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Nanowires are a focus of research interests as one-dimen-
sional nanosystems and promise exciting applications in
nanotechnology, ranging from nanoelectronic devices to cell
separation and magnetic labeling in biomedicine.[1–5] Avariety
of methods have been devised to prepare them from
magnetic,[6] semiconductor,[7] inorganic,[8] organic,[9] poly-
mer,[10] metallic,[11] and dielectric materials[12] to provide
nanowires with novel optical, electrical, catalytic, and mag-
netic properties. Multilayered or barcode arrangements of
nanowires which incorporate different material components
are a special case as a result of their spatial arraying, multiple
functionalities, and enhanced properties in comparison to
those of their single-component counterparts.[13–15] For
instance, Co–Cu barcode nanowires were explored for their
high magnetoresistance compared to that of the well-studied
thin films,[16, 17] while the coding of magnetic and optical
properties in a single wire was targeted for the separation,
detection, and transport of cells.[18]

Interested in the transport properties and potential
applications of nanowires in nanodevices and biomedicine,
we have investigated magnetic nanowires by electrodeposi-
tion.[19] For biomedical purposes, however, two issues have to
be addressed for the implementation of such nanowires,
namely surface modification and biocompatibility.[20] In this
respect, the synthesis of iron–gold (Fe–Au) nanowires is
appealing not only in terms of magnetic properties but also
with respect to biological compatibility. On one hand, iron is

favored as it is unique in the field of magnetic materials owing
to its high magnetization and physicochemical potentiality. It
can be easily converted into oxides, which have been
thoroughly studied in the form of magnetic nanoparticles in
the biomedical field for their magnetic properties and excep-
tional biocompatibility.[21] On the other hand, gold is a well-
established material that displays attractive optical proper-
ties, biological compatibility, catalytic activity, and excellent
surface effects.[22,23] Thus, it was anticipated that the integra-
tion of these two materials into a one-dimensional barcode
arrangement on the nanoscale would produce a new nano-
structured material that retains the optical and magnetic
properties of the respective components, offering synergisti-
cally enhanced performance and functionalities which go
beyond those of the individual components. Herein, we report
the synthesis and characterization of such a kind of multi-
functional magnetic–optical Fe–Au barcode nanostructures,
that is, nanowires consisting of alternative Fe magnetic and
Au optical segments.
The Fe–Au barcode nanowires were constructed using

anodic alumina oxide (AAO) templates by pulse electro-
deposition[19a] thus forming iron and gold segments alterna-
tively in a single bath under desired pulse current densities
(e.g. 10 mAcm�2 and 0.5 mAcm�2) with regulated pulse
durations to control the respective segmental lengths (see
Experimental Section). The selection of a current density to
electrodeposit Fe or Au was based on the evaluation of the
composition versus current density profile (Figure 1a), which
was acquired from the analysis of the samples each obtained
at a given constant current density, by inductively coupled

Figure 1. a) Composition versus current density profile of the nanowire
samples each obtained at a given continuous current density (Fe &;
Au *; the dashed lines are shown as a visual guide). b) FE-SEM image
of the Fe–Au barcode nanostructures in AAO. The nanostructures were
made up of alternative black and white parts, corresponding to Au and
Fe layers. The inset shows an enlarged section of the image, with a
schematic inserted between the first two nanowires to show the iron
and gold layers.
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plasma atomic emission spectrophotometer (ICP-AES).
According to the data, the iron or gold composition in the
electrodeposited nanowires changes rapidly with the current
density and indicates no formation of an alloy between the
two elements under our deposition conditions, as expected
from their binary phase diagram.[24] Hence, a single-compo-
nent nanowire may be acquired by using a current above
10 mAcm�2 for Fe and below 2 mAcm�2 for Au.
The formation of the barcode nanowires embedded in the

AAO nanoporous array was demonstrated by field-emission
scanning electron microscopy (FE-SEM; sample prepared
under pulse deposition of 10 mAcm�2 for Fe and 0.5 mAcm�2

for Au; Figure 1b). The nanowires are composed of two
alternative segments that represent the Fe and Au compo-
nents, respectively, as seen in the inset, which shows an
enlarged image of some barcode nanowires and a schematic
arrangement of alterative Fe and Au segments in a single
nanowire. This finding was substantiated by transmission
electron microscopy (TEM) studies of the nanowires after
removal of the template (Figure 2). The bright-field low-

magnification image shows well-separated, bamboo-like
nanostructures for the freestanding Fe–Au barcode nano-
wires. The contrast between the black and bright segments is
distinct, and the respective compositions were identified by
means of TEM elemental line scans and mapping (see below).
The crystal structure of the Fe–Au barcode nanowires in

AAO was characterized by X-ray powder diffraction (XRD).
Figure 3a shows the XRD profile for the sample prepared
under a pulse deposition of 10 mAcm�2 for Fe and
0.5 mAcm�2 for Au in comparison with the standard diffrac-
tion peaks (in bars) of the corresponding constituent materi-
als (JCPDS nos. 87-0721 and 04-0784; Figure 3b, c). The peaks
at 38.148, 44.368, 64.588, and 77.448 may be assigned to
Au(111), (200), (220), and (311), while those at 44.368 and
64.588 are assigned to Fe(110) and (200). As a result of the
superimposition of the peaks of Fe(110)/Au(200) and Fe-
(200)/Au(220), the presence of elemental iron was derived
directly from the selected-area electron-diffraction (SAED)
pattern (Figure 3d), which was taken from the Fe segment
determined by the elemental line scan and mapping shown in

Figure 4. In the SAED pattern, multiple single-crystal dif-
fraction patterns are recognizable and are labeled with circles
for one set of Fe(110) and squares for another (the triangles
signify the second-order diffraction spots corresponding to
the set represented by the circles). This leads to the assign-
ment of the spots to elemental iron, which is confirmed by the
absence of Au(111) in the pattern. The analysis is consistent
with the outcome of the SAED pattern obtained from
nanowires deposited at a continuous current density of
10 mAcm�2, which confirms the presence of iron in the
elemental state. Furthermore, average crystalline domain
sizes in the barcode nanowires can be estimated as approx-
imately 26.1 nm for the Fe segments and about 24.0 nm for
the Au segments from the full width at half-maximum in
terms of the Scherrer equation, if the broadening of the peaks
in the XRD patterns is primarily attributed to the finite size of
the nanocrystals.[25] We note that there is a weak peak at
approximately 35.58 that may be associated to Fe3O4(311)
and/or Fe2O3(110) from the oxidation of the Fe surface.
Figure 4 shows the TEM image and the corresponding

elemental mapping of an individual Fe–Au barcode nanowire
after dissolving the template (sample prepared under pulse
electrodeposition of 30 mAcm�2 for Fe and 0.5 mAcm�2 for
Au). From the line scans, it is clear that the nanowire consists
of alternative Fe and Au segments, thus confirming the results
observed in Figure 1b and Figure 2. The homogeneity of the
elemental distribution in the Fe and Au segments is revealed
in the elemental mapping shown in Figure 4b,c.

Figure 2. Bright-field TEM image of freestanding Fe–Au barcode nano-
wires, showing well-separated, alternate white and black parts that
correspond to Fe and Au layers (bamboo-like nanostructures).

Figure 3. a) XRD pattern for the Fe–Au barcode nanowire array in AAO
compared to the standard JCPDS data for b) Fe and c) Au. d) SAED
pattern taken from one Fe segmental region. See text for details.

Figure 4. TEM analysis of a freestanding Fe–Au barcode nanowire.
a) Elemental line scanning of Fe and Au composition along the
nanowire (Au red, Fe green). b) Elemental mapping of Au. c) Elemental
mapping of Fe.
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The tailoring of the nanostructure of the Fe–Au nanowires
was achieved by regulating the pulse durations. Figure 5
presents two examples of various Fe and Au segmental

lengths, prepared by different pulse durations under the
current densities of 10 mAcm�2 for Fe and 0.5 mAcm�2 for
Au. In one case (Figure 5a), the Fe and Au segments are
62 nm and 60 nm (i.e. the segmental length ratio is near one),
whereas in the other case (Figure 5b), the Fe and Au
segments are 55 nm and 100 nm (i.e. the segmental length
ratio is about 0.5). The change in the nanostructure of the
barcode is reflected in its properties, as discussed below with
respect to magnetism.
The magnetic properties of Fe–Au barcode nanowires of

different segmental lengths were studied by using a vibrating
sample magnetometer (VSM) at room temperature. The
results of the Fe–Au barcode arrays in AAO shown in
Figure 5a,b are given in Figure 6a,b, with the external
magnetic field applied parallel and perpendicular to the
nanowire axis, respectively. Both Fe–Au barcode arrays in
AAO have their easy axis parallel to the nanowire axis and
show soft ferromagnetic properties. For the array with a
segmental length ratio of near unity, the coercivities parallel
and perpendicular to the wires are 58 Oe and 28 Oe,
respectively, whereas for the array with a segmental length

ratio around 0.5, the coercivities are 42 Oe and 36 Oe,
respectively. Moreover, the magnetic remanence is almost
zero in both cases. For comparison, Figure 6c shows the data
obtained for the Fe nanowire array in AAO deposited at a
continuous current density of 10 mAcm�2. The hysteresis
curves are almost identical in both the parallel and perpen-
dicular directions with coercivities of 300 Oe and 340 Oe,
respectively, and the weak easy axis lies perpendicular to the
nanowires. The result is in striking contrast to the commonly
observed phenomena that the easy axis of Fe nanowire arrays
lies parallel to the nanowire axis,[26] but showed up in a recent
report of possible easy axis switching.[27] In fact, the determi-
nation of the easy axis of magnetic nanowire arrays is a
complex issue that needs to be handled meticulously, as the
measurements reflect the response of the ensemble and there
is not an obvious method yet to extract the behavior of
individual nanowires from the ensemble.[19a, 28] Factors such as
shape and mangnetocrystalline anisotropies, dipole–dipole
interactions (e.g. lateral wire–wire interactions), and surface
anisotropy, as well small dimensions have a dominant
influence on the determination of the direction of the easy
axis. In the present case, one other factor, namely the
intersegmental interactions in the same nanowire and
between different nanowires, needs also to be taken into
consideration. Indeed, the switch in the easy axis is detected
in our Fe–Au barcode nanosystem when the individual layer
thicknesses were about 110 nm for the Fe layer and around
30 nm for the Au layer. Finally, the saturation magnetization
of the Fe part, estimated to be approximately 230 emug�1, a
value that lies quite near to that of bulk Fe but is much larger
than that of iron oxides, further confirms the presence of
elemental Fe in the nanowires.
The soft magnetic characteristic demonstrated in Figure 6

is useful, as it prevents the Fe–Au barcode nanowires from
agglomeration which otherwise impedes the operation of
individual nanowires. It was found that the Fe–Au barcode
sample is easier to saturate compared to the pure Fe one, in
which the susceptibility increases more rapidly, as observed in
the case of gold-coated magnetic nanoparticles that behave
superparamagnetically at room temperature.[29] This behavior
has a direct impact on applications in such areas as
biomedicine, where a larger susceptibility of the magnetic
specimens boosts the performance of operation.[30] In addi-

tion, the behavior of magnetic response
is described well by fitting the hysteresis
curves satisfactorily to the Brillouin
function or modified magnetization pro-
cess, thus affording a basis for a deep
understanding of the magnetic perfor-
mance of the barcode nanowires.[31]

It is well known that nanostructured
Au (e.g. nanoparticles and nanowires)
exhibits an absorption band in the
visible region owing to its surface plas-
mon, which is characteristic of the
dimension, shape, and physicochemical
environment surrounding the Au.[22, 23,32]

Figure 7a shows the UV/Vis absorption
spectrum of the Fe–Au barcode nano-

Figure 5. TEM images of freestanding Fe–Au barcode nanowires with
different segmental lengths, with TEM elemental line scanning of Fe
and Au composition (Au red, Fe blue) along the nanowires through
energy-dispersive X-ray analysis (EDAX). a) Segmental length ratio of
approximately 1. b) Segmental length ratio of approximately 0.5.

Figure 6. Hysteresis curves measured at room temperature for the Fe–Au barcode nanowire
arrays in AAO as shown in Figure 5, compared to a pure Fe nanowire array. a) Segmental
length ratio of approximately 1. b) Segmental length ratio of approximately 0.5. c) Fe nanowire
array in AAO.
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wires prepared under pulse electrodeposition of 10 mAcm�2

for Fe and 0.5 mAcm�2 for Au and after thiolation to improve
dispersion. The plasmon reveals the unique optical property
of the barcode nanowires, and the absorption feature peaking
at l� 530 nm and � 660 nm reflects the shaped Au seg-
ments[22,23,32] while the weak absorption located at l� 770 nm
and� 850 nm could be attributed to the coupling between the
Au segments. We note that the shifting and band shape is
expected to depend on the Au segmental lengths. Although
the direct contribution of the Fe segments to the spectrum is
negligible, the close proximity of the nanomagnetic Fe
segments to the Au segments may exert an influence on the
optical properties of the nanowires. The bright-field reflec-
tance image acquired using a Nikon Optiphot-100 (Figure 7b)
in an optical microscopy study of the barcode nanowires
shows the typical feature from gold.[15, 22,23,32]

In summary, we have fabricated multifunctional mag-
netic–optical Fe–Au barcode nanowires by pulse electro-
deposition in AAO. The thicknesses of individual layers were
controlled by pulse durations. The characterization revealed
that the resulting nanostructure displays the functions of both
magnetic and optical constituents. The well-defined layered
nanostructure of the Fe–Au barcode nanowires was con-
firmed through the structural analysis, TEM elemental line-
scanning, and mapping which revealed well-separated, alter-
native arrangements of Fe and Au layers. Their magnetic
properties revealed an easy axis that lies parallel to the
nanowire axis and its possible switching by varying the
segmental lengths, while the optical properties of the barcode
nanowires were investigated by microscopic and spectroscop-
ic measurements. The method presented herein should be
easily extended to other systems (Co–Au, Ni–Au, etc.). Such a
nanostructure reveals properties that are beyond those of the
individual components, as a result of coupling of the optical
sensing elements with the magnetic actuator, thereby pre-
senting challenges in basic research and offering promise in
applications. The Fe–Au barcode nanostructures are now the
subject of studies concerning magnetic transport through a
single nanowire and conjugation for cell separation, manip-
ulation, and detection.

Experimental Section
The Fe–Au barcode nanowires were prepared in commercially
available nanoporous anodic alumina oxide (AAO) membranes as

templates (60 mm thick, 200 nm nominal pore diameter; Whatman
Anodisk). Before electrodeposition, all the templates were coated
with a layer of Au or Ag on one side to act as the working electrode,
with a thin Pt sheet as the counter electrode. Electrodeposition was
carried out in a single bath under a given cathodic pulse (e.g.
10 mAcm�2 and 0.5 mAcm�2) generated by a Keithly 2400 power
station for various durations to control the lengths of the individual
barcodes. The bath consisted of iron(II) sulfate heptahydrate
(FeSO4·7H2O) and potassium dicyanoaurate (KAu(CN)2) in deion-
ized water, with the solution pH adjusted to pH 3.4–3.5 by using boric
acid. The resultant magnetic–optical nanowires were freed from the
templates through dissolution of the alumina in 1m NaOH solution,
with an insignificant effect of etching on Fe.

The morphology and composition of the nanowires was evaluated
by FE-SEM (Hitachi S-4300) with energy dispersive spectroscopy
(EDS), ICP-AES (Jobin Yvon, 138Ultrace), and TEM (JEOL 2010F)
with the assistance of line scan, point probe, and elemental mapping
in the EDX mode. The crystal structures of the nanowires were
characterized by XRD (CuKa, Bruker M18XCE) and SAED (JEOL
2010F). The magnetic properties of the iron–gold barcode nanowire
arrays were analyzed by vibrating sample magnetometry (VSM,
Lakeshore 7300). UV/Vis spectra were measured with an Agilent
8453E spectrophotometer and bright-field reflectance images were
acquired using a Nikon Optiphot-100, both on samples dissolved in
ethanol after thiolation.
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