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Ordered ferromagnetiecnonmagnetic alloy (CoCu, Co-Ag and Fe-Ag) nanowire arrays embedded in the
nanochannels of anodic aluminum membranes (AAM) have been fabricated by electrodeposition. Scanning
electron microscopy and transmission electron microscopy observations reveal that these alloy hanowires are
uniform in diameter and ordered. Magnetic measurements show that the perpendicular coetgiityf (

these ordered nanowire arrays increases dramatically, reaches their maximum, and then decreases sharply
during the annealing process. However, there is not much change of the parallel coektil)itio( these

alloy nanowire arrays in the same annealing conditions. This phenomenon should be contributed to the special
structure of the nanowires/AAM.

1. Introduction as a template to fabricate the ferromagnetionmagnetic alloy
nanowire arrays via electrodeposition. Because the AAM has

In recent years, one of the most interesting and intenselyt onificant_ advant the track-etched bol
investigated classes of materials has been that of magnetic films WO signilicant advantages over hé ftrack-etched polymer

and nanowires, due to not only the fundamental interest in these'r:r!eertrgnes I?ied n tti;]e tff;]b”zi\t;\(/lm of orQereq dnalno?trTlcttures.
materials but also the potential applications of some of their Irst, 1t1S well-known that the grown in acid electrolytes

propertiest In particular, the fabrication of ordered magnetic prc:sseslsgs hexgg(t)r:lally orcileer}el%lgo;?zuzsz ;tructgr?; vanano-
metal nanowire arrays has attracted considerable scientific andi(f5 ;g?)?e a?ri]fig%érrl tefn;)aer;g? hichcopéns ?J(r:)otrklle' poessibili ty
commercial attention due to their potential utilization in . ) ljié““. . . .
magnetic recording2 For example, nanoscale patterned arrays Olfl studying h.OW a?netﬁ!lng modifies dthe (rjn?gnetlc prr:)e;')ngrtles of
have been suggested as recording media to achieve recordiniggnggggm;e(sé&nc:u '(S:Opia;f);rér?é Feéig)ir;ﬁrgﬁge ar(r)g)-/s
densities of more than 100 GhitAneach memory unit bein . ’ '

storzldl ir? a single arraf This stlorgge density is xr/nLlJJclh hiéhger embedded in the nanochannels of AAM have been successfully
than that of current cofnmercial hard disks (3.7 Gbiy/iand fabricated by electrodeposition, and the annealing temperature
also beyond the projected thermal limit of 40 Gbiflifn dependence of their magnetic properties has been studied.

continuous magnetic filh.We know that the coercivity and
remanence of nanowire arrays of FeCo? Ni, % and ferro- 2. Membranes Used
magnetic alloy such as GaNi, Fe—Ni, and Fe-Co electrode-
posited in the alumite film3d have been investigated in detail.
In addition, various multilayered nanowires including Co/&t?,
NiFe/Cu}314 CoNi/Cul® and Ni/Cu® have been studied inten-
sively. Heterogeneous ferromagnetimonmagnetic alloy films

17-19 i
such as Ce Cu and Ce-Ag grown by a variety of methods mechanical stress and recrystallize. Then the aluminum plate

have also been investigated in detail. However, as far as We\vas electropolished under a constant current condition of 90

know, only.a few studieg on heterogeneous fgrrpmagﬁgtic mA/cm? for 3 min in a mixture of HCIQ and GH,OH at room
nonmagnetic alloy nanowire arrays systems exist in the litera- temperature to smooth the surface morphology
ture. Among them, Bjythe et al. and Schwarzacher et al. have The aluminum plate was anodized in 0.3M oxalic acid

fabricated Ce-Cu alloy nanowires into track-etched polymer d(CszO4) electrolyte. The anodizing voltage was 40 V and the

membranes or alumite films by electrodeposition and presente
L : temperature of the electrolyte was kept constant &iCL After
a preliminary study of their transport propef8£! In our L ) . .
P y Y P propef/ 3 h anodization, the plates were immersed in a mixture of

manuscript, we have successfully fabricated a series of ferro-6 Wt % HPO, and 1.8 Wt % HCrO, at 60°C for 7 h toremove

magnetiec-nonmagnetic alloy nanowire arrays in AAM and the alumina | Th the alumi lat dized
studied their annealing temperature dependence of magnetic €a lmeéns a)c/jerst.h en, the adL.Jtr.'nlnum E’ha?. V\{ast anitltzr?
properties in detail. Moreover, magnetic measurements show292IN 10 under the same conditions as the first step. €

that the perpendicular coercivity of these ordered nanowire bottom of the AAM were the remaining aluminum layers, which

arrays increases dramatically, reaches their maximum, and therFOUIFi be removed in a satu_rated H_g@blutomn. A subsquent
decreases sharply during the annealing process. However, ther tching treatment was carried outa 6 wt % HPQ, at 30 C

is not much change of the parallel coercivity for these alloy or 70 min to remove the barrier layer on the bottom side of
nanowire arrays in the same annealing conditions. These result§he AAM. The morphology of the a_s-prepared AAM was
have not been reported in the publicized journal till now. In observed using an atomic force microscope [(AFM) Park

this work, we used the anodic aluminum membranes (AAM) Smenﬂﬂg Instruments, Autoprobe CP] and shown in Figure 1.
From Figure 1, the almost perfect hexagonally arranged

* To whom correspondence should be addressed: E-mail: ywwangen@ Nanochannels with diameter about 60 nm and interchannel
china.com. Fax:+551-559-1434. distance about 40 nm can be seen for AAM. The dark parts
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The AAM used as template in this work was prepared by
using a two-step anodization proc#s® oxidize aluminum in
acid solutions. The aluminum plates (99.999% purity, 0.3 mm
thickness) were degreased in acetone and then annealed in a
vacuum of about 1% Pa at 400°C for 4 h toremove the
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Figure 1. AFM photograph of surface of porous AAM prepared in
0.3 M GH20,.

TABLE 1: Electrolytes and Electrodeposition Conditions of
Co—Cu, Fe—Ag, and Co—Ag Alloy Nanowire Arrays

electrolytes (g/L) CeCu Fe-Ag Co—Ag

CoSQ-7H0O 50 40

CuSQ-5H,0 0.5

AgNOz-7H,0 20 50

FeSQ-5H,0 20

CH;COONH, 10 40

NaS;03°5H,0 100

NaxSO; 40

H3BO3 40

NH3H20 60
electrodeposition conditions CCu Fe-Ag Co—Ag
current density (mA/cr) 15 25 15
time (h) 6 6 6
temp €C) roomtemp roomtemp room temp

correspond to the nanochannels. Optical microscope measure-
ments show that the thickness of our AAM is about &f.

The aspect ratios (depth to diameter) of the nanochannels of
AAM are about 1000.

3. Experimental Procedures

3.1. Fabrication and Annealing.A layer of Au was sputtered
onto one side of the AAM serving as the working electrode in
a two-electrode electrochemical cell. The electrolytes and the
electrodeposition conditions of €&Cu, Fe-Ag, and Co-Ag : 4
alloy nanowire arrays were listed in Table 1. The electrodepo- i ) <o X GG{Jn{ni
sition was carried out at a constant current density, with " " . -
carbonate serving as the counter electrode. After electrodepo- '9uré 2. Typical top-view SEM images showing the general

o . . morphology of the ferromagnetimonmagnetic alloy nanowire ar-
sition, these ordere_d alloy nanowire arrays embedded in AAM rays: (a) Co-Cu; (b) Fe-Ag; (c) Co-Ag.
were annealed at different temperatuf@g300, 400, 500, and

600 °C) for 1 h infurnace under a flowing Ar atmosphere, A 4o of the solution was placed on a Cu grid with a carbon
respectively. The magnetic properties were measured by agyyn ang allowed to dry prior to electron microscope analysis,
vibrating sample magnetometer (Lakeshore, VSM-5s-15), with respectively.

the applied field either parallel or perpendicular to the surface The chemical compositions of these alloy nanowire arrays

of the samples. The coercivityig) and the saturation magne- were determined by energy dispersed X-ray spectrometer (EDS),

tization Ms) were obtal_ned from these hysteresis Ioops. and their phase structural characterizations were carried out by
3.2. Sample Preparation for SEM and TEM Observations. X-ray diffraction [(XRD) MXP18AHF]

For observation under a scanning electron microscope [(SEM)

JEOL J_SM-6300], small pieces of AAM with these ordered a_Ion 4. Results and Discussion

nanowire array samples were eroded by an aqueous solution of

5 wt % NaOH for 5-10 min in order to remove the upper part 4.1. Morphology and Phase Structural Characterizations.

or whole AAM. Then they were washed with distilled water The typical top view (shown in Figure 2a, respectively) and

several times and dried in air. cross-section (shown in Figure-3e, respectively) SEM images
The morphology of these alloy nanowires was obtained by of Co—Cu, Fe-Ag, and Ce-Ag nanowire arrays demonstrate

transmission electron microscope [(TEM) JEM-200CX] after that these deposited alloys, indeed, fill the nanochannels of the

completely dissolving AAM in an agueous solution of 5wt % AAM uniformly and that the nanowires are apparently continu-

NaOH. Some of these alloy nanowires remained in the solution. ous, parallel, and ordered. The measured diameters of these alloy
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Figure 4. TEM images of the alloy nanowires liberated from AAM:
| (@) Co-Cu; (b) Fe-Ag; (c) Co-Ag.

Figure 3. Typical cross-section SEM images showing the general
morphology of the ferromagnetimonmagnetic alloy nanowire ar- o N
rays: (a) Ce-Cu; (b) Fe-Ag; (c) Co—Ag. We know that, under equilibrium conditions, the mutual

solubility of ferromagnetic and nonmagnetic metal is very low
nanowires corresponded closely to the nanochannel diametersin both the solid and liquid forms, such as Co and Cu, Co and
From Figure 2, it can be estimated that the density of these Ag, and Fe and Ag. However, under nonequilibrium conditions,
alloy nanowires is about 38-10'3/cm2, which shows the great  the Co/Cu, Fe/Ag, and Co/Ag systems could form metastable
opportunities to the magnetic recording. The TEM images of solid solutions. In this type of material, the annealing treatment
Co—Cu, Fe-Ag, and Ce-Ag nanowires liberated from the results in the recrystallization of these metastable alloys into
AAM are shown in Figure 4ac, respectively. It can be seen two separate phases, leading to the formation of small ferro-
that these alloy nanowires are uninterrupted with diameter aboutmagnetic metal particles that exhibit greatly enhanced magnetic
60 nm, which correspond to the nanochannel diameter of the properties because of their single-domain nattir@hese
AAM used. Energy dispersed X-ray spectrometer (EDS) analysis processes have already been proved by XRD and are shown in
attached on SEM demonstrates that the atomic ratio of Co andFigure 6. It can be seen that the as-deposited samples are single-
Cu, Fe and Ag, and Co and Ag in the corresponding nanowires phase fcc-Cu, fcc-Ag, and fcc-Ag, respectively, but the Cu and
are close to 20:80, 20:80, and 14:86 (shown in Figurega  Ag diffraction lines are shifted toward higher angles. Therefore
respectively). The CoeCu, Fe-Ag, and Ce-Ag diffraction the as-deposited alloy nanowire arrays in this work are solid
spectra of the as-deposited nanowire arrays embedded in AAMsolutions. As shown in Figure 6a, the fcc-Cu structure is
(shown in Figure 6ac, the bottom curves) also indicate that preserved up td, = 400 °C. With further annealing at 500
these lines correspond to the face centered cubic (fcc) Cu, fcc-°C, however, the fcc-Co lines appear, indicating the recrystal-
Ag, and fcc-Ag structure, respectively. lization of the metastable Co-Cu alloy into fcc-Co and fcc-Cu.
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Figure 5. Energy-dispersed X-ray analysis spectra of the alloy AQ- ASTa increased over 40tC, the diffraction lines became
nanowires in Figure 1: (a) GeCu; (b) Fe-Ag; (c) Co—Ag. progressively narrower due to the growth of particle size.

4.2. Magnetic Properties.4.2.1. Coerdiity. The effect of

As Ta increased over 500C, the diffraction lines became Ta on the coercivity measured at room temperature is shown in
progressively narrower due to the growth of particle size. Figure F19uré 7ac for C%"Cdlcjfo'd Fezﬁg'\jlo' and ?Q;.?gsztafl.lloil
6b indicates that the fcc-Ag structure is not changed upato hanowire arrays embedded in |, Fespectively. AL Tirst, we
_ o . . note that the coercivity measured with the external field applied
= 300°C. With further annealing at 400, however, the body . .

ntered cubic (beax-Ee lin r indicating the recrvs- perpendicular to the sample surfae&:() is always larger than
ce”_ ere Cl; ﬁ( co ebl es appea}I, . caf g the Zcbys that of the parallel oneH¢") in all figures, due to the preferential
ta |zat|on.o the metastable Fe-Ag alloy mFo cp-Ag and bce- Jiantation of the nanowire.
Fe. ASTA_ increased over 400C, the diffraction lines becz_almej As shown in Figure 7a, the perpendicular coercivige()
progressively narrower. The phase structural characterizationsyt the ordered CaCuso nanowire arrays embedded in AAM
of the Co-Ag alloy nanowire arrays during the annealing increases dramatically wittls over 300 °C, reaches its
process have been shown in Figure 6c. The fcc structure ismaximum (429.1 Oe) at 50T, and then decreases sharply as
preserved up t@a = 300 °C. With further annealing at 400 T, is increased further. Parts b and ¢ of Figure 7 reveal that the
°C, however, the fcc-Co lines appear, indicating the recrystal- temperature dependence lég- for the ordered FgAggo and
lization of the metastable CeAg alloy into fcc Co and fcc CousAgge alloy nanowire arrays. It can be seen that the’


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp013115d&iName=master.img-004.png&w=238&h=522
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp013115d&iName=master.img-005.png&w=222&h=485

2506 J. Phys. Chem. B, Vol. 106, No. 10, 2002 Wang et al.

(a) 500 (a) 6.0 °
—
450 | €L
a = 45 O
=
w ‘T D/ 5 /
) o E Jo
Z wto— § sof
3 3
o & o
8 00} o
© a st
250 |- z =
o o—9 O— &
200 1 I ! L ) I 0.0 | ) ' i 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Annealing temperature [’C] Annealing temperature ['C}
b) 280 (b) 2.0
(b) T
240 _ o0 O
E] o (@]
200 g 19 /
") “E’ o
@) =] = -~
= 160 -~
z g 5 10t -
> = —
5 120 } /':l g o -
8 ®
S 80r o i S 05¢
00~ 0-—0 o o v
40+t 2
0 ] 1 1 1 1 1 00 ) L 1 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Annealing temperature [°C] Annealing temperature ['C)
200 i
(© 1g (c) *°
16 -
150 =) (o)
o
2 100} 2 °
5 E o8|
5 o ) 2 )
o 0 =)
© sl // S o4}
o—97° o
o
00 . . . . . .
0 L 1 Il 1 1 1 0 100 200 300 400 500 600
0 100 200 300 400 500 600 Annealing temperature [DC]
. 0
Annealing temperature [ C] Figure 8. Room-temperature saturation magnetization as a function

Figure 7. Room-temperature coercivity of the nanowire arrays ©Of annealing temperaturg: (a) Co-Cu; (b) Fe-Ag; (c) Co-Ag.
embedded in AAM as a function of annealing temperaliyrfeneasured . . o .
with the external field applied parallell,(circles) and perpendicular ~ the temperature where thé:" is maximal. This is most likely
(O, squares) to the surface of the samples: (a)-Co; (b) Fe-Ag; to happen when ferromagnetic metal grains come in contact
(c) Co-Ag. and begin to sinter together.

In addition, we can see that, with the increase of annealing
variety tendency of these alloy nanowire arrays with an increase temperature, the change has not been observidd'iim Figure

of annealing temperature is the same as that o§Q®gq alloy 7, which is much different from that in the ferromagnetic

nanowire arrays. These phenomena are similar to these of thenonmagnetic alloy films. This may be attributed to the structural
Co—Cu, Fe-Ag, and Cce-Ag alloy films 17719 As T, is difference between the films and the nanowires. We know that
increased, a very small change occurs Hi", until the the ferromagnetic metal particles will form and grow along every

temperature where an obvious increaséliy is seen. So this  direction of the ferromagnetienonmagnetic alloy films in the
phenomenon can be attributed to the appearance of a smallannealing processes, which makes contribution to not gly
single domain ferromagnetic metal such as Co, Fe precipitatesbut alsoH¢'. But the ordered ferromagnetimonmagnetic alloy
formed in these ferromagnetimonmagnetic alloy nanowire = nanowires with high aspect ratios (length to diameter, about
arrays. AsTa is further increased, these ferromagnetic metal 1000) in AAM are separated from each other, namely the
grains grow larger in size, leading to the increaseigf. This nanowires have highly anisotropic structure. Hence the forma-
tendency continues until the critical size for these single domain tion and growth of the ferromagnetic metal particles will be
particles is exceeded or when most of the particles begin to limited along the direction parallel to the nanowires in the
coalesce. The maximum perpendicular coercivities ghCuao, annealing process, which makes a great contributiokldd
FeoAggo, and CasAgse Nanowire arrays embedded in AAM  but little to HZ'.

are about 239.5, 429.1, and 183.1 Oe at 500, 400, and@p0 4.2.2. Saturation Magnetizatiorfigure 8a-c show the
respectively. BuHcH decreases ak is further increased over  saturation magnetizatioriMis) measured at room temperature
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