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Potential Modulated Multilayer Deposition of Multisegment Cu/Ni
Nanowires with Tunable Magnetic Properties
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Potential modulated multilayer deposition has been used to fabricate a series of multisegment Cu/Ni
nanowires with diameters in the range of440 nm. We show how the composition and microstructure
are dependent on the deposition potential. The aspect ratio of the ferromagnetic nickel segments was
varied from 0.1 (disk-shaped) to 2.5 (rod-shaped). The coercivity and remanence of the nanowires are
strongly dependent on the diameter and aspect ratio as well as on dipolar coupling between the
ferromagnetic segments. Micromagnetic simulations were used to model the magnetization hysteresis
loops. These results show how potential modulated multilayer deposition can be used to tailor the properties

of ferromagnetic particles.

Introduction

using this technique. In some cases, multilayer nanowires
of two components can be electrodeposited from the same

The magnetic behavior of nanoscale ferromagnetic objectsgq|tion. Systems that have been studied include C&/CY,
is strongly dependent on both size and shape. AsymmetricNi/Cu,zl,zz CoNi/Cu2°23 NiFe/Cu24-26 and Ag/Au?’28
particles, such as nanowires and nanorods, exhibit unique The magnetic properties of single component nanowires
magnetic properties as a result of their inherent shape 4re gependent on the diameter and composition. Ferromag-
anisotropy.™* For example, a magnetized ferromagnetic netic nanowires generally exhibit very large coercivity and
nanowire usually has an easy axis parallel to the wire axis \emanence along the magnetic easy axis, parallel to the wire
and, in. a 'suspension, will align parallel to an external axis, due to the inherent shape anisotropy and reduced
magnetic field: dimensions. The coercivity and remanence are dependent
Electrochemical template synthesis is a versatile techniqueon the nanowire diameter and hence can be tuned by selection
for producing single component and multisegment nanowires of the appropriate nanowire dimensions. The Curie temper-
and nanorod8&’ Ferromagnetic nanowires of metals such as ature decreases with decreasing nanowire diameter and hence
Fe289Co+101and Nit1213as well as ferromagnetic alloys  can be used to tailor the magnetic respofise.
such as CoPt}!° FePti® and FeCd; have been fabricated
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Multilayer ferromagnetic/nonmagnetic (FM/NM) nano- angle of the diffraction peak (deg). Note tigft= b2 — 52, where
wires exhibit novel properties, such as giant magnetoresis-b is the experimental fwhm anfl is the instrumental broadening
tance, as a result of the interlayer coupling between the (0.06"). Film compositions were determined from the position of
ferromagnetic segments. In multilayer nanowires, the currentthe (111) peak. In previous work, we have shown that the lattice
is perpendicular to the plane of the layers, providing a unique Parameter obtained from the (111) peak is proportional to the

composition of the filn?® Thus, the peak shift is related to the
geometry for the study of such effects as compared to o X o . .
. - L alloy composition through Bragg’s Lawt = 2d sin 6, whered is
multilayer thin films where the current is in the plane of the

o . . the interplanar spacing ar@tlis the diffraction angle.
layers. The ability to control the size and aspect ratio of The composition of the Gli,_ films was also determined using

ferromagnetic segments in multilayer nanowires allows ayger electron spectroscopy (PHI 610 Scanning Auger Microprobe)
additional degrees of freedom that have not been widely from analysis of the characteristic £(®20 eV) and Ni (716 eV)
explored. In this paper, we report on the fabrication of peaks Film compositions were obtained from integration of the
multilayer Cu/Ni nanowires using potential modulated mul- Auger peaks and calibrated with respect to the pure copper film
tilayer deposition (PMMD) from a solution containing both deposited at-0.05 V32

Ni?t and C@* ions. In multilayer FM/NM multilayers For transmission electron microscopy characterization, the
fabricated using PMMD, the ferromagnetic layer is a nanowires were stripped from the template. First, the sputtered gold
CuNiy_« alloy. We use thin film deposition to show how layer on the polycarbonate template was r_emoved by contact with
the deposition potential influences the composition and mercury. The template was then immersed in chloroform to dissolve

microstructure of the ferromagnetic {li;—4 layer. We then t.he polycarbongte a_nd release the nanowires. The hanowires were
. . . . rinsed sequentially in acetone, ethanol, and deionized water and
show how the magnetic properties of multilayer nanowires

d d h 0 of the . (%hen stored in ethanol or deionized water. TEM samples were
epend on the aspect ratio of the ferromagnetic segment an repared by placing a drop of the nanowire suspension onto a TEM

on dipolar coupling between the ferromagnetic layers through griq (Ted Pella, Carbon Type-B, 400 mesh). Transmission electron
the nonmagnetic layer. PMMD represents a versatile tech- microscope images were obtained on a Phillips 420 TEM at 120
nique to tailor the magnetic response of ferromagnetic kv.

nanowires. The magnetization hysteresis loops of arrays of multilayer
nanowires were measured at 25 K using a Quantum Design MPMS
Experimental Procedures superconductor quantum interference device (SQUID). The mea-
surements were performed on nanowire arrays with the gold layer
Thin films and nanowires were deposited from a solution removed from the template. Samples were about 1(% comre-
containing 0.5 M NiSQ(Sigma-Aldrich, CAS 10101-97-0), 5mM  sponding to about Ehanowires. The saturation magnetization was
CusQ (Alfa Aesar, CAS 7758-99-8), and 0.6 M HB(AIfa Aesar, on the order of 16" emu. TheM—H curves were recorded both
CAS 10043-35-3) (pH= 3.5). Electrochemical experiments were  perpendicular Hip) and parallel ) to the wire axis. A poly-
performed under ambient conditions in a three-electrode Teflon cell carhonate template was used as a reference.
with a platinum counter electrode and a Ag/AgCl (3 M NaCl)
reference electrode. All potentials are reported with respect to the
Ag/AgCI reference Jeq = 0.200 V vs SHE).
Thin CuNi,— films were deposited on silicon (111) wafers with
a 200 nm thick (111) textured Au film @a 5 nm Cradhesion m-L; an exchange stiffnes#, = 9 x 1012 J nT'%; an anisotropy
layer at a constant potential in the range-5.05 to—1.2 V. The constantK; = —5.7 x 10® J nT3; and a damping coefficient
deposition charge was fixed at 2.8 C cheorresponding to a film 05.
thickness of about &m. The deposition efficiency was 0.88.90.
Cyclic voltammetry was performed from 0.4 t61.0 V at a scan
rate of 10 mV s!. Reproducible scans were obtained after two to

three cycles. _ _ o _ Electrodeposition of CuNiy—, Thin Films and Cu/Ni
Multilayer Cu/Ni nanowires were deposited in /m thick Multilayer Nanowires. Electrodeposition of multilayer thin
polycarbonate templates (Osmonics Inc.) with nominal pore fymg from a single solution containing the ions of the two
diameters of 30 nm (pore density 6 10® cm2), 50 nm (pore . . . .
density 6x 1CF cm-2), and 100 nm (pore density 3 10° cm 2) components is achieved by .modulatlon Qf the potential (qr
current) and usually results in the deposition of a composi-

The average nanowire diameters, determined from TEM images, . I dulated il ith a bil it of
were about 40, 75, and 140 nm, respectively, slightly larger than tionally modulated multifayer with a bilayer repeat unit o

the nominal pore diameter. A 16B00 nm thick gold layer was  the form AB1-/A\B1-**3 For the case where the differ-
sputtered onto one side of the template at 5 mTorr as a working €Nce in equilibrium potentials of A and B is sufficiently large
electrode for deposition. Ni and Cu layers were electrodeposited (typically > 0.4 V) and the concentration of the more noble
at—1.0 and—0.16 V, respectively. component is very low (i.e., [K] < [B™]), multilayers of

The structure and composition of Ni;— alloy thin films were
determined from X-ray diffraction measurements (Phillips X'Pert (30) sun, L.; Chien, C. L.; Searson, P. Chem. Mater2004 16, 3125~
PW 3040) with a Cu I& source. The lower limit of the grain size 3129.

; ; ; (31) Chastain, J. C.; King, R. ®landbook of Photoelectron Spectroscppy
was estimated from the peak broadening using the Scherrer Physical Electronics: Eden Prairie, MN, 1995.

equationi? B = ki/s cos6, whereB (rad) is the full-width at half-  (32) czanderna, A. WMethods of surface analysi€lsevier Scientific
maximum (fwhm) in the 2 scan,k is a constant (0.94), is the Pub. Co.: Amsterdam, 1975. _
X-ray wavelength (0.154056 nm3,is the grain size, and is the (33) Yahalom, J.; Zadok, Ql. Mater. Sci.1987 22, 499-503.
(34) Lashmore, D. S.; Dariel, M. B. Electrochem. S0o4988 135, 1218~
1221.
(29) Jenkins, R.; Snyder, R. Introduction to X-ray powder Diffractometry (35) Tench, D. M.; White, J. TJ. Electrochem. Sod99Q 137, 3061~
Wiley: New York, 1996. 3066.

Micromagnetic simulations of ferromagnetic/nonmagnetic
multilayer nanowires were performed using the OOMMF software
package (NIST). The relevant parameters used for nickel in the
simulations were a saturation magnetizatitty = 4.9 x 1P A

Results and Discussion
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Figure 1. Cyclic voltammogram for gold in 0.5 M NiS£0.005 M CuSQ, _'ﬁ S w ALY
and 0.6 M HBQ at a scan rate of 10 mV'§& I\ '
U . v -0y
the form AB,_/A can be deposited. In this case, A (e.g., i b PO SO b
Cu) is deposited at more positive potentials, and gB; A
alloy (e.g., CuNi;—,) is deposited at more negative potentials. o " |
Although we focus here on the deposition of Cu/Ni [ =
multilayer nanowires from solution containing both Cu(ll) g LI e
and Ni(ll) ions, it is important to determine the properties @ = i ‘
of the ferromagnetic Gii,— layer. Thus, we first describe g i
results of experiments on thin films to determine the
influence of deposition potential on the film composition and A, e LRSS REO R
microstructure. RE 08 04 0
Figure 1 shows a cyclic voltammogram for gold in 0.5 M WV vs. AglagCl]

NiSO,, 0.005 M CuS@, and 0.6 M HBOs;. On scanning Figure 2. (a) X-ray diffraction patterns for GMi;— thin films as a function

i ; ; ; ; of deposition potential. The dashed lines correspond to the Ni (111) and
the patentlal negative from the open circuit patential, the Cu (111) peaks at 44.507 and 43.297spectively. (b) Grain size vs the
current onset at abotit0.05 V is followed by a small peak  geposition potential.

associated with the nucleation and growth of copper. The

current onset for copper deposition is close to the equilibrium 1.0} ' et
potential for the C&"/Cu couple in this solutiote(Cu?t/ anl i

Cu) = 0.072 V. Due to the low CU concentration, the

deposition is diffusion-limited over a wide potential range a “of

from about—0.15 V to the onset of nickel deposition at about " aal J

—0.7 V. The equilibrium potential for the Rii/Ni couple in .2'

this solution is UeNi?*/Ni) = —0.468 V, indicating a o UL e

nucleation overpotential of about 0.23 V. On the reverse scan, 0 i}

there is little hysteresis in the nickel deposition region, and 10 05 0

the diffusion-limited deposition of copper is seen up to about HIENLOIneN
Figure 3. Dependence of film composition on deposition potential) (

0 V. The single oxidation peak is associated with the A ool . g
. L . . . . . . uger electron spectroscopy amd)(X-ray diffraction. CyNi;— thin films
stripping of copper; nickel dissolution is negligible in this \ere deposited from 0.5 M NiS00.005 M CuSQ, and 0.6 M HBQ.
solution®> The electrochemical etching of copper from
CuNi;— alloys has been exploited in the synthesis of decreases rapidly to a value of about 0.10-At0 V, where
nanoporous nickel film&? we deposit the Ni-rich segments of the multilayer nanowires,
X-ray diffraction patterns for GiNi,_« films show a strong  the mole fraction of Cu is about 0.12. Since the magnetization

(111) texture with no evidence of other peaks. Figure 2a Of CuNii alloys decreases with increasing copper con-
shows diffraction patterns for films deposited at potentials centration, it is desirable to minimize the mole fraction of
from —0.05 to —1.20 V. At the most positive deposition COPPer in the ferromagnetic segments. This can be achieved
potential,—0.05 V, the (111) peak is close to the value of by depositing at more negative potentials, as can be seen
43.297 for pure Cu. With increasing deposition potentials, from Figure 3; however, this must be balanced by the
the (111) peak shifts toward the value of 44.5@harac- increase in hydrogen evolution kinetics that results in poor
teristic of pure Ni. The single (111) peak at all deposition interface quality. By comparison, the Ni-rich layer in Cu/Ni
potentials illustrates that the films are a single phase solid Multilayers deposited at a constant current from a single bath
solution of nickel and copper. The grain size, determined containing 0.3 M NiS@and 0.041 M CuS®was Cu.s

from the full width at half-maximum of the (111) peak, is Nios.®

shown in Figure 2b. The grain size is about 30 nm at all TO ensure reproducible layer thickness in multilayer
deposition potentials. nanowires, the deposition charge rather than the time for

Figure 3 shows the dependence of the film composition deposition is controlled. The layer thickness for a segment

on the deposition potential. The mole fraction of Cu is close (36) Toth-Kadar, E.. Peter, L. Becsel, T Toth, 1. P T _

. e HH e . oth-Kaadar, E.; Peter, L.; becsel, |.; loth, J.; Pogany, L.; larnoczi,
to_ 1.0 at potenhals_ positive t(_) the equilibrium pqtentlal for T.. Kamasa, P.. Bakonyi, I.; Lang, G.. Cziraki, A.; Schwarzacher, W.
Ni. At more negative potentials, the mole fraction of Cu J. Electrochem. So@00Q 147, 3311-3318.
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Figure 4. (a) Applied potential vs time and (b) current vs time transient
for the deposition of [Ni(5 nm)/Cu(5 nmyo multilayer nanowires in a
polycarbonate template with a pore diameter of 50 nm and pore density of
6 x 10° cm2,

Figure 6. High-resolution TEM image of a Ni segment in a 100 nm
diameter multilayer nanowire with 10 nm Ni layers and 5 nm Cu layers.
The growth direction is thél10Odirection. The inset shows part of the
image at high magnification.

nm Ni segments (dark regions) and 5 nm Cu segments (bright
regions). This image illustrates the reproducible multilayer
structure, sharp interfaces, and nanoscale layer thicknesses
that can be achieved with electrodeposition. Note that the
nickel segments contain a small amount of copper due to
the co-deposition of copper (see Figure 3).

Figure 6 shows a high-resolution transmission electron
microscope image of a portion of a Ni-rich segment in a
multilayer nanowire. As shown in Figure 2, electrodeposited
CuNi,— films have a preferred growth direction along the
[(111direction;, however, the nickel nanowire segments
exhibit a preferred1100growth direction. The inset shows
a region with a well-defined (111) plane. From the interplanar
spacing, we estimate a lattice parameter of 3.53 A, which
corresponds to a GNi;— alloy (an = 3.524 A andac, =
is given byt = nQVn/nFA, wheren is the deposition 3.615 A) withxc, &~ 0.07, slightly lower than the value of
efficiency, Q is the charge passeWy, is the molar volume  0.12 obtained for thin films from Auger electron spectros-
of the component; is Faraday’s constant, ardis the total copy.
area of the pores. The potential was switched when the Dubois et aP* reported on the deposition of 90 nm
charge reached a value corresponding to the required layeriameter Cu/NiFe nanowires in polycarbonate templates from
thickness. Multilayers were deposited by switching between a single sulfate bath. TEM analysis of the nanowires revealed
—0.16 and—1.0 V. Figure 4a shows a typical applied a[1100growth direction for the NiFe layers along the wire
potential waveform, and Figure 4b shows the corresponding axis. Wang et a#? reported on the deposition of 70 nm
current response for deposition of multilayer nanowires with diameter Cu/Ni multilayer nanowires fro 2 M nickel
5 nm Cu and 5 nm Ni. Since the Ni(ll) concentration is sulfamate and 0.02 M copper sulfate (pH3.5-4.0) into
relatively high (0.5 M), the current associated with nickel polycarbonate templates. The preferred growth direction for
deposition at-1 V is relatively large, and the 5 nm nickel the Ni segments was along tli#11direction. Although
layers are deposited in about 0.25 s. In contrast, the Cu(ll) these results suggest that the prefetid@ growth direction
concentration is much lower (5 mM), and the copper is associated with the sulfate solution, the pore diameter and
deposition current is much lower; hence, 5 nm copper layers deposition potential also influence the microstructure.
are deposited in about 6 s. A common feature of the microstructure of multilayer

Figure 5 shows a bright field transmission electron nanowires electrodeposited in porous templates is stacking
microscope image of a Cu/Ni multilayer nanowire with 40 faults?® Figure 7 shows a high-resolution transmission

-

Figure 5. Transmission electron microscope image of a 140 nm diameter
nanowire with 40 nm Ni layers and 5 nm Cu layers.
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Figure 7. High-resolution TEM image of a Ni segment in a 100 nm
diameter multilayer nanowire with 10 nm Ni layers and 5 nm Cu layers
showing a high density of twins. The inset shows the stacking of adjacent
{111 planes.

electron microscope image of the Ni-rich segment of a Ni/
Cu multilayer nanowire. In this segment, a series offtt1}

twins are seen adjacent to a twin-free single crystal. The
segment is oriented such that the (111) plane can be clearly
seen. As described previously, growth occurs preferentially
along the[1100direction. The fcc stacking twin structure i
can be clearly distinguished in the inset. We note that strong = 4 0 4 8
twinning has been reported for nickel films deposited from H{kOe)

sulfamate solution on Cu (110) and Cu (]_ﬂ_)_ Figure 8. Magnetic hysteresis loops of electrodeposited Cu/Ni multilayer
; ; ; : ; nanowires embedded in polycarbonate templates. (a) [Ni(125 nm)/Cu(125
Magnetic Properties of Cu/Ni Multilayer Nanowires. nm)lo. d — 50 nm (rod-shaped Ni segments; aspect ratic.5); (b)

Ferromagnetic nanowires exhibit unique and tunable mag- [Ni()ioo nm)/Cu(100 nm}p, d = 100 nm (intermediate-shaped Ni segments;
netic properties due to the inherent shape anisotropy and thespect ratio= 1.0); and (c) [Ni(5 nm)/Cu(5 nmjo, d = 50 nm (disk-
small wire dimensions. In fcc Ni, the magnetic easy axis is ShaPed Ni segments; aspect ratic).1).

along the [111] direction, and the magnetic hard axis is along Table 1. Summary of Magnetic Properties of Multilayer Nanowires

the [100] direction. However, the magnetocrystalline ani- [Ni(125 nm)/  [Ni(100 nm)/ [Ni(5 nm)/
sotropy for nickel is relatively small with an anisotropy Cu(125nm)lo  Cu(100 nm)}o  Cu(5 nm)bso
energy constant oK; = —4.5 x 10* erg cnt3, about an d (nm) 50 100 50
order of magnitude lower than for Fe and 2 orders of FM aspectratio 2.5 1.0 0.1
magnitude lower than for C#. As a result, the magnetic Eg §’D’)) ((8?) g?g 11225 fgg
response is dominated by the shape and aspect ratio of the m,m; (/1) 0.77 0.22 0.09
nickel segments. Also, from the pore density in the poly- MdMs(D) 0.43 031 0.07

carbonate membranes, the average spacing between the
nanowires is 358400 nm. These dimensions are sufficiently nm diameter [Ni(125 nm)/Cu(125 nmg]multilayer nano-
large that wire-wire interactions can be neglectgd. wires where the ferromagnetic Ni segments have an aspect
The transition between multidomain and single domain ratio of 2.5. The easy axis is parallel to the wire axis, as can
structures is dependent on diameter and aspect ratio. Nickebe seen from the large remanendd/Nls = 0.774) and
nanowires with an aspect ratio of 10 would be expected to coercivity Hc = 790 Oe). Perpendicular to the wire axis,
be single domain for diameters less than about 60%hm. the magnetization curves are characterized by small rema-
For an aspect ratio of 2, the critical diameter decreases tonence (0.432) and coercivity (570 Oe) and a large saturation
about 150 nm. Thus, most of the nickel segments in this field (<4500 Oe). The results are summarized in Table 1.
study are expected to be single domain. Figure 8b shows MH curves for 100 nm diameter
Figure 8 shows M-H curves for Cu/Ni multilayer nano-  [Ni(100 nm)/Cu(100 nm}h multilayer nanowires. In this
wires where the ferromagnetic Ni segments have aspect ratiocase, the aspect ratio of the Ni segments is 1.0. The
of 2.5 (rod-shaped), 1.0 (intermediate), and 0.1 (disk-shaped),magnetization curves are essentially identical with the applied
respectively. Figure 8a shows magnetization curves for 50 field perpendicular or parallel to the wire axis. In both cases,
the coercivity and remanence are very small, and the
(37) Verma, S. K.; Wilman, HJ. Phys. D: Appl. Phy&971, 4, 1167~ saturation field is relatively large. Similar features have been
1175. reported for Ni cylinders with an aspect ratio close to4.0;

(38) O’'Handley, R. C.Modern magnetic materials: principles and e
applications Wiley: New York, 2000. however, the coercivity and remanence are smaller for the
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Figure 9. Micromagnetic simulations of structures with one, two, and three ferromagnetic nickel segments. (a) A single rod-shaped Nidsegsfamt),

| =125 nm; (b) Ni(125 nm)/Cu(125 nm)/Ni(125 nng) = 50 nm; (c) Ni(125 nm)/Cu(125 nm)/Ni(125 nm)/Cu(125 nm)/Ni(125 ndw; 50 nm; (d) a single
intermediate-shaped Ni segmedt= 100 nm,| =100 nm; (e) Ni(100 nm)/Cu(100 nm)/Ni(100 nng,= 100 nm; (f) Ni(100 nm)/Cu(100 nm)/Ni(100
nm)/Cu(100 nm)/Ni(100 nm)l = 100 nm; (g) a single disk-shaped Ni segmehts 50 nm,| =5 nm; (h) Ni(5 nm)/Cu(5 nm)/Ni(5 nm)l = 50 nm; and

(i) Ni(5 nm)/Cu(5 nm)/Ni(5 nm)/Cu(5 nm)/Ni(5 nmy = 50 nm.

multilayer nanowires. The demagnetization factaigNls) small increase in coercivity along the easy axis, a small
in both directions are close to the value of/d (Hs = 2030 increase in the remanence, and a small increase in the
Oe) for a sphere, consistent with a cylinder of aspect ratio saturation field along the hard axis. While these curves
1.0. capture some of the features of the experimental results
Figure 8c shows MH curves for 50 nm diameter [Ni(5 shown in Figure 8a, there are clearly significant differences.
nm)/Cu(5 nm)}so multilayer nanowires. In this case, with Figure 9a-f shows the M-H loops for structures with

disk-shaped Ni segments, the easy axis is perpendicular toone, two, and three 100 nm diameter intermediate-shaped
the wire axis. In both perpendicular and parallel orientations, Ni segments (aspect ratio 1.0). The M-H loops are similar
the remanence (0.670.09) and coercivity (106120 Oe) both parallel and perpendicular to the axial directions, and
are small. The very small remanence along the easy axis isthe influence of dipolar coupling is relatively weak. In this
related to dipolar coupling between adjacent ferromagnetic case, the simulations with multiple nickel segments capture
segments when the separation between them is sufficientlythe key features of the experimental results.
small. This effect is particularly important for applications Figure 9g-i shows M—H loops for structures with one,
involving magnetic particles in suspension since the very two, and three 50 nm diameter disk-shaped Ni segments
low remanence minimizes magnetic aggregation of particles, (aspect ratio= 0.1). The M—H loops show that the easy
although they can exhibit a relatively large magnetic moment. axis is perpendicular to the axial direction. Dipolar interac-
Figure 9 shows micromagnetic simulations of single nickel tions between the ferromagnetic segments favor anitparallel
segments and multisegment structures with one, two, or threealignment of the magnetic moments perpendicular to the
ferromagnetic segments. The dimensions are the same as fonanowire axis. With the small nonmagnetic layer thickness
the experimental measurements described previously. Figurg(5 nm), dipolar interactions are significant, resulting in a
9a—c shows M-H loops for structures with one, two, and decrease in squarene$s/Vs) from 1.0 to almost zero with
three 50 nm diameter rod-shaped Ni segments (aspect ratidhree ferromagnetic layers. While the simulations with three
= 2.5). The curves exhibit the expected square loop parallel nickel segments capture the general features of the experi-
to the axial direction and a sheared loop with negligible ments, in particular, the dramatic decrease in remanence, the
coercivity perpendicular to the axial direction. Dipolar M—H loops obtained from experiments are noticeably more
coupling between the ferromagnetic segments favors head-sheared.
to-tail alignment of the magnetic moments along the nano- A feature of the polycarbonate templates is that the pores
wire axis but is expected to be relatively weak due to the exhibit an angular spread of up to °30This distribution
relatively large spacing (125 nm). Comparison of the curves would be expected to influence the magnetic response for
shows that dipolar coupling between segments results in ananowires with ferromagnetic segments larger than or smaller
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Figure 10. Micromagnetic simulations of 50 nm diameter Ni/Cu/Ni
structures, (a&c) Ni(125 nm)/Cu(125 nm)/Ni(125 nm) with tilt angles of
0, 10, and 20, respectively; and (df) Ni(5 nm)/Cu(5 nm)/Ni(5 nm)
structures with tilt angles of 0, 10, and 20espectively.
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and 20 with respect to the applied magnetic field. Figure
10a-c shows M-H loops for the rod-shaped nickel seg-
ments. Increasing the tilt angle results in a small decrease
in the remanence along the easy axis but a large increase in
coercivity along the hard axis. The simulations with a-10
20° tilt show good agreement with the experimental results.

Figure 10d-f shows the corresponding dependence of the
M—H loops for the disk-shaped nickel segments. Increasing
the tilt angle results in shearing of the loops both parallel
and perpendicular to the axial direction. The simulations with
1020 tilt show very good agreement with the experimental
results. The small differences can be attributed to effects
related to the nonuniformities in the layer thickness (5 nm).

Conclusion

Electrodeposition has been used to fabricate Cu/Ni mul-
tilayer nanowires. Magnetic measurements show that the
magnetic properties such as the magnetic easy axis, coer-
civity, remanence, and saturation field can be tailored by
engineering the nanowires with a different composition,
aspect ratio, diameter, and spacing of ferromagnetic layers.

than 1.0 where shape anisotropy is important. Figure 10 )
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