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Optical and magnetic properties of porous anodic alumina films
embedded with Co nanowires*
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A simple method to tune the optical properties of porous anodic alumina (PAA) films embedded with Co nanowires
(PAA @Co nanocomposite films) is reported in this paper. The films exhibit vivid structural colors and magnetic properties.
The optical properties of the films can be effectively tuned by adjusting the thickness of the PAA template. The deposition
of Co nanowires greatly increases the color saturation of the PAA films. The theoretical results of the changes in structural
color according to the Bragg—Snell formula are consistent with the experimental results. PAA@Co films can be used in
many areas, including decoration, display, and multifunctional anti-counterfeiting applications.
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1. Introduction

Structural color in the natural world has attracted the at-
tention of many biologists and physicists.[!?! It arises mostly
from the interference of light in the thin-layer,!?! and multilay-
ers, showing bright colors and luster. In the past few years, a
number of artificially colored structures, such as porous silicon
and porous aluminum have been investigated for potential ap-
plications in sensing and display. Diggle ez al.!*! reported that
a thin PAA film supported on an Al substrate produces a bright
color in the visible light range. The colors obtained were
bright but the saturation was very low. Wang et al.>! reported
that brilliant carbon-coated PAA thin films on an Al substrate
were useful for weather-resistant decorative purposes. After-
wards, Xu ef al.!o! and Sun er al.!”! removed the Al substrate
of the PPA template and found that the color saturation of the
thin alumina film was enhanced to some extent but the films
were more fragile.

In order to increase the mechanical strength and expand
the range of potential applications of colored PAA films, we
fabricate porous anodic alumina films with Co deposited in the
pores. Depositing nanowires makes the structural colors more
vivid and reduces the fragility. In this paper, we report on the
fabrication of such multifunctional films using an alternative
current (ac) electrodeposition method. The microstructures of
the films are characterized and the optical and magnetic prop-

erties are discussed.
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2. Experiments

High-purity Al foils (99.999%) were annealed at 673 K
for 4 h in an argon atmosphere. The annealed Al foils were
electropolished in a mixture of ethanol and perchloric acid (ra-
tio by volume 4:1) for 5 min to smooth the surface. Subse-
quently, the Al foils were rinsed with acetone and then deion-
ized water and finally dried in air. The Al foils were anodized
at a constant direct current voltage of 30 V in 45-g/L. phos-
phoric acid solutions at 292 K for #; = 8§, 8.5, 9, 10, 11.5 min.
A graphite plate was used as a counter electrode, and an as-
prepared PAA template with aluminum substrate served as
the working electrode. The electrolyte contained 0.12-mol/L
Co0S04-7H,0 and 0.39-mol/L boric acid. The electrodeposi-
tion was carried out at 294 K with an ac voltage of 13 V for
S min.

In this work, our samples were characterized by a field-
emission scanning electron microscope (FE-SEM) and an op-
tical digital camera. Ultraviolet-visible reflectance spectra
were measured using a UV-Vis spectrophotometer equipped
with an integrating sphere. BaSO4 was used as a reference.
The magnetic properties and crystallographic structures of the
nanowires were investigated using a physical property mea-
surement system (PPMS) and X-ray diffractometer (XRD), re-
spectively.

3. Results and discussion

Figure 1(a) shows a typical SEM image at the top of a
porous anodic alumina (PAA) template. The distribution of
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the pores is not uniform and the average diameter of the pores
is 50 nm. Figurel(b) depicts a typical SEM cross-section im-
age of the PAA@Co nanocomposite film. It can be seen that
the column arrays of the film are irregular and the length of the
nanowire arrays deposited inside is 160 nm. Figure 2 shows
the colors of the PAA@Co nanocomposite films illuminated
in natural light, indicating that the colors vary from purple to
yellow with increasing anodization time. Because of the de-
position of Co nanowires, the color of the reflected light is
highly saturated in spite of the highly reflective Al substrate
behind the PAA@Co films, as shown in Fig. 3. The detailed
explanations will be given as follows.

Fig. 1. SEM images of the PAA thin film anodized for 10 min: (a) the
top view and (b) the cross-sectional view of the PAA thin film deposited
with Co.

(1#) (2#) (3#) (4#) (5#)
Fig. 2. (color online) The colors of the PAA@Co films with different
anodization times: 8 min (1#), 8.5 min (2#), 9 min (3#), 10 min (4#),
and 11.5 min (5#).

Fig. 3. (color online) Photographs of (a) the PAA anodized for 10 min
and (b) the PAA thin film deposited with Co.

The structural colors originate from the constructive inter-
ference between the light reflected from the air-AAO interface
and the emergent light after reflection on the AAO-Al inter-

ference (Fig. 4). This satisfies the Bragg—Snell formula, 8101
1
2nada cos Op-+2ngdgcosOg = | m+ 3 A. (1)

Consider two layers denoted as A (PAA film) and B
(PAA@Co film) with thickness values of da and dg, refrac-

tion angles 6 and O3, respectively, the order of interference

m, and the wavelength outside the film A. The effective refrac-
tive indices na and np are calculated by the Maxwell-Garnett
theory,!'! and are about 1.57 and 1.82, respectively, over the
visible wavelength range. As nap < ng > nyaj, an additional
half wavelength should be included in Eq. (1). At 8 =0°,
equation (1) can be written as

2nAdA+2I’leB = (m+ ;) A. (2)

The detailed parameters for the film thickness ds + dp of
the five samples are listed in Table 1, and are measured from
the SEM cross-section images. Consequently, the wavelength
of the maximum reflectance A and the order of interference m
can be calculated according to the Bragg—Snell formula. The
experimental values of A and m are shown in the reflection
spectra (Fig. 5). The results indicate that the experimental val-
ues A in the visible region undergo a red-shift with the increas-
ing film thickness of the samples, which is in accordance with
the color changes as shown in Fig. 2. The theoretical values A
from Eq. (2) listed in Table 1 are in good agreement with the
experimental results as shown in Fig. 5.

Fig. 4. (color online) The optical processes of a light beam incident on
the PAA @Co nanocomposite film.
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Fig. 5. (color online) The UV-Vis reflection spectra of the nanocom-
posite films. The wavelength of the maximum reflectance and the cor-
responding interference order are indicated with vertical arrows.
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Table 1. The theoretical values of the order of interference m and the
wavelengths of the maximum reflectance A.

Samples da/nm dg/nm m A/nm
1# 24 160 1 438
2# 35 160 1 454
3# 47 160 1 486
4# 70 160 1 534
S5# 104 160 1 599

In addition, using an ac electrodeposition method, the Co
nanowires are composed of loose grains, which absorb part
of the incident and reflected light from the AAO-Al interface,
leading to the enhancement of the color saturation. Accord-
ing to the difference in color saturation before and after de-
position, some patterns can be recorded on PAA thin films as
shown in Fig. 6. Here, the procedure for fabricating the pat-
tern was as follows. First, the desired pattern was painted with
colorless ink on the top surface of the PAA template. Then,
Co was deposited in the pores of the PAA template. Finally,
the ink was removed with acetone leaving the patterns.

Figure 7 shows the XRD patterns of the Co nanowires in
the PAA template. They show that Co presents an hcp phase

and Co (101) is the preferred orientation.

Fig. 6. (color online) Photographs of the patterned PAA @Co nanocom-
posite films.
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Fig. 7. The XRD diffraction pattern of the PAA@Co nanocomposite film.

The magnetic properties of the nanocomposite films with
different anodization times are measured using a PPMS at
room temperature. Hysteresis loops of the Co nanowires syn-
thesized in the PAA template with the applied field parallel to

the wires are shown in Fig. 8. It can be seen that the hystere-
sis loops almost overlap, suggesting that the magnetic signals
change little as the color varies. This is attributable to the fact
that the same deposition times for the Co nanowires were used
in all cases. The M—H curves obtained with the field applied in
the directions parallel (H)) and perpendicular (H, ) to the Co
nanowires are alike, as shown in the inset of Fig. §, indicating
that the Co nanowires show no apparent magnetic anisotropy.
This can be understood as follows. Shape anisotropy favors
the alignment of the magnetization along the long axis of the
wire. The XRD results show that Co (101) is the preferred ori-
entation rather than the c axis (the long axis of the wire), sug-
gesting that magnetocrystalline deviates from the long axis of
the wires. Under the combined effect above, the orientations
of the magnetic moments present a fan-shaped distribution and
the Co nanowires show no magnetic anisotropy.

In addition, we can calculate the value of coercivity by
adopting the fanning reversal mode. According to the size
of the magnetic grain, each nanowire consists of three mag-
netic grains that are randomly distributed in the template.
For our sample, the magnetization intensity is 565 emu/cm?.
The coercivity parallel to the wire is calculated to be 465 Oe
(1 0e=79.5775 A-m~1), which is in good agreement with the
previous experimental value of 475 Oe, suggesting that the co-
ercivity mechanism of the Co nanowires is indeed described
by the fanning mode.
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Fig. 8. (color online) Hysteresis loops of the PAA@Co nanocomposite
films with the applied field perpendicular to the wires. The inset shows
the hysteresis loops of a PAA@Co composite film with the applied field
parallel and perpendicular to the Co nanowires.

4. Conclusions

PAA@Co functional nanocomposite films with structural
color and magnetic properties are synthesized by an ac elec-
trodeposition method. Theoretical analyses on the wavelength
of maximum reflectance and the order of interference accord-

ing to the Bragg—Snell formula are in good agreement with the

087805-3



Chin. Phys. B Vol. 22, No. 8 (2013) 087805

results measured by the UV-Vis spectrophotometer. Hysteresis
loops show that the magnetic signals of the Co embedded in
the nanocomposite films remain constant with changing color.
The magnetization reversal mechanism is in accordance with
the fanning reversal mode. Such colorful films can be used in

multifunctional anti-counterfeit technology.
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