XPS spectra recorded from the bare ZnO
and thiol-capped ZnO NTs is shown in Figure 6. Figure
6a shows the XPS data of Zn 2p3/2 in ZnO and thiol-
capped ZnO NTs. The peak of thiol-capped ZnO NTs
was shifted toward a lower binding energy by about
0.5 eV (from 1022.7 to 1022.2 eV), implying that some
of the Zn�O bonds had been transferred into Zn�S
bonds. In Figure 6b, the S 2p peak was observed in the
spectrum of thiol-capped ZnO NTs but not for the bare
ZnO. The S 2p peak can be resolved into three compo-
nents of binding energies of 162, 164, and 165 eV which
are assigned to thiolates (Zn�S�) and unbound thiols

Figure 5. Typical infrared spectra of ZnO NTs and thiol-capped ZnO
NTs.

Figure 4. (a) Photoluminescence and (b) UV-Raman spectra of ZnO NW and NT arrays for (i) single-crystalline ZnO NWs fab-
ricated by VPT, (ii) single-crystalline hydrothermally grown NWs, (iii) NTs fabricated by etching hydrothermally grown NWs,
and (iv) polycrystalline ALD NTs.
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(�SH�) (with S 2p3/2 and S 2p1/2 components), respec-
tively. The free thiols are attributed to the free end of
1,9-dodecanedithiol. The values of the Zn/S ratio on the
surface of ZnO NWs/NTs have been estimated based
on the Zn 2p3/2 component and thiolate Zn�S compo-
nents of the S 2p peak. The calculated Zn/S atomic ra-
tios are about 4.5 (VPT NW), 5.4 (hydrothermal NW), 2.8
(hydrothermal NT), and 2.1 (ALD NT) as listed in Sup-
porting Information Table S1. These results clearly re-
veal that the ZnO NTs are effectively capped with the
thiol.

Magnetic Properties of Thiol-Capped ZnO NWs/NTs. Most of
the reports on room-temperature ferromagnetic prop-
erties of thiol or other organic molecule-capped ZnO
nanostructures focused on nanocrystals or thin film.25

In the case of 3D-aligned thiol-capped ZnO NW/NT ar-
rays, the anisotropic geometry of the 1D nanostructure
should result in a different amount of spins in the direc-
tion along the z-axis, depending on the height of the
NW/NT. Hence, variations in Ms can also be controlled
by varying the density or height of NWs or NTs on the

substrate. Single-crystalline ZnO NWs grown by VPT
were used to study the dependence of the magnetiza-
tion on the heights of the NWs because it is easier to
control the height of the NWs by controlling the growth
time of ZnO. The cross-sectional SEM images in parts
a�c of Figure 7 show that the NWs have a diameter of
�80 nm to with c-axis alignment and average heights
of 4.1, 6.3, and 15.5 �m with growth times of 15, 30, and
60 min, respectively. Similar PLD�ZnO seed layers were
used to grow these samples to ensure that the densi-
ties of NWs are similar for the three samples (�6.4
wires/�m2). The hysteresis loops of the thiol-capped
NWs of three different lengths are shown in Figure 7d,
and the values of Ms are plotted against their heights in
Figure 7e. The Ms of thiol-capped ZnO NWs increases
noticeably with increasing length of the ZnO NWs. The
height-dependent Ms of ZnO NWs clearly reveals that
the Ms in such nanosystems can be tuned by control-
ling the height of the NWs. This is explicitly different
from the interfacial magnetic properties of bulk thin
film in which the thickness of the semiconductor thin

Figure 6. Typical Zn 2p3/2 (a) and S 2p (b) XPS spectra of ZnO NTs and thiol-capped ZnO NTs. The S 2p peak can be resolved
into three components of binding energies of 162, 164, and 165 eV, which are assigned to thiolates (Zn�S�) and unbound
thiols (�SH�) (with S 2p3/2 and S 2p1/2 components), respectively.

Figure 7. (a�c) Cross-sectional SEM images of ZnO NW arrays of different heights, grown by VPT for a duration of 15, 30,
and 60 min, respectively. (d) Hysteresis loops of thiol-capped ZnO NWs of different heights. (e) Plot of saturation magnetiza-
tion vs height of ZnO NWs.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 1 ▪ 495–505 ▪ 2010 499



film would not affect their magnetic properties. In addi-

tion, it should be noted that all samples used here

were examined by SEM, and statistical results of the

NW density showed a narrow distribution below 13%

(Supporting Information Figure S2); therefore, the pos-

sible effect of non-uniformity in NW density on the ob-

served magnetic properties is negligible.

As the interfacial magnetism in ZnO nanostructures

has a strong correlation with their surface area and di-

mension, it is of great interest to investigate the mag-

netic properties of NTs with respect to the NWs because

of their unique hollow structure.26 Even though the

ZnO solid core does not play a role in the interfacial

magnetic signal, the creation of the empty core is ac-

companied by the creation of an extra interface. To

eliminate possible effect arising from the ZnO growth

process, such as surface defects, which may affect the

result of magnetic measurement, both NWs and NTs

studied here were grown by hydrothermal method.

Representative hysteresis curves obtained for thiol-

capped 150 nm NWs and 300 nm NTs obtained at 350

and 40 K are shown in parts a and b of Figure 8. The

magnetization curves for ZnO NWs/NTs before thiol

capping indicate that the ZnO NWs/NTs are diamag-

netic in the uncapped form (see Supporting Informa-

tion Figure S3), and room-temperature ferromagnetism

appears ex nihilo at the interface after the assembly of

thiols on ZnO NWs/NTs. As can be seen in parts a and b

of Figure 8, the Ms of thiol-capped ZnO NTs is 166 �emu

cm�2, much higher than the thiol-capped ZnO NWs

(36 �emu cm�2). The average heights of the NWs and

NTs are estimated to be �7 and �4 �m from the cross-

sectional view of SEM images, thus the possibility of

the difference in height of the NWs or NTs as the main

reason for the difference in Ms between the NTs and

NWs could be ruled out. Instead, it is likely that the ex-

tra interface on the inner wall of the NT created by the

etching process has increased the number of domains

consisting of the Zn�S surface dipoles present on the

surface of NTs relative to the NWs, as illustrated in the

schematic in parts a and b of Figure 9. As the wall thick-

ness for the NT becomes much smaller than the diam-

eter of the NW, the surface-to-bulk atomic ratio in-

creases for the NTs relative to the NWs. A high surface

state density can significantly alter the chemical and

physical properties of materials, which include changes

in the charge distributions due to the finite size effect

and quantum confinement of the electrons.27�29 In ad-

dition to the physical increase in surface area in the NTs,

the formation of tubes in this case possibly enhances

the surface effect in 1D structures,30 and this enables

the interfacial ferromagnetism to offset the diamag-

netic contribution of the bulk ZnO.31,32 The enhanced

Ms indicates that the strategy of the etching of NWs into

NTs has proven to be an effective method for enhanc-

ing the interfacial ferromagnetic signal in the thiol-

capped 1D ZnO nanostructures.

The variations of magnetization (Ms) and coercivity

(Hc) with temperature for the thiol-capped NWs and

NTs under ZFC conditions are shown in parts c and d

Figure 8. (a,b) Representative hysteresis loops for thiol-capped single-crystalline hydrothermally grown NW and NT arrays
of diameters �150 and �300 nm, respectively, at 350 and 40 K, after subtraction of diamagnetic background signal. Tem-
perature dependence of magnetization (Ms) and coercivity (Hc) measured for thiol-capped (c) NW and (d) NT arrays.
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of Figure 8, respectively. The persistence of an almost

invariant Ms and Hc, over a broad interval between 5

and 350 K in both the NTs and NWs, is a clear signa-

ture of interfacial magnetism. The magnetic moment is

a result of orbital momentum at the surface conduction

electrons induced by a localized charge and/or spin

through spin�orbit interaction. The strong effective

spin�orbit field, H*, acting between the localized spin

and the induced orbital momentum of the conduction

electrons, leads to extremely high local magnetic ani-

sotropy that blocks the moments from switching and is

responsible for the absence of thermal fluctuation ef-

fects.33 In addition, the thermally independent magne-

tization also rules out magnetic impurities as the origin

of the magnetic properties of ZnO NTs as magnetic im-

purities dispersed in a nonmagnetic matrix results in

the magnetization decreasing with temperature. The fi-

nite Hc, Mr, and saturating magnetic signals as seen

from the M�H curves measured at 300 K confirmed

the room-temperature ferromagnetism of ZnO NTs.

From ZFC�FC curves of the thiol-capped ZnO NT ar-

rays, a Curie temperature close to 350 K can be ob-

tained for the thiol-capped NTs (Supporting Informa-

tion Figure S5).

When thiols interact strongly with ZnO to form

close-packed self-assembled monolayers (SAMs),34 sur-

face electrons orbit around the nanometric to micro-

metric self-assembled domains to induce giant aniso-

tropic orbital momenta, with long-range ordering of the

magnetic dipoles possible on the aligned NT/NW ar-

rays.35 Figure 9a�c is a schematic of the distribution of

dipole moments on the lateral side walls and inner walls

for the thiol-capped single-crystalline and polycrystal-

line ZnO NWs and NTs. The optimized structure shows

that the Zn�S bond forms an angle of �128° with the

(100) plane for the thiol-capped single-crystalline ZnO

NWs and NTs, as shown in the inset of Figure 9a. To ex-

plore the possible origin of the observed magnetism,

we performed ab initio density functional calculation on

the S�CH3 residue adsorbed to the ZnO (100) surface

using VASP code.36 Six (100) layers were used to model

the infinite plane with in-plane periodicity of 12.997 �

10411 Å (from theoretical optimized equilibrium geom-

etry). Atoms in the two layers at the bottom were fixed,

while all other atoms were relaxed with a force toler-

ance of 0.05 eV/Å. Ultrasoft pseudopotential was used

to represent the ion electron (or spin) interactions. The

generalized gradient approximation37 was adopted for

exchange-correlation function. The wave function was

expanded in plane waves with a cutoff energy of 520

eV, and the Brillouin zone is sampled by (0,0,0) k-point.

The result suggested a finite spin polarization with net

spin localized on the S atom of the S�CH3 residue, as in-

dicated in Figure 9d. The total spin was 0.67 �B, with

0.62 �B from S atom and 0.07 �B from an O atom in the

vicinity of Zn. The relaxed S�Zn and S�C bond lengths

are 2.32 and 1.82 Å, respectively. From the shape of

the spin distribution, the net spin is mainly from the

3p electrons of S atom with a magnetic moment ori-

ented perpendicular to the (200) surface of ZnO. The

Figure 9. Schematics of the distribution of dipole moments on the lateral side walls and inner wall for thiol-capped single-
crystalline (a) NW, (b) NT, and (c) polycrystalline NT, in the presence of a field applied in-plane (perpendicular to the NT axis).
An extra layer of dipole moments is present on the inner surface of the hollow NT. Inset of a shows the zoom-in view of
the interface of thiol�ZnO showing that �SH bonded to the (100) side plane of the hexagonal ZnO NW/NT at an angle of
128°. Gray atoms represent Zn; red atoms O; yellow atoms S; white atoms H. Unaligned spins lead to randomly distributed di-
pole moments on polycrystalline facets in (c). (d) Isosurface of spin distribution of S�CH3 residue on ZnO (200) at the level
of 0.00002/Å. Zn is in gray, O in red, S in yellow, C in chocolate, and H in white.
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calculation result indicates a plausible origin of the ob-

served room-temperature ferromagnetism. Further-

more, as the magnetism originates from S sites, the re-

sult also suggests that the magnetic properties would

be strongly affected by the Zn�S bond geometry and

their assembly.

In order to understand the possible magnetic anisot-

ropy in thiol-capped ZnO NW and NT array systems in-

duced by long-range ordering of the dipoles, in-plane

and out-of-plane magnetic measurements of the thiol-

capped NTs and NWs were carried out by alternating

gradient magnetometry (AGM). The normalized magne-

tization curves for single-crystalline VPT-grown 80 nm

NWs, hydrothermally grown 150 nm NWs, 300 nm NTs,

and polycrystalline 80 nm NTs are shown in parts a�d

of Figure 10, after subtracting the diamagnetic back-

ground. The insets in Figure 10c show the directions of

applied magnetic field with respect to the NT geometry

for in-plane and out-of-plane measurements. The val-

ues of remanance (Mr/Ms), magnetization (Ms), and coer-

civity (Hc) in the in-plane and out-of-plane directions

for the thiol-capped NWs and NTs are summarized in

Table 2. The coercivities (Hc) of the NWs/NTs in two di-

rections, both parallel and perpendicular to the tube

or wire axis, occur in the range of 50�91 Oe and do not

show significant morphology or crystallinity depen-

dence. As for the single-crystalline ZnO NWs and NTs,

the magnetization curves obtained exhibited a similar

easy axis in the in-plane direction. This is different from

the observations in ferromagnetic Co NWs/NTs, in

which the Co NW exhibits a sharper magnetization re-
versal than the Co NT when applied field is parallel to
the direction of the tube axis, attributed to more rapid
domain nucleation and propagation in the case of Co
NWs than Co NTs.38 Since the spins are located at the
surface, the core of the thiol-capped ZnO NW does not
participate in the magnetization process. In addition,
magnetization reversal of ZnO NTs should exclude the
transverse mode where a net magnetization compo-
nent appears inside the wall, which is applicable for
bulk ferromagnetic NTs.39 Hence, the resemblance be-
tween the magnetization curves for thiol-capped
single-crystalline ZnO NTs and NWs is not unexpected
as the ferromagnetic signal for the thiol-capped ZnO
NTs/NWs only arises at the interface.

However, the polycrystalline ZnO NTs exhibit an
easy axis in the out-of-plane direction different from
the single-crystalline NWs and NTs. According to the
normalized magnetization curves for the single-
crystalline and polycrystalline NWs and NTs, the satura-
tion field of the single-crystalline ZnO NWs/NTs is lower
for applied field perpendicular to the tube axis than in

Figure 10. Normalized in-plane (perpendicular to tube axis) and out-of-plane (parallel to tube) hysteresis curves for thiol-
capped (a) VPT-grown single-crystalline ZnO NWs, (b) hydrothermally grown single-crystalline NWs, (c) NTs fabricated by
etching hydrothermally grown NWs, and (d) polycrystalline ALD NT arrays. In-plane and out-of-plane directions are defined
with respect to the plane being the substrate on which the NWs/NTs were grown (“in” refers to applied magnetic field in the
direction perpendicular to tube axis, while “out” refers to applied magnetic field in direction parallel to tube axis). Zoom-in
views of the hysteresis curves near the origins are provided in the insets.

TABLE 2. Summary of Mr/Ms, Ms, and Hc for the Thiol-
Capped ZnO NWs and NTs

Mr/Ms,� Mr/Ms,� Ms (�emu cm�2) Hc,� (Oe) Hc,� (Oe)

VPT NW (6.3 �m) 0.12 0.07 25 80.0 83.2
hydrothermal NW 0.11 0.07 36 64.8 56.5
hydrothermal NT 0.21 0.15 166 72.3 90.9
ALD NT 0.07 0.14 154 50.2 70.1
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the parallel direction. In contrast, the saturation field of
the polycrystalline ZnO NTs is lower for applied field
parallel to the tube axis than in the perpendicular direc-
tion, and the in-plane remanant squareness (Mr,Ms,�) is
only 0.07, much lower than 0.21 for the single-
crystalline 300 nm NTs, while out-of-plane remanant
squareness (Mr,Ms,�) of the polycrystalline NTs is 0.14,
higher than the Mr,Ms,� of 0.07. This change of mag-
netic anisotropy from a single-crystalline to a polycrys-
talline ZnO NT array should be mainly due to the
change of the anisotropic orientation of the Zn�S
bonds. The harder-to-saturate magnetic signal in the
longitudinal direction for the single-crystalline NWs or
NTs is consistent with the nature of orbital magnetism
in this system: the rotation of the angular momenta
with an applied external magnetic field would require
the rotation of the electric charge distribution linked to
the highly oriented Zn�S bond at the (200) surface of
the NTs.11 Since a mismatch of the spin direction with
the magnetic field makes it more difficult to saturate
the signal in the longitudinal direction, the preferential
magnetization direction will be perpendicular to the
NW/NT axis. This experimental observation matches the
results of the DFT calculation. However, this long-range
ordering of dipoles is intrinsically difficult in the case
of thiol-capped ZnO polycrystalline NTs due to its rough
surface and the disordered bond orientations, as shown
in Figure 9c. Consequently, the polycrystalline ALD NTs
do not possess long-range Zn�S dipole orientation on
the lateral side walls (Figure 9c), thus shape anisotropy
of the NTs has a more important contribution to the
magnetic anisotropy. In addition, the effect of coupling
between NWs/NTs via dipole�dipole interaction on
magnetic anisotropic properties, which may be present
in a collection of wires or tubes with inherent easy axis
along their long axis and in close proximity to one an-
other, can be ruled out. Due to the low magnetic mo-
ment and large spacing between the ZnO NWs/NTs,
such coupling is relatively small, and magnetostatic in-
teraction between the NWs and NTs in the array may be
negligible. Furthermore, the observed dependence of
the anisotropy on the orientation of the organic mol-
ecule relative to the surface normal is similar to that of
PbS nanoparticles linked to GaAs surface by 1,8-
octanedithiol and 1,4-benzenedimethanethiol14 as well
as thiol-capped gold surface.33 This convergence of ex-

perimental observations highlights an interesting phe-
nomenon; that is, well-defined crystal faces play an im-
portant role in the magnetic anisotropy contributed by
interfacial spins at a SAM-modified interface. Although
the magnetic anisotropy for different thiol-capped ZnO
NW/NT arrays determined by remanant squareness is
small, the results imply the possibility that, by imple-
menting these interfaces on 1D nanostructures, the de-
fined magnetization direction with respect to the 1D
nanostructure axis may allow tuning of magnetic ani-
sotropy depending on the alignment, dimensions, and
crystallinity of the 1D nanostructures.

CONCLUSION
In summary, we have investigated magnetic proper-

ties of thiol-capped 3D single-crystalline ZnO NWs and
NTs as well as polycrystalline ZnO NT arrays. Room-
temperature ferromagnetism has been observed in
these thiol-capped NW and NT arrays. A density func-
tional calculation has been performed, and the result in-
dicates that the magnetism in such a system mainly
originated from the spin-polarized 3p electrons in S
sites. The dependence of Ms of ZnO NW arrays on the
NW height can be ascribed to a higher number of Zn�S
bond spins formed at the ZnO�thiol interface. Simi-
larly, the NTs exhibited a higher Ms than the NWs due
to its larger surface-to-volume ratio and thus higher
density of Zn�S bond spins. The observed dependence
of the magnetic anisotropy on crystallinity of ZnO NTs
suggests that the change in the ordering of Zn�S spins
on the crystal facets can affect the extent of magnetic
ordering and alter the preferred magnetization direc-
tion. The magnetic properties in aligned thiol-capped
ZnO NW/NT systems are very complex, and many fac-
tors such as geometric parameters of ZnO NWs/NTs
(length, diameter, wall thickness, neighbor-to-neighbor
distances) and chemical effect of thiolate bond forma-
tion can affect the observed magnetic properties. How-
ever, the results indicate that the rational control of
the magnetic properties by tuning the morphology and
crystallinity of these 1D ZnO nanostructures can be
achieved. The ability to tune the magnetic properties
demonstrated here offers opportunities for the utiliza-
tion of these ferromagnetic ZnO NW/NT arrays as nano-
scale building blocks in optoelectronic and magneto-
optical devices.

METHODS
Fabrications of ZnO NWs and NTs: Vertically aligned single-

crystalline ZnO NW arrays were synthesized via vapor phase
transport in a sealed horizontal tube furnace (Carbolite CTF 12/
75/700). A 0.40 g powder mixture of ZnO (99.99%, Aldrich) and
graphite (�20 �m, synthetic, Aldrich) in a weight ratio of 1:1 was
placed at the bottom of a one-end-closed small quartz tube. A
piece of Si(100) wafer predeposited with a 200 nm ZnO seed
layer by PLD served as substrate and was placed nearer to the open
end. The small quartz tube was inserted into the large

alumina work tube. The furnace was initially evacuated to a base
pressure of 2.0 � 10�2 mbar, before Ar carrier gas mixed with 0.25%
O2 by volume of a total flow rate of 80 sccm was flown. The pres-
sure in the alumina work tube was raised to 2.0 mbar by partially
closing a backing valve. The furnace was heated to 900 °C within 40
min and held at that temperature for 15, 30, and 60 min to synthe-
size ZnO NW arrays of various lengths. The local temperature at
the Si substrate during the growth process was approximately 800
°C. After cooling to room temperature, the Si wafer covered with
gray color was taken out for further analysis.
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Aligned single-crystalline ZnO NW/NT arrays on Si or glass
substrates were also grown using the hydrothermal method
with precoated ZnO seed layers prepared by the hydrolysis of
zinc salts.40 The ZnO NW arrays grown on the substrates were
rinsed with deionized water and transferred into 0.03�0.05 M
ethylenediamine (EDA) aqueous solutions at 65�75 °C for a pe-
riod of 5�18 h to etch the NWs into NTs. The obtained samples
were rinsed with deionized water and ethanol several times and
then dried with N2 between rinses.

Polycrystalline ZnO NTs were fabricated by an atomic layer
deposition (ALD).41 Briefly, an anodized aluminum oxide (AAO)
template, prepared on Si substrate by a two-step anodization,42

was subjected to ALD in a commercial ALD system (f · XALD, Azi-
muth Technologies Pte. Ltd., Singapore). Two precursors, di-
ethyl zinc (DEZn) and deionized water, were fed into the reac-
tion chamber in turn carried by a flow of 200 sccm N2 gas and
purged by the N2 nitrogen gas flow between every ALD cycle.
The system background pressure was maintained at 0.6 Torr. The
cycle of DEZn pulse�purging�H2O pulse�purging was re-
peated for 100 cycles for a ZnO wall thickness of about 20 nm.

Self-Assembly of Thiol on ZnO NWs/NTs: In a typical process, the
ZnO NW arrays on the substrates were immersed in 30 mL of 1
mM 1,9-nonanedithiol solution in ethanol for the thiol molecule
to self-assemble on the ZnO. This was carried out in a glovebox
with an inert atmosphere overnight, after which the thiol-capped
NTs or NWs were rinsed with ethanol and dried with N2. The
thiol-capped NT arrays are processed in the same manner.

Characterizations of Bare and Thiol-Capped ZnO NWs/NTs: Deposited
products were characterized and analyzed using X-ray diffrac-
tion (XRD, Bruker-AXS, Cu K� (1.542 Å) radiation), field emission
scanning electron microscopy (FESEM, JEOL JSM-6700F), and
transmission electron microscopy (TEM, JEOL JEM-3010).
Micro-PL and UV-resonance Raman spectra were measured by
Renishaw Invia system with 325 nm excitation line at room tem-
perature. FTIR analysis was performed in a Nicolet 380 FTIR spec-
trometer, equipped with DTGS detector and a ATR attachment
(using a diamond crystal). X-ray photoelectron spectroscopy
(XPS) was performed with a Phobios 100 electron analyzer
(SPECS GmbH) using an unmonochromated Mg K� X-ray source
(1253.6 eV). The magnetic properties of the ZnO NW/NT arrays
were measured by an alternating gradient magnetometer (AGM)
with the field applied in the in-plane and out-of-plane direc-
tion. Low-temperature hysteresis loops were measured with a
superconducting quantum interference device (SQUID, QUAN-
TUM DESIGN) magnetometer. The sample sizes range from 3 �
3 to 5 � 5 mm. The as-measured hysteresis loop consists of a fer-
romagnetic signal superimposed on a diamagnetic background.
The diamagnetic background was subtracted to display the fer-
romagnetic signal only.
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