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Layer thickness dependence of CPP giant magnetoresistance in individual CoNi/Cu multilayer
nanowires grown by electrodeposition
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Giant magnetoresistance (GMR) effect of CoNi/Cu nanowires grown by electrodeposition using an array of
parallel through holes in anodized alumina membranes was studied in the current-perpendicular-to-plane (CPP)
geometry as a function of the CoNi and Cu layer thicknesses. The CPP-GMR measurements were carried out
by making a point contact with individual nanowires using a metallic plunger tip. In the range of the CoNi
layer thickness #con;j=2—510 nm and that of the Cu layer thickness ¢c,=4.2—42 nm, the maximum value of
CPP-GMR change observed in the CoNi/Cu nanowires was 23% at room temperature. The variation of the
CPP-GMR with tc.n; at fixed 7, and that with 7, at fixed 7cgy; 1S discussed in terms of the series-resistor
model and the Valet-Fert model for CPP-GMR. The effects of various factors such as superparamagnetism in
very thin CoNi layers and dipole-dipole interactions between CoNi layers on the CPP-GMR of CoNi/Cu

nanowires are also discussed.
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I. INTRODUCTION

Giant magnetoresistance (GMR) effect observed in mag-
netic multilayer films consisting of alternating magnetic and
nonmagnetic layers represents a relatively large change in
the electrical resistance when an external magnetic field is
applied to the films.! The GMR effect was first observed in
the current-in-plane (CIP) geometry, which has been used in
the read-head components of hard disk drives since 1997.
The study of the GMR effect is very important for the devel-
opment of science and technology for future device applica-
tions, and further research efforts have been made to better
understand the fundamental mechanism of the spin-transport
phenomena. The GMR effect of magnetic multilayers mea-
sured in the current-perpendicular-to-plane (CPP) geometry
is technologically more advantageous than that in the CIP
geometry because the CPP-GMR is usually larger than the
CIP-GMR.? It is possible to gain insights into the spin-
transport mechanism in CPP-GMR by interpreting experi-
mentally obtained GMR data with appropriate theoretical
models. The analysis using these theoretical models is ex-
pected to help in determining various physical parameters
important to explain the spin-transport properties. However,
it is technically challenging to measure and characterize the
CPP-GMR effect of a conventional multilayer thin film due
to its very small resistance across the film because the film
thickness is much smaller than its lateral dimensions. Pratt et
al. has managed to measure the CPP-GMR effect of
multilayer films at low temperatures by a complicated
method that is based on a superconducting quantum interfer-
ence device (SQUID).* The CPP-GMR effect of magnetic
multilayers has also been studied at room temperature in the
form of lithographically-patterned pillars,>S films grown on
grooved substrates,” and electrodeposited nanowires.8-!!
Electrodeposited multilayer nanowires provide an ideal op-
portunity to investigate the CPP-GMR effect since nanowires
with large aspect ratio (Iength/diameter) can be easily grown.
The high aspect ratio of nanowires would ensure much
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higher electrical resistance than that of thin films so that the
CPP-GMR effect can be measured more accurately. Elec-
trodeposited multilayer nanowires can be grown into a pore
pattern of templates made of various materials such as anod-
ized alumina and polycarbonate.®~!!

Although multilayer nanowires are ideal for the study of
the CPP-GMR effect as described above, there remains a
technical difficulty in making an electrical contact with indi-
vidual nanowires for the CPP-GMR measurements. When
nanowires are made inside the pores of a template, the con-
ventional four-point probe method cannot be simply em-
ployed in this geometry. Also, the number of nanowires used
for CPP-GMR measurements should be minimized in order
to maintain a relatively large electrical resistance. One
method to limit the number of nanowires is to coat a thin
conducting layer on the top surface of a template so that the
growth of the nanowires can be terminated when the first
nanowires reach the top conducting surface, which can be
monitored as a sudden increase in the deposition current.'?
Then silver epoxy or paste is used to secure a conducting
wire from the top surface of the template in order to establish
a closed electrical circuit for MR measurements. The use of
silver epoxy or paste may hamper subsequent measurements
such as structural or chemical composition analysis. There
are several other methods such as the conventional four-point
probe method'?® and a use of conductive-tip atomic force mi-
croscopy (CT-AFM) (Ref. 14) to measure the CPP-GMR ef-
fect of multilayer nanowires. In the case of the four-point
probe method, an individual multilayer nanowire needs to be
placed onto a stage fabricated with four nanoscale electrodes
under scanning electron microscopy (SEM) and electrically
connected with the electrodes by electron beam
lithography.!? The CT-AFM method is carried out by form-
ing an electrical contact between the conductive AFM tip and
multilayer nanowires made in the holes of a template.'*

Our first tasks in this work were to technically establish
an easy and reliable method and to measure the CPP-GMR
of multilayer nanowires using this method. To achieve the
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tasks, we utilized a spring-loaded metallic plunger tip that
has a micron-size round-shaped head to make an electrical
contact with CoNi/Cu nanowires electrodeposited in the
holes of an alumina template. This simple method enables us
to measure the CPP-GMR effect of selected CoNi/Cu nano-
wires at a desired location on the surface of a template.

Previously reported CPP-GMR data have been mostly in-
terpreted using the series-resistor model'>!% since it provides
a better approximation for the CPP-GMR than the CIP-
GMR. The series-resistor model was initially developed us-
ing the two-current model proposed by Mott.!” The Mott
model assumes that no spin-flip scattering occurs during the
transport of electrons and that the currents through the two
different spin channels (spin up and spin down) are described
independently. Under these assumptions, the conduction
through these spin channels occur in parallel. Lee et al. fur-
ther developed the series-resistor model for the CPP-GMR
effect of magnetic multilayers.'® Lee’s model takes into ac-
count various parameters that contribute to the CPP-GMR
effect. These parameters include the resistivity of nonmag-
netic layers, the spin-dependent resistivity of magnetic lay-
ers, the spin-dependent interfacial resistance between mag-
netic and nonmagnetic layers, and the contact resistance by
superconducting leads used for the measurement. The series-
resistor model is not valid when the spin flipping is not neg-
ligible for the CPP-GMR in multilayers.

Valet and Fert'®?° proposed a different model that modi-
fied the series-resistor model and took into account the spin
relaxation due to spin-flip scattering in addition to the normal
relaxation of electrons associated with momentum. For the
steady-state spin transport in a magnetic multilayer, the spin
relaxation is balanced with the spin accumulation at the layer
interfaces when electrons move in the direction perpendicu-
lar to the interfaces. The spin-flip scattering is quantitatively
described by the spin-diffusion length. The spin-diffusion
length is an important parameter in the Valet-Fert model.
When the layer thicknesses are much shorter than the spin-
diffusion length, the Valet-Fert model simply represents the
same as the series-resistor model.

In this work, CoNi/Cu nanowires with various thick-
nesses of CoNi and Cu layers were prepared and character-
ized using a point contact method to gain further insight into
the mechanism of the CPP-GMR effect. The obtained data
were then interpreted using the series-resistor model and the
Valet-Fert model. The effects of various factors such as
dipole-dipole interactions between CoNi layers and super-
paramagnetism in very thin CoNi layers on the CPP-GMR
effect in CoNi/Cu nanowires will also be discussed.

II. EXPERIMENTAL
A. Electrodeposition of CoNi/Cu multilayer nanowires

CoNi/Cu multilayer nanowires were grown by elec-
trodeposition using a commercial anodized alumina template
(Anodisc®) that has an array of pores with 60 wm in length.
According to the supplier of the templates, each 60 um-long
pore consists of two sections A and B in series: section A has
several parallel pores with the size of 20 nm in diameter and
1-2 wpm in length, and section B has a pore with the size of
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~250 nm in diameter and 58—59 um in length. The detailed
information about the template can be found in Ref. 21. The
surface of the template ending with section A was coated by
120-nm-thick gold layer using thermal evaporation. This
coated surface was used as a working electrode for elec-
trodeposition. The thickness of the gold layer was chosen so
that the entire surface area including the open ends of the
pores was completely covered with the gold layer. An elec-
trical contact was then made to the gold layer using a con-
ductive tape. The entire area of the gold layer coated side
was masked with an insulating tape. Only pores on section B
of the template were exposed. The template was then sub-
merged in an electrolytic solution containing 2.3 M
Ni(SOsNH,),, 0.4 M CoSO,, 0.025 M CuSO,, and 0.5 M
H;BO; at pH 2.2. The Cu* concentration was kept low so
that the rate of reduction for Cu was slow and limited by its
diffusion in the solution. Electrodeposition of multilayer
nanowires was performed at room temperature using a
potentiostat/galvanostat (EG&G Princeton Applied Research
Model 273). The electrodeposition cell used for the nanowire
growth consists of three vertically-positioned electrodes: a
working electrode described above, a counter electrode made
of platinum, and an Ag/AgCl reference electrode. The
multilayer nanowires were electrodeposited potentiostati-
cally by periodically switching the deposition potential be-
tween —0.2 V (vs Ag/AgCl) for Cu layer deposition and
—1.0 V (vs Ag/AgCl) for CoNi layer deposition. The thick-
ness of each layer was controlled by monitoring the pulse
duration which corresponds to the cumulative charge trans-
ferred during the deposition based on Faraday’s law of elec-
trolysis. The electrodeposition process was terminated after
nanowires grew to the end of the pores in section B of the
template.

The structure and the chemical composition of CoNi/Cu
nanowires were examined using scanning electron micros-
copy (SEM), x-ray diffraction (XRD), and wavelength dis-
persive spectrometry (WDS). After multilayer nanowires
were grown, the alumina template was carefully removed
from the nanowires by etching it away using 4 M NaOH, and
the nanowire structure was examined by SEM. The SEM
image shown in Fig. 1(a) clearly demonstrates that the nano-
wires have a multilayer structure consisting of periodically-
alternating CoNi and Cu layers with layer thicknesses fcon;
=155+9 nm and ¢c,=18+3 nm, respectively. The nanowires
have an average diameter of about 250 nm. The XRD data
obtained for CoNi/Cu nanowires (not shown here) reveal
that the nanowires have a FCC structure with a (111) texture
developed in the direction along the nanowires.?”> The com-
positional analysis of electrodeposited CoNi alloy by WDS
has revealed that the composition of the CoNi layers is about
Co:Ni=(56.4+5.4):(43.6+£5.4) when the layers are thicker
than 10.2 nm.

B. Magnetotransport measurements

The CPP-GMR of CoNi/Cu nanowires was measured us-
ing a point-contact method shown in Fig. 1. After nanowires
were electrodeposited into pores of a template, the topside of
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FIG. 1. (Color online) (a) An SEM image of CoNi/Cu nano-
wires and (b) a schematic representation for the sample preparation
process of the multilayer nanowires. The thicknesses of CoNi and
Cu layers in the CoNi/Cu nanowires shown in (a) are, respectively,
teoni=155+9 nm and 7¢,=18+3 nm. In the sample preparation pro-
cess, nanowires were first electrodeposited in the pores of an anod-
ized alumina template, and the topside of the template was then
mechanically polished using 0.3 um alumina abrasive particles.
The point contact method used for the magnetoresistance measure-
ment employs a plunger tip pressed onto the top surface of the
polished sample. The black arrow in (b) represents the direction of
an applied magnetic field H.

the 60 um-thick alumina template was mechanically pol-
ished down to approximately 30—40 um thickness using
0.3-um alumina abrasive particles. See Fig. 1(b). After the
mechanical polishing, a conductive copper tape was electri-
cally connected to the gold coating layer of the template for
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MR measurements. To make an electrical contact for the MR
measurement, a metallic plunger tip was approached to the
polished side of the nanowires. The distance between the tip
and the sample was manually adjusted using a micrometer
with a 2-um step size. The plunger tip used for this study is
a gold-plated high-performance spring-loaded probe (Everett
Charles Technologies Model HPA-1B). The tip is spring-
loaded on the sample surface to assure its stable contact for
MR measurements. After a stable contact was made, magne-
totransport measurements were carried out at room tempera-
ture under applied magnetic fields up to 9 kOe. The field was
applied in the direction perpendicular to the axis of the nano-
wires. Using this point-contact method, CPP-GMR of se-
lected nanowires at a desired location in the sample can be
measured so that it is possible to perform a number of mea-
surements at different locations on the same sample. In con-
trast, the conventional method to make an electrical contact
using a silver epoxy without polishing the topside of the
template allows us to measure only the longest nanowires
grown all the way to the end of their pores in the template.
Hence there are limited locations in the sample available for
MR measurements. It is also cumbersome if the silver epoxy
needs to be subsequently removed for other measurements.

Typical magnetoresistance (MR) curves measured under
various contact conditions using the plunger tip for CoNi/Cu
nanowires with 7con;=10.2 nm and 7-,=4.2 nm are shown in
Fig. 2. RA” and R” are respectively the resistance at the peak
position and the resistance at the saturation field of the MR
curve, and AR is the difference between RA” and R”. The
different values of resistance RA” shown in Figs. 2(a)-2(d)
were obtained when the value of AR/R” was maximum un-
der conditions when a different number of nanowires were
contacted by the plunger tip. It can be readily seen that the
measured MR value is nearly independent of the number of
contacted nanowires, indicating that the quality and the layer
thicknesses of the nanowires are fairly uniform. As shown in
Fig. 2(e), the MR values close to 20% are obtained when RA”
is in the range 5-95 (). When the nanowires having the
same resistance are in parallel, the measured value of RAP
should be approximately inversely proportional to the num-
ber of nanowires. When the contact resistance is negligibly
small and all the nanowires are expected to exhibit the same
MR change, the net MR change should be independent of the
number of nanowires being measured. The MR of a single
nanowire is expressed as MROne=AROne/ROneP . Correspond-
ingly, the MR of n numbers of nanowires in parallel is
MR,=AR,/R,"=(ARq,/n)/ (Ro,." 1) =ARppe/ Royne”
=MRg,.. The factor n in the nominator and denominator can-
cel each other. Therefore the MR is independent of the num-
ber of nanowires n being measured.

However, the actual MR changes measured in the nano-
wires are larger when RA” ~ 20 () than the value obtained for
other R*” as shown in Fig. 2(e). To explain the observed
variation of MR, it is necessary to take into account the
contact resistance arising during the MR measurements. In
this case, the MR change can vary with the number of nano-
wires as shown by the following expressions:
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24 (a) (R;?Pwire + Rn contact) - (Rf wire + Rn contact)
MR, = 3
16 Rn wire T Rn contact
P P
8 17 % 97 Ohms — Iiﬁ wire Rﬂ wire ] (2)
0 Rn wire T Rn contact
24 ®) The contact resistance may originate from two possible
15 causes: R, conuact point from the interface between the plunger
tip and the sample, and R, .ontact cable from the bulk resistance
8] 184% 34 Ohms of cables and the interface between cables.
g0 R =R e+ R . (3)
— n contact n contact point n contact cable
%z 241 (©)
E.:] 16 When n is large, the resistance of the nanowires decreases
and becomes comparable to R, conuact cable SO the MR change
gl 28% 22 Ohms is relatively smaller. As n is reduced, the contribution of
R, contact cable tO the overall resistance becomes relatively less
0 significant, the MR changes are larger than those with large
24] @ n, as shown in Fig. 2. On the other hand, the MR change
slightly decreases as n becomes very small. We speculate
1% that the observed variation of the MR change is due to a
relatively large contact resistance between the plunger tip
8 123% 2.7 Ohms and the sample.
It is technically challenging to precisely control the num-
0 ber of contacted nanowires n every time the tip is placed on
-10 -5 Field ﬁ KO 10 the sample for a measurement. It is also difficult to determine
© (kOe) the number n from the contact area between the tip and the
24 sample. The plunger tip has a semispherical shape of diam-
(e) 1 eter ~80 um. The actual contact area between the tip and
= 20 / \ the sample may be much smaller than the surface area of the
= e tip. In this case, the number n would depend on both the
‘e Tr——_ W uniformity of the nanowires’ length and the actual contact
g 16 area between the tip and nanowires. Although in principle
many nanowires can be in contact with the 80 um tip, in
12 reality only a small fraction of them were contacted with the
0 20 40 60 B8O 100 tip for MR measurements. Hence, a limited number of nano-

R*” (Ohms)

FIG. 2. (a)-(d) Room temperature magnetoresistance (MR)
curves measured from CoNi/Cu nanowires with layer thicknesses
tconi=10.2 nm and ¢, =4.2 nm and (e) the MR changes plotted as a
function of the resistance RA” measured in various point contact
conditions when the magnetizations of adjacent CoNi layers were
aligned antiparallel to each other. The solid curve in (e) is a guide
for the eyes.

AP P
(ROne wire T ROne contact) - (Rone wire T ROne contact)

MRoye = R R
One wire T f0ne contact
AP P
ROne wire ROne wire (1)
= ,
ROne wire T ROne contact
and

wires can be measured using the 80 um diameter plunger
tip. Generally no obvious deformation of the tip was ob-
served by optical microscopy after MR measurements how-
ever occasionally a partial deformation of the tip was found
when it was pressed directly onto an alumina template.

The number of contacted nanowires n can be approxi-
mately estimated using the RA” values obtained from MR
measurements, the previously-obtained resistivity data for
Co and Cu, and the interfacial resistance between Co and Cu
layers.?? Provided that the bulk resistance and the interfacial
resistance of CoNi/Cu nanowires are similar to those of
Co/Cu nanowires, the estimated resistance of a CoNi/Cu
nanowire with #c,=4.2 nm, fcon;=10.2 nm, and length
30 pwm is ~300 ). When the contact resistance is negligibly
small, the number of nanowires n estimated from the experi-
mental data shown in Fig. 2(a) is ~3 since the value RA?
~97 Q) is approximately one third of the estimated resis-
tance of a single nanowire. Similarly, n=~10, ~15, and
~100 for the data shown in Figs. 2(b)-2(d), respectively.
The actual number of nanowires measured in each case was
probably within a few times larger or smaller than these es-
timated values.
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FIG. 3. Room temperature MR curves measured from CoNi/Cu
nanowires with layer thicknesses fco=10.2 nm and 7c,=(a)
4.2 nm, (b) 8.4 nm, (c) 12.6 nm, (d) 21 nm, and (e) 42 nm. The
value of MR change decreases from 23% to 0.95% as tc, increases
from 4.2 to 42 nm.

III. CPP-GMR RESULTS

The CPP-GMR of CoNi/Cu nanowires was systemati-
cally studied as a function of the layer thicknesses. First, the
Cu thickness ¢, was varied from 4.2 nm to 42 nm when the
CoNi layer thickness 7¢,n; wWas fixed at 10.2 nm, and second,
tfconi Was varied from 2 nm to 510 nm when 7, was fixed at
4.2 nm.

A. Cu layer thickness dependence of MR

The magnetoresistance (MR) curves were obtained at
room temperature for CoNi/Cu nanowire samples with vari-
ous Cu layer thicknesses #-,=4.2 nm, 8.4 nm, 12.6 nm,
21 nm, and 42 nm and fixed CoNi layer thickness fcn;
=10.2 nm. The CPP-GMR curves for selected samples are
shown in Fig. 3. As shown in the 7, dependence of GMR in
Fig. 4(a), the MR change decreases with increasing ¢, from
4.2 to 42 nm. The decrease in MR change with increasing
fc, can be explained using the series-resistor model or the
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FIG. 4. (a) Room temperature MR changes AR/R” measured as
a function of 7, for CoNi/Cu nanowires when 7c,n;=10.2 nm and
(b) the MR changes plotted as a function of 7¢,. The values of MR
change in (a) are given as AR/RF, and those in (b) are as
(AR/R*P)=12_ The dotted line was obtained from the Valet-Fert
model in the limit of long spin-diffusion length.

Valet-Fert model under the long spin diffusion approxima-
tion. It can also be shown that the saturation field determined
from the MR curves decreases with increasing fc,, probably
due to a reduced dipole-dipole interaction between neighbor-
ing CoNi layers. The effect of interlayer dipole-dipole inter-
action on the MR curves will be discussed in detail in Sec.
IV A.

B. CoNi layer thickness dependence of MR

The magnetoresistance (MR) curves were measured at
room temperature for CoNi/Cu nanowire samples with vari-
ous CoNi layer thicknesses fcony;=2 nm, 10.2 nm, 17 nm,
34 nm, 51 nm, 102 nm, 170 nm, and 510 nm and a fixed Cu
layer thickness f7c,=4.2 nm. The MR of CoNi nanowires
without Cu layers was also measured and compared with the
data for CoNi/Cu nanowires. Figure 5 shows the CPP-GMR
curves for selected samples. As shown in Fig. 6(a), with
increasing fcon; the MR change first increases and reaches a
maximum at fcon;=17 nm and then decreases for fc.n;
>17 nm. At tcon; > 510 nm, the MR change does not show
much variation with increasing fc,y;. The reduced MR
changes for small 7c,y; may be due to discontinuity of very
thin CoNi layers. The effects of discontinuity in very thin
CoNi layers on the MR change will be discussed in detail
later. The decrease in MR change with increasing 7c,y; from
34 nmto 170 nm can be explained using the Valet-Fert
model. The approximately constant MR change for fc.n
=510 nm is probably due to the existence of anisotropy
magnetoresistance (AMR).
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FIG. 5. Room temperature MR curves measured from CoNi/Cu
nanowires with 7c,=4.2 nm and ¢ n;=(a) 2 nm, (b) 10.2 nm, (c)
34 nm, (d) 102 nm, and (e) 170 nm. With increasing 7c,y;, the MR
value increases when 7cyn;<10.2 nm and decreases when fcn;
>10.2 nm.

IV. DISCUSSION

A. Discussion of parameters in CPP-GMR for CoNi/Cu
multilayer nanowires

The experimental data of CPP-GMR obtained for
CoNi/Cu multilayer nanowires can be explained using theo-
retical models such as the series-resistor model'>!¢ and the
Valet-Fert model.'®?° The series-resistor model is based on
the Mott’s two-current model,!”-'® which points out that the
electrical conductivity of metals can be described in terms of
two independent channels for conduction electrons with up
spin and down spin. The net flow of conduction electrons
occurs through these channels, and the overall conductivity
of a metal is given as the sum of the conductivities of these
spin channels. In the series-resistor model each layer or in-
terface is treated as an independent resistor, and the resistors
for electrons with each type of spin are summed through the
spin channel. In general, the alignment of magnetizations in
magnetic layers of a multilayer can be changed by applying
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FIG. 6. (a) Room temperature MR changes AR/R” measured as
a function of t¢yy; for CoNi/Cu nanowires with 7-,=4.2 nm and (b)
the MR changes given as (AR/RP)™! plotted as a function of tcgy;.
The open circles in (a) represent the MR values of monolithic CoNi
nanowires with length ~40 pm. The dotted line in (b) was obtained
from the Valet-Fert model in the limit of ¢, <[, and fconi = coni-

a magnetic field, and the resistance of the multilayer varies
with the alignment of the magnetizations. According to the
series-resistor model, the MR can be described by various
parameters including the resistivity py of the magnetic layer,
the bulk spin asymmetry coefficient 3, the renormalized re-
sistivity of the magnetic layer p,. =pg/(1 - f?), the resistivity
of the nonmagnetic layer pN*(sz), the interfacial spin asym-
metry coefficient vy, the renormalized interfacial resistance
per unit area rb*:r;,/ (1-19?), the nonmagnetic layer thick-
ness fy, and the magnetic layer thickness 7. The resistivity
for the up-spin channel pTF and that for the down-spin chan-
nel p lF in the magnetic layers are given as

pf =2pL1-B], p[=2p1+p]. (4)

In nonmagnetic layers, the resistivity for the up-spin channel
is equal to that for the down-spin channel

PITV(U = ZP;;/- (5)

The interfacial resistivity per unit area for the up-spin chan-
nel r; and that for the down-spin channel r| are expressed as

ry =2r:[1 - =2rZ[l +v]. (6)

When a multilayer with N bilayers (i.e., N pairs of magnetic
and nonmagnetic layers) is considered, the resistance R’ in
the antiparallel alignment of magnetizations and the differ-
ence AR between the resistance of antiparallel alignment and
that of parallel alignment R’ are, respectively, given by

RAP = N(pjvtN + p;tF + ZrZ), (7)
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AR =R"" —R” = N*(Bpytr+ 2yr,)*IRp. (8)

Alternatively, these equations can be written as

AR -1/2
[

The above expression shows that (AR/RAP)~!/2 varies lin-
early with the nonmagnetic layer thickness ty. Most experi-
mental data obtained for CPP-GMR have been interpreted
using the series-resistor model. The series-resistor model is
generally a better approximation to explain the CPP-GMR
than the CIP-GMR,?* assuming that there is no spin-flipping
effect between the two spin channels. The series-resistor
model is applicable when spin-flipping is negligible when
the thicknesses of both the magnetic and nonmagnetic layers
are much smaller than the spin diffusion lengths for the met-
als in the layers. The concept of spin diffusion length was
introduced in the Valet-Fert model of CPP-GMR.!>?° The
spin diffusion length /; represents the distance over which
Mott’s two-current model is valid. According to the Valet-
Fert model, both the resistance R’ for the parallel alignment
of magnetizations and the resistance R? for the antiparallel
alignment of magnetizations depend on the spin diffusion
length leN of the nonmagnetic layers and the length leF for
the magnetic layers. Basically the Valet-Fert model is appli-
cable to multilayers with any layer thicknesses. General ex-
pressions for RA” and R derived in the Valet-Fert model are
given in Ref. 19. We discuss our results using the Valet-Fert
model.

The Valet-Fert model has provided three important
conclusions.?® First, when tN<l and tF<l , the model
leads to the serles -resistor model described above Second,
when 7y>1_~ o and 1<l . the MR change is expected to
decrease with 1ncreas1ng tN in the form of exp(—ty/ Ly M.
Thirdly, when tN<l and tF>l the CPP-GMR is
inversely-proportional to tr, that is

p;tF + ZrZ
Bprtr+2yr,

ot
e )
Bpptp+2vyr,

AR 2ppIE,
_P=p_ﬂzéf_’ (10)
R"  (1-pB)tp

where p is the fraction of consecutive magnetic layers that
have magnetizations aligned antiparallel. It should be noted
that the spin-mixing effect associated with a spin-moment
transfer between the two spin channels by spin-flipping
electron-magnon scattering has not been considered in Eqs.
(9) and (10). The spin-mixing effect has been introduced in
the Valet-Fert model.2® However, as shown in Ref. 27, the
spin-mixing effect does not make much difference in extract-
ing parameters such as B from Egs. (9) and (10) since the
resistivity due to the spin- mrxrng effect is much smaller than
the renormalized resistivity pF at any temperature including
room temperature. Hence in the qualitative discussion of the
CPP-GMR data obtained for CoNi/Cu multilayer nanowires,
the spin-mixing effect can be neglected when Egs. (9) and
(10) are used to explain the data. Also, it is difficult to rig-
orously determine all these parameters from experimental
data, however it is possible to qualitatively estimate some of
these parameters.
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According to the Valet-Fert model in the long spin diffu-
sion limit or the series-resistor model, (AR/RAP)~'2 varies
linearly with the nonmagnetic layer thickness 7y as given by
Eq. (9). We evaluated our data by plotting (AR/RAP)™12 as a
function of 7¢, as shown in Fig. 4(b) to assess whether the
experimental data agree with the theoretically estimated val-
ues and indeed we found a good agreement between them.
The fitting curve obtained from Eq. (9) is in the form of

AR =172
(F) =a-tc,+0, (11)

_ PN _ Prt2r)
w'here a——ﬁp;tﬁzyr;' a = Doty Using the data given in
Fig. 4(b), we obtained a=0.21£0.01 and b=1.31+0.23.

As shown in Eq. (10) in the limit of ry<<ly and 1>,
(AR/RP)! is proportional to #; and can be described as

-1
(ﬁ) =CZF, (12)

where c—ﬁ% To obtain a better fitting of the Valet-Fert
model given in Eq. (10) to our experiment data, we chose the
value of f¢yy; in the range 30—170 nm, see Fig. 6(b). In this
condition, 7c,y; is larger than the spin diffusion length leF for
CoNi, and the contribution from AMR is probably negligible
compared to the contribution from GMR. The best fitting
yields ¢=0.42+0.03. The linear variation agrees with the
trend predicted from Eq. (10). This agreement also indicates
that the value of p is constant in this range of 7c.n;; any
CoNi/Cu multilayer samples with fc.y; in this range would
have the same fraction of magnetizations aligned antiparallel
to each other between successive magnetic layers when the
MR is at a maximum.

It is shown that the Cu layer thickness f¢, dependence of
CPP-GMR for tconi=10.4 nm and 7c,=4.2—42 nm can be
consistently explained using the Valet-Fert model when the
spin diffusion length is sufficiently long. Hence it is reason-
able to deduce that the spin diffusion length leF for CoNi is
larger than 7y (=10.4 nm), and the spin diffusion length leN
for Cu is larger than fc,=42 nm which is the maximum Cu
layer thickness examined. According to the Valet-Fert model,
the MR is expected to decrease exponentially with increasing
tc, When tCu>leN .

To gain further insights into the spin transport mechanism
in CPP-GMR, we define an additional parameter g which
represents the ratio of the interfacial resistance to the bulk
resistance for CoNi layers. The parameter g is defined by

2. 1-b
g=p 1208 (13)

where the parameter vy is described in terms of 8 and g as

C1+g-1318

14
1.31¢g (14)

As shown in Eq. (12), (AR/R")™! is proportional to t for
multilayers with 1;=34-170 nm and ty=4.2 nm and depen-
dent on [ 7, p, and B besides t. The linear dependence of
(AR/RP)~ e on t; shows that p is approximately constant in
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this range of 7. When ¢y is small, the dipole-dipole interac-
tion between neighboring magnetic layers may not be negli-
gible. In this case, the interaction tends to align the magne-
tizations of successive magnetic layers antiparallel to
minimize the magnetostatic energy so that the value of p
increases and approaches unity when they become perfectly
antiparallel. In the real system, it is likely to have p<<1.
More detailed discussion on the effects of the dipolar inter-
layer coupling on the CPP-GMR in CoNi/Cu nanowires is
described later.

To estimate the values of B and 7, it is probably reason-
able to assume that p=0.75 which represents the intermedi-
ate state between the perfectly antiparallel alignment (p=1)
and a completely random alignment (p=0.5). When the spin-
mixing effect is not considered and p=0.75 for Eq. (12), one
obtains 8<<0.37 for the bulk spin asymmetry coefficient of
CoNi since /; Fis greater than 10 nm. Also, since g>0, vy
has to be greater than 1/5(=0.76). Hence it is inferred that
B<<v. Indeed, the same relationship has been previously
reported for the CPP-GMR of Co/Cu multilayers measured
at low temperatures.”=32 Various Co/Cu multilayer thin
films?®30 and nanowires3!3? prepared using different fabri-
cation methods have been studied and found to give quite
different values of the bulk resistivity of the layers. The ob-
served variation of the bulk resistivity, which may be due to
the different defect densities in the samples can lead to a
variation of the spin-asymmetry scattering parameters 8 and
v. However, y> B for bulk Co which is essentially indepen-
dent of the fabrication method. It is inferred that the spin-
dependent interfacial scattering plays an important role in
determining the CPP-GMR effect in multilayers. According
to Eq. (9), the bulk resistance becomes comparable to the
interfacial resistance when tF:Zyrb*/ BpF*:gy/ B. Since
[£<0.37 and y<1, it indicates from Eq. (13) that g>1.66.
When the bulk resistance has a larger contribution to the
CPP-GMR than the interfacial resistance, it indicates that
fooni=> 36 nm assuming y=0.8. Hence, when the magnetic
layers have a thickness of a few nanometers, the dominant
contribution to the CPP-GMR is the spin-dependent interfa-
cial resistance.

B. Effect of dipole-dipole interactions between magnetic layers
on CPP-GMR

Among various methods available to characterize mag-
netic properties of materials, magnetoresistance (MR) mea-
surement has several advantages over other methods such as
vibrating sample magnetometry (VSM) and SQUID. For ex-
ample, the MR measurement does not strongly depend on the
magnetization of the sample, because for MR the resistance
of the sample is measured, whereas for VSM and SQUID,
the magnetic moment is measured, requiring that the mag-
netic moment of the sample should be larger than the detec-
tion limit of the VSM or SQUID. In the case of CoNi/Cu
nanowires, their magnetization may be very weak when 7 n;
is very small. Also, magnetic moment measurement tech-
niques are mostly designed to probe the magnetization of an
entire sample. In contrast, it is possible to measure the mag-
netic behavior of individual nanowires by MR measurement.

PHYSICAL REVIEW B 75, 134404 (2007)

i
35001 ® Saturation field
3000 ¢ Calculated dipole field
25004 ¢ ]
m
O 2000 - -
I Y J
T 1500 o . o |
2
- 1000 ]
O «
500 4
O -
0+——

G 5 10 15 20 25 30 35 40 45
t,, (nm)

FIG. 7. Saturation fields (filled circles) extracted from the MR
curves obtained for CoNi/Cu nanowire when fconi=10.2 nm and
tcu=4.2 nm, 8.4 nm, 12.6 nm, 21 nm, and 42 nm. The open circles
shown in the graph are estimated dipole-dipole interaction fields
exerted between neighboring CoNi layers in each nanowire.

Indeed, the MR data obtained for CoNi/Cu nanowires shown
in Fig. 3 can be utilized to gain insights into their magnetic
behavior. Figure 7 shows that the saturation field H, of
CoNi/Cu nanowires tends to decrease with increasing fc,
probably due to the decreasing dipole-dipole interaction be-
tween the adjacent CoNi layers. When the CoNi layers are in
a thin disk shape, the dipolar interlayer coupling tends to
align the magnetizations of adjacent CoNi layers antiparallel
to each other.3*** Since ¢, is in the range 4.2—42 nm,
RKKY-type exchange interlayer coupling*~37 should be neg-
ligibly small. However, the dipolar interlayer coupling may
not be negligible and induces antiparallel alignment of mag-
netizations in the magnetic layers. In this case, some of the
CoNi layers have magnetizations oriented differently and
produce magnetostatic stray fields around the neighboring
magnetic layers so that the effective magnetic field is re-
duced. When a magnetic field is applied perpendicular to the
nanowire axis (i.e., parallel to the CoNi layers), magnetiza-
tion reversal occurs when the applied field exceeds the mag-
netostatic field Hgpy, associated with the dipolar interlayer
coupling. When the dipolar interlayer coupling prevails, H,
increases. When each magnetic layer is approximated to be a
dipole, Hgpo=m/4m(tc,+1con:)’s Where m is the magnetic
moment of each magnetic layer. Apparently, Hgj,, decreases
with increasing 7c,. The Cu layer thickness 7, dependence of
Hip, estimated for CoNi/Cu nanowires with 7¢,y;=10.2 nm
is shown in Fig. 7. With increasing 7, from
4.2 nm to 42 nm, H,, decreases from 3350 Oe to 70 Oe. It
is obvious in Fig. 7 that the measured values of H, are
larger than the calculated values of Hg, for all 7c, and
nearly constant when 7c,>21 nm. The finite values of H,
are probably due to the dipolar interlayer coupling, but some
other factors such as hindered domain wall motion during
magnetization reversal may also contribute to the increase of
H,. If the dipolar interlayer coupling is the only factor to
increase H, for CoNi/Cu nanowires, H, would approach
zero when fc,>21 nm, see Fig. 7.

With increasing fc,, both the dipolar interlayer coupling
and the MR decrease, as shown in the linear variation
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of (AR/RAP)™12  with 1o, for tc,=42-42nm. In
permalloy(Py)/Cu nanowires, Dubois®® has found that a lin-
ear dependence of (AR/R*?)=2 on t, in Py/Cu nanowires
can be observed only when the permalloy layers are thin (a
few nanometers) and the Cu layers are thick, e.g.,
tpy=4 nm and 7¢,>20 nm. With increasing fc,, the dipolar
interlayer coupling decreases so that the magnetization of the
Py layers can be aligned more randomly (or p decreases). In
the case of CoNi/Cu nanowires with thin disk-shaped CoNi
layers, the dipolar interlayer coupling does not cause a sig-
nificant deviation from the relationship represented by Eq.
(9). Hence, the dipolar interlayer coupling may not have a
significant effect on the MR but can modify the sharpness of
the MR curve by changing H,.

The effect of dipolar interlayer coupling on CPP-GMR in
CoNi/Cu nanowires also depends on #c.y;. As shown above
for CoNi/Cu nanowires with thin disk-shaped CoNi layers,
the dipolar interlayer coupling can induce an antiparallel
alignment of magnetizations between the CoNi layers. In
contrast, the dipolar interlayer coupling in CoNi/Cu nano-
wires with thick rod-shaped CoNi layers tends to align their
magnetizations parallel to each other in the direction along
the nanowire axis. Since a linear dependence of GMR on
1/tcon; 1s observed in Fig. 6, it is reasonable to expect a
constant value of p for various t,n;. However, Dubois et al.
obtained a different result for Py/Cu nanowires with the di-
ameter of 90 nm. Indeed, they observed that the GMR was
not inversely proportional to fpy in the range of 7py they
studied.’® They attributed the observed deviation to a de-
crease in the parameter p for Py/Cu nanowires with thick
permalloy layers and thin Cu layers. To explain the differ-
ence between our results for CoNi/Cu and Dubois’s results
for Py/Cu, the difference in the diameter of the nanowires
should be considered. The diameter of our CoNi/Cu nano-
wires is about 250 nm, while that of Py/Cu nanowires is
90 nm. When nanowires of the exact same layer thicknesses
are compared, the aspect ratio (layer thickness/wire diam-
eter) of the layers in CoNi/Cu would be smaller than that of
Py/Cu. Hence in the case of CoNi/Cu nanowires, the ob-
served linear dependence of GMR on 1/fcyn; When zogn
=34-170 nm suggests that the parameter p is approximately
constant in this thickness range.

C. Superparamagnetic effect on CPP-GMR in ultrathin
magnetic layers

Theoretical models typically assume an ideal and simpli-
fied case or a perfectly-layered multilayer structure. How-
ever, real multilayer samples often contain structural imper-
fections such as interfacial roughness and defects. For
example, when magnetic layers are very thin, they may break
into isolated segments or islands due to the interfacial rough-
ness or nonuniformity of the layer thickness. The volume of
individual islands may be so small that they exhibit a super-
paramagnetic behavior at room temperature, which would
not be observed when the multilayer has a perfectly layered
structure.®® For example, the existence of structural imper-
fection in a multilayer is inferred in the MR data shown in
Fig. 8 for CoNi/Cu nanowires with fc,y;=2 nm. The MR
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FIG. 8. Ferromagnetic (FM, open circles) and superparamag-
netic (SPM, dotted line) contributions estimated from the experi-
mentally obtained MR curve (solid thin line) for CoNi/Cu nano-
wires with 7c,=4.2 nm and 7c,n;=2 nm. The experimental data for
applied magnetic fields H>3 kOe are fitted using the Langevin
function L(w@) for the MRgpy; term where a=uH/kT. The MRpy;
term is obtained by subtracting the Langevin term L(a) from the
experimental data in the entire range of applied magnetic fields.

curve is not saturated up to 9 kOe in this case, which is
probably due to the presence of fragmented magnetic layers
that exhibit superparamagnetism. Because the magnetic seg-
ments are likely to have a size distribution within the sample,
smaller segments may be superparamagnetic (SPM) and
larger ones may be ferromagnetic (FM). In this case, the MR
data would indeed reflect both FM and SPM contributions.
The superparamagnetic behavior of small magnetic elements
can be described by the Langevin function L(a)=coth(a)
—1/a, where a=uH/kT, pn is the magnetic moment of a
SPM element, & is the Boltzmann constant, and 7 is tempera-
ture. The saturation field Hg, for a SPM element is depen-
dent greatly on its size and usually larger than Hg, for a FM
element. It has been previously shown for the CIP-GMR of
electrodeposited Co/Cu films**~*3 that the MR data actually
represent both the contribution from the FM regions which is
constant and that from the SPM regions which is field de-
pendent when the data are obtained under magnetic fields H
larger than H, for the FM regions. That is, for H larger than
Hg,, the net MR is given by the sum of the ferromagnetic
term MRgy and the superparamagnetic term MRgpy; as

The SPM term can be described by the Langevin function,
i.e., MRgp\(H) is proportional to L(c).

The MR data obtained for CoNi/Cu nanowires with
tcy=42nm and fc=2nm can be evaluated using
H,=3 kOe for the FM regions. To obtain MRgpy(H), the
experimental data for H>3 kOe were fitted with the Lange-
vin function L(a). Subsequently, MRy (H) was obtained us-
ing Eq. (15) for the entire range of H, as shown in Fig. 8.
This analysis indicates that the SPM elements in determining
the CIP-GMR may be similar to that for the CPP-GMR.

V. CONCLUSIONS

We have measured the CPP-GMR of CoNi/Cu multilayer
nanowires in a wide range of CoNi layer thickness and Cu
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layer thickness, using a point contact method with a plunger
tip. We have found that the number of nanowires used for the
GMR measurements does not affect the measured GMR re-
sults, although care has to be taken when the number of
nanowires is excessive or very few, where the contact resis-
tance may not be negligible.

To explain the experiment CPP-GMR data obtained from
the CoNi/Cu nanowires, the series-resistor model and the
Valet-Fert model were utilized to discuss the transport
mechanism. When both the Cu layer thickness #¢, and CoNi
layer thickness ¢ y; are much smaller than the spin diffusion
length [ of the corresponding materials, i.e., fc,<<Ic, and
teoni << lconis (AR/RAP)™12 varies linearly to t¢,. The obtained
results agree well with the series-resistor model or the Valet-
Fert model assuming that the spin diffusion length is suffi-
ciently long. The experimental data and the theoretical mod-
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els also show that, when 7, <<Ic, and 170 nm> 10 > [conis
(AR/RP)~! is proportional to f¢,y;. An analysis of the param-
eters in CPP-GMR shows that the interfacial spin asymmetry
coefficient y is much larger than the bulk spin asymmetry
coefficient (3, indicating that the interfacial scattering is im-
portant for the CPP-GMR. However, a deviation of the Valet-
Fert model from the experimental data is observed when
fconi 18 very small, probably due to the existence of super-
paramagnetic layers. There is also a deviation from the ex-
perimental data for fc,n;> 170 nm, where the contribution
from anisotropic magnetoresistance (AMR) is not negligible.
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