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Perpendicular giant magnetoresistance of multilayered Co/Cu nanowires
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We have successfully fabricated multilayered Co/Cu nanowires with different diameters and various layer

thicknesses by electrodeposition. They display a large perpendicular giant magnetoresistance up to 11% at

room temperature and 22%%uo at 5 K. The spin-flip diffusion length has been directly measured to be about 210
A for this system.

Recently, the phenomenon of giant magnetoresistance
(GMR) has attracted a great deal of attention for fundamental

interest and technological applications. GMR was discovered
in certain Fe/Cr structures, and subsequently in other mul-

tilayers in which the interlayer exchange coupling results in

an antiferromagnetic alignment of the adjacent magnetic
layers. ' The later observation of GMR in granular systems
offers another medium with which GMR can be realized. '

To date, materials that exhibit GMR have been made mostly
by sputtering and molecular-beam epitaxy (MBE), which re-

quire high or ultrahigh vacuum. Recent advances in electro-
chemical techniques have shown that multilayers ' and ar-

rays of nanowires can be deposited from solutions at
ambient temperature and pressure. In this work, we report
the fabrication of nanowires of multilayers, and the observa-
tion of GMR in such materials.

In multilayers, GMR can be observed more commonly in
the current-in-plane (CIP) geometry, whereas that of current-
perpendicular-plane (CPP) geometry is much more difficult
because of the extremely small resistance involved. The only
successful experiments on CPP GMR utilize either a sen-
sitive superconducting-quantum-interference-device-based
system on multilayers with approximately 1 mm in cross
section, or microlithographically structured pillars with
6—130 p, m in cross section. Arrays of nanowires with
multilayers are another medium that provides a CPP geom-
etry, with cross sections as small as 700 nm, which is more
than four orders of magnitude smaller.

Sample fabrication begins with Nuclepore polycarbonate
membranes of two kinds: membrane thickness =6 pm, pore
size =30 nm, with a pore density =6X10 pores/mm;
membrane thickness =10 p,m, pore size =400 nm, with a
pore density =10 pores/mm . A thin Cu layer (-0.3 p, m

thick) is sputter-deposited onto one side of the membrane
and used as the working electrode in a standard three-
electrode electrochemical cell. The electrolyte, confined to
the other side of the membrane, contains 50 g/liter Co in the
form of cobalt (II) sulfate heptahydrate, 0.5 g/liter Cu in the
form of copper (II) sulfate pentahydrate, and 40 g/liter boric
acid. Cu and Co were deposited at —0.16 and —1.00 V,

respectively, relative to the Ag+/AgC1 reference electrode.
At —0.16 V, only Cu is deposited, whereas at —1.00 V, both
metals are codeposited. However, because the Cu concentra-
tion in the solution is so low, the deposition of Cu is diffu-
sion limited. Therefore, with a fast Co deposition (e.g., in
400-nm pores, the deposition rate of Co is about 60 A/s,
fifteen times higher than that of Cu), only a small amount of
Cu is codeposited in the Co layer. Depositions at —1.00 V
onto Si wafers sputter-coated with Ag show about 7 at. % Cu
impurities in Co as determined by energy dispersive x-ray
microanaiysis (EDX). The compromise between a reason-
ably fast deposition rate and a tolerable impurity level has
led us to the growth conditions.

During deposition, the applied potential is set by a poten-
tiostat controlled by a coulometer, which integrates the
amount of charge passing between the working electrode and
the counter electrode. The potential is switched when the
amount of charge corresponding to a designed layer thick-
ness is reached. Calibrations of the Co and Cu deposition
efficiencies have been carried out separately, on Ag-coated
Si, by comparing the actual weight of the material deposited
with that calculated from the recorded charge. This proce-
dure takes into account that hydrogen evolution occurred
during the deposition process, primarily in Co plating, which
also contributes to the charge accumulation monitored by the
coulometer. Another precaution taken is a few seconds open-
circuit interruption during the transition from Co to Cu
deposition to avoid severe Co dissolution during the copper
deposition cycle which could damage the interface and leave
the Co layer thickness inaccurate.

Our initial test run has been carried out by growing Co/Cu
multilayers on Ag-coated Si. Figure 1 shows the small-angle
x-ray diffraction pattern of a [Co(48 A)/Cu(30 A)]2pp sample.
Diffraction peaks up to seventh order have been observed,
indicating good multilayer quality. The bilayer thickness de-
termined from the peak positions is L = 80 A, matching the
designed value. Magnetic measurements performed on a vi-
brating sample magnetometer reveal the expected shape an-

isotropy with an in-plane easy axis. For the fabrication of the
arrays of nanowires, deposition is initiated from within the
pores onto the sputtered Cu film and continues until the
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FIG. 1. Small-angle x-ray diffraction pattern of a [Co(48 A)/
Cu(30 A)]2OO sample grown on Ag-coated Si.

pores are completely filled. For all samples, the Co layer
thickness has been kept at 50 A, while the Cu layer thickness
has been varied from a few to several hundred angstroms.
With the 6- or 10-pm-thick membranes, the nanowires thus
made contain several hundred to a few thousand bilayers.

A scanning electron microscope (SEM) micrograph of the

top view of a membrane with 400-nm pores is shown in Fig.
2(a). An SEM micrograph of the 400-nm nanowire arrays,
after the polycarbonate membrane has been etched away, is
shown in Fig. 2(b). The poorly aligned nanowires shown in

Fig. 2(b) are due to the loss of support from the membrane.
Transmission electron microscopy (TEM) is used to study
the structure and morphology of the layered nanowires re-
moved from the membrane. Figure 2(c) shows a TEM
picture of a free-standing 30-nrn-diameter nanowire of
[Co(50 A)/Cu(20 A)]sso. Because of the intrinsically poor
contrast between Co and Cu, the multilayer nature of the
nanowire is only partially illustrated. Electron diffraction
patterns obtained from the individual grains show that they
are polycrystalline. X-ray diffraction has also been used to
study the structure of the nanowires with the sputtered Cu
electrodes etched away. The spectrum shows only an fcc
structure, indicating that the multilayers are fcc Co/fcc Cu,
the same as that in bulk Co/Cu multilayers fabricated by
vacuum deposition.

Caution has been exercised with regard to resistance and
magnetoresistance measurements. After the completion of
the deposition of the Co/Cu multilayers in the nanowires, the
potential is fixed at —0.16 V in order to cap each nanowire
with Cu. After suitable cleaning of the top membrane sur-
face, another Cu layer is then sputtered onto the Cu caps to
electrically connect all of them. Using a simple photoresist
technique, the Cu layers are etched away except a thin strip
(-100 p, m) remains, and that the two Cu strips on the top
and the bottom surface of the membrane are perpendicular to
each other. Because many Cu caps tend to fall off in these
additional processes, we have used SEM to determine the
number of nanowires (-200) within the overlapping region

(—100X 100 p, m ) between the two perpendicular Cu strips
that are connected to both Cu strips. Current leads and volt-
age leads are attached to the Cu strips using Ag epoxy. The
typical resistance of the 30- and 400-nm-diameter nanowires
thus measured is on the 10- and 10 -0 scale, respectively.

FIG. 2. (a) Top-view SEM image of a membrane with 400-nm
pores, (b) SEM image of 400-nm multilayered nanowires with
the membrane removed, (c) TEM picture of a free-standing
30-nm-diameter nanowire with layered structure [Co(50 A)/Cu(20
A)1850

Figure 3 shows the GMR results of [Co(50 A)/Cu(8
A)]ippp, typical of the 30-nm nanowires, at room tempera-
ture and 5 K with field perpendicular to wires. At room tem-
perature, 11% GMR (with respect to the saturation resistance
R, at 50 kOe) is observed with a zero-field resistance of 38
A, with no discernible hysteretic characteristics. At 5 K,
GMR of 22% with hysteretic behavior is observed. The ini-
tial resistance at H=O is noticeably larger than the field-
cycle MR, a feature commonly observed in GMR materials
particularly in the CPP geometry. It is also noticed that the
coercive field (H, ) of the magnetic hysteresis loop is smaller
than H~, at which MR reaches the maximum. The satura-
tion field (H, ) increases from 1.8 kOe at room temperature
to 3.7 kOe at 5 K.
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The temperature dependence of the resistance and GMR
has been studied by measuring the sample resistance in zero
field where the resistance is maximum and at 50 kOe where
the resistance is saturated. In the CIP Co/Cu GMR measure-
ments, the decrease of GMR (AR/R) with increasing tem-
perature is mainly due to the temperature dependence of the
resistance (R), whereas the resistance change (AR) is essen-
tially temperature independent. In the present case, as
shovrn in Fig. 4, both R and AR have fairly strong tempera-
ture dependence. In particular, R increases and AR decreases
with T, such that the magnitude of GMR (b,R/R) decreases
linearly with T.

The critical length scale of the GMR effect in CPP geom-
etry is the spin-flip diffusion length (l,r), ' over which the
conduction electron spin is relaxed. When the Cu layer thick-
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FIG. 4. Temperature dependence of (a) the resistance (R), (b)
the change of resistance (—I R, —R(0)]), and percentage change of
resistance (—

I R, —R(0)]/R, ) of 30-nm
I Co(50 A)/Cu(20 A)]sso,

where R(0) and R, are the resistance at 0- and 50-kOe field.

FIG. 3. Magnetoresistance measurements at (a) 5 K and (b) 293
K of 30-nm nanowires with layered structure

I Co(50 A)/Cu(8
A)]topp . The applied magnetic field is perpendicular to the wire.
The corresponding magnetic hysteresis loops at (c) 5 K and (d) 293
K are also shown.
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FIG. 5. The GMR effect of 400-nm
I
Co(50 A)/Cu(t c„)]„mul-

tilayered nanowires at 5 and 293 K as a function of the Cu layer
thickness (tc„).
ness exceeds the spin-Aip diffusion length, the conduction
electrons would not remember the spin disorder as they pass
through adjacent Co layers. The Cu layer thickness (t&„)at
which GMR diminishes to zero should be regarded as a rea-
sonable measure for the spin-Aip diffusion length. We have
studied a series of 400-nm nanowires with a fixed Co layer
thickness of 50 A and various Cu layer thicknesses. Figure 5
shows the GMR at 5 and 293 K of these samples as a func-
tion of Cu thickness. Figure 5 clearly shows, for large Cu
thicknesses (tc„~100A), the GMR effect decreases with

0
increasing tc„,and approaches zero when tc„=210A, and

0
remains so for larger tc„.This value of 210 A directly mea-
sures the crucial spin-Aip diffusion length. From the data at 5
and 293 K, shown in Fig. 5, the value of l,f is essentially
temperature independent.

Also shown in Fig. 5, for smaller Cu thicknesses
(tc„~100A), there appears to be clear oscillations of the
GMR effect, a phenomenon well established in sputtered
and MBE-grown Co/Cu multilayers. However, in the
present case, the layered structure, the purity of the layers,
and the sharpness of the interfaces have been partly tainted
by the electrodeposition process. Before the electrodeposi-
tion process is further perfected, although such oscillations
are clearly noted, its significance remains to be further ex-
plored.

Because of the known contamination of the Co layers
with several percent of Cu, it is essential to establish that the
GMR effect is due to the multilayer structure in the nano-
wires. A series of alloyed Co-Cu samples have been fabri-
cated using the same process except with a single deposition
potential, intermediate between —0.16 and —1.00 V, which
leads to the codeposition of Co and Cu. Different composi-
tions of Co-Cu alloys with 0, 20, 35, 40, and 92 at. %%uoCo
have been made. None of the Co-Cu alloy samples shows
any GMR effect, except the expected and very small aniso-
tropic MR effect ((1%).These measurements conclusively
demonstrate that the observed GMR in nanowires is inti-
mately related to the layered structure.

As to the mechanism of GMR, it is well established that
spin disorder within some characteristic length scale (spin-
flip diffusion length for the CPP geometry) is essential to
GMR. There are generally two ways to realize the spin dis-
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order, using either antiferromagnetic interlayer exchange
coupling or uncorrelated magnetic moments. For our multi-
layered nanowires, in the thin Cu layer thickness regime
(tc„(30A), the antiferromagnetic interlayer exchange cou-
pling is expected to be responsible for GMR. For samples
with tc„in this regime, the saturation fields (H, ) all have
substantial increases from room temperature to 5 K. As the
saturation field is intimately related to the antiferromag-
netic interlayer exchange coupling strength (J) via
H, = —41/M, tF, where M, is the saturation magnetization
and tF is the magnetic layer thickness, the change in 0,
indicates a temperature sensitive interlayer exchange cou-
pling. As Cu layer thickness becomes larger (tc„)30 A), the
interlayer exchange coupling is expected to become very
weak and GMR diminishes according to this mechanism.
Therefore, the large GMR effect for tc„)30A should be
credited to the other mechanism of uncorrelated magnetic
moments. The probable scenario is that when tc„)30A, as
the interlayer coupling becomes too weak, the magnetic mo-
ments in the adjacent Co layers become uncorrelated. The
contribution to GMR from uncoupled moments persists to

0
even tc„~150A, where any antiferromagnetic interlayer ex-
change coupling has surely died out. At even larger Cu layer
thicknesses, a terminating factor for GMR, the spin-Aip dif-
fusion length l,&, sets in. The eventual disappearance of
GMR at tc„=210A therefore directly measures the spin-Aip
diffusion length.

We have also looked into the nanowire resistance. For
example, in the case of the 30-nm-diameter multilayered
[Co(50 A)/Cu(20 A)]sso nanowire, we have found a resis-
tance per nanowire of about 10 A. If one uses the resistivity
values of 5.8X 10 and 1.7X 10 0 m for bulk Co and Cu,
respectively, each nanowire would have a resistance of 400
A. The main contribution to the extra resistance then should
be due to interface resistance. Lee et al. , using CPP geom-
etry, found ART to be about SX10 Am for sputtered

Co/Cu, where RT is the resistance per interface and A is the

cross section. In the present case, if we attribute all the extra
resistance to interface resistance, we obtain 40X 10 ' Q m
per interface, roughly eight times larger. While in the case of
400-nm-diameter multilayered [Co(50 A)/Cu(105 A)]sso
nanowire, we have found a single-wire resistance of about 26
A. When the same treatment is applied, we find AA'T to be
about 23X10 Q m, again more than four times larger
than the value of Lee et al. , but smaller than that found in the
30-nm case. We believe boundary scattering effects arising
from the extremely small wire diameters have played an im-
portant role, as indicated clearly by the further resistance
enhancement observed in 30-nm nanowire samples. The val-
ues of ARz most likely have been overestimated because the
contributions due to boundary scattering effects as well as
impurity scattering have not been taken into exact account.
Nevertheless, these results show that the overall resistivity of
the multilayered nanowires is considerably higher than those
of vacuum-deposited multilayers. This fact is rejected in the
smaller spin-fiip diffusion length observed, as well as its lack
of appreciable temperature dependence.

In conclusion, we have successfully fabricated multilay-
ered Co/Cu nanowires by electrodeposition and have studied
their structural characteristics. We have observed a large per-
pendicular GMR effect, and directly determined the crucial
spin-flip diffusion length of about 210 A. We have demon-
strated a medium, different from multilayers and granular
solids, where GMR can be explored using electrodeposition
process. This process also provides a simple and effective
way to achieve large perpendicular GMR effect, which is of
importance in both practical applications and fundamental
interest.

Rote added. Recently, two studies on the GMR effect of
multilayered Co/Cu nanowires ' have appeared.
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