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Structural transformations and their effect on giant magnetoresistance �GMR� were investigated in electrode-
posited Co/Cu multilayers with varying Co-layer thicknesses �tCo� in the range of 0.2–10 nm while keeping the
Cu layer thickness �tCu� fixed at 4 nm. X-ray diffraction, scanning electron microscopy, cross-sectional trans-
mission electron microscopy, and magnetization measurements were carried out to probe the structural transi-
tion from granular to semicontinuous to continuous Co layers. An unexpected result of the study is the
observation of variations in GMR characteristics with a sharp peak in GMR at tCo=0.5 nm followed by a
broad peak at tCo=3 nm. The GMR results have been analyzed in terms of ferromagnetic and superparamag-
netic components for samples with varying tCo to understand the structural evolution of the magnetoresistance
behavior.
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I. INTRODUCTION

The developments in electrochemical science and technol-
ogy for the past one and a half decades make it possible to
synthesize high quality metallic multilayers with a layer
thickness of 1 nm or less.1,2 Multilayers of magnetic and
nonmagnetic �NM� metals exhibit the giant magnetoresis-
tance �GMR� effect, which is of interest for both scientific
understanding and technological developments. In many of
the studies reported in literature, the effect of the thickness of
a nonmagnetic layer on GMR characteristics was mainly in-
vestigated. However, the studies on the effect of thickness of
a ferromagnetic �FM� layer on the microstructure and GMR
characteristics are equally important.

Among various multilayer systems showing GMR, Co/Cu
multilayers have been quite extensively studied in the past
few years.3–16 Besides Co/Cu multilayers, granular Co-Cu
alloys17,18 and granular multilayers3,19 also exhibit GMR.
Granular multilayers that consist of a layer of grains of fer-
romagnetic materials separated by layers of nonmagnetic
metal are a border between granular alloys and multilayers.
Granular alloys are sometimes preferred due to their fully
isotropic magnetoresistance �MR� behavior, negligible hys-
teresis, and low cost of preparation. However, due to a higher
fraction of superparamagnetic �SPM� grains, high magnetic
fields ��10 kG� are required to align the magnetic moments
in granular alloys and, therefore, they display low magnetic
field sensitivity. For magnetic sensor applications, the mag-
netic multilayers with improved field sensitivity, minimum
hysteresis, and isotropicity in MR behavior are highly desir-
able.

Several investigations have been carried out to tailor the
structure and morphology of the fragmented multilayer struc-
ture �in multilayer deposition� by controlling the free energy
of surfaces and interfaces of magnetic and nonmagnetic
phases.19–23 By choosing a magnetic element with a high
surface free energy19 and with low miscibility of magnetic

and nonmagnetic components, it has been possible to make
magnetic clusters embedded in nonmagnetic regions when
the thickness of magnetic layers is less than a few nanom-
eters. This often leads to a heterogeneous mixture of FM and
SPM23 regions in a nonmagnetic matrix. A maximum GMR
of 15% at 13 kOe was achieved in Co/Ag fragmented
multilayers20 prepared by sputtering.

Electrochemical deposition �ECD�, among various depo-
sition techniques, is an attractive alternative technique be-
cause of its simplicity, cost effectiveness, and high deposi-
tion rates in comparison to vacuum techniques. This
technique is preferred in low-end applications such as GMR
position sensors in automotive electronics or in
microsystems.24,25 A simple two-pulse plating approach uti-
lizing a single solution electrolyte is usually employed to
deposit Co-Cu/Cu multilayers �electrochemically deposited
Co layers consist of a small fraction of Cu and are referred to
as Co-Cu layers�. However, electrochemically deposited
multilayers usually show a lower GMR than those prepared
by physical vapor deposition techniques and, therefore, there
is a need for further investigations.

Considerable literature is available on the deposition of
metallic multilayers by the ECD process.4,22,26,27 Magnetic
and magnetotransport properties were investigated in Co/Cu
films with varying �both magnetic and nonmagnetic� layer
thicknesses3,4,28,29 and efforts were made to explain the ex-
perimentally observed GMR value by summing up the FM
and SPM contributions.22,30,31 Bakonyi et al.22 explained the
field dependence of MR as contributions from FM-FM, FM-
SPM, and SPM-SPM scattering. The FM-FM scattering satu-
rates at a field of 1.7 kOe, and the SPM contribution at larger
fields is in agreement with the predictions of Wiser and
co-workers.32,33 Shima et al.26 obtained a sigmoidal shape of
the magnetization curve for a Co layer with a thickness �tCo�
less than 1.7 monolayers �ML�. Their study did not show MR
for tCo�1.7 ML. For tCo�3.7 ML, they observed in-plane
fourfold symmetry with a dominance of magnetocrystalline
anisotropy with increasing tCo. Moreover, the understanding
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of structural evolution with varying tCo in Cu/Co multilayers
deposited by ECD process is not satisfactory.

Recently, we reported27 the results of magnetic and mag-
netotransport measurements on electrodeposited Co/Cu
granular multilayers prepared under conditions in which
practically no Co dissolution occurs and the multilayer struc-
ture was found to consist of FM and SPM nanoclusters sepa-
rated by NM regions for samples with tCo�1 nm. Based on
the model of Wiser and co-workers,32,33 with the presence of
FM and SPM particles, it has been shown that there are three
possible routes of scattering mechanism, i.e., FM-FM, FM-
SPM, and SPM-SPM, which lead to a large GMR value. At
the critical thickness of tCo=0.5 nm, the granular multilayer
structure shows a large GMR of 8% with Hc�70 Oe and a
sensitivity of �0.03% /Oe. In the present study, we have
focused our attention on understanding the structural as well
as the associated magnetic and/or magnetoresistance prop-
erty evolutions with the increase in tCo.

In the present study, we have synthesized Co/Cu multilay-
ers by pulse electrodeposition with varying tCo �from 0.2 to
10 nm� while keeping the Cu layer thickness fixed �tCu
=4 nm�. The structural transformation from continuous mul-
tilayers for large tCo to granular multilayers �at lower tCo� has
been investigated by x-ray diffraction �XRD�, scanning elec-
tron microscopy �SEM�, and cross-sectional transmission
electron microscopy �XTEM�. The influence of structural
transition on both magnetization and magnetoresistance has
also been discussed. An interesting result of the study is the
variations in magnetoresistance that are measured as a func-
tion of tCo.

II. EXPERIMENT

Co-Cu/Cu multilayers were electrochemically deposited
on Si�111�/Ti�20 nm� substrates as described earlier.27

Briefly, a thin film buffer layer of Ti �20 nm thick� and a seed
layer of Cu �20 nm thick� were deposited at room tempera-
ture on �111� oriented silicon substrates by rf sputtering. Be-
fore the deposition of a multilayer, a copper seed layer was
acid cleaned for 10 s to remove the oxide layer formed over
it. A single sulfate based electrolyte that contained
Co+2 :Cu+2�250:1 and had a pH of 2.7 were used for elec-
trodeposition at 298�1 K. The solutions were freshly pre-
pared by using analytical grade reagents and de-ionized wa-
ter �resistivity of 18 M� cm� from a Millipore Milli-Q
water purification system. A Pt foil was used as a counter-
electrode. Multilayers were potentiostatically grown by using
a two-pulse method in a three-electrode cell while keeping
the total charge constant in alternate pulses. The typical po-
tential pulses applied for Co and Cu were −1.4 and −0.6 V,
respectively, with respect to a standard saturated calomel
electrode. Initial experiments were carried out with varying
tCu while keeping tCo constant to determine optimum tCu for
maximum MR. The thickness of the films was optimized by
using an electrochemical quartz crystal microbalance.28 To
investigate the effect of tCo, �Co�tCo� /Cu�4 nm��50 multilay-
ers with varying tCo and fixed tCu of 4 nm �optimum value�
were grown. Prepared multilayers with Co-layer thicknesses
of tCo=0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 2.0, 3.0, 5.0, 7.0,

8.0, and 10 nm are designated as S2, S3, S4, S5, S6, S7, S8,
S10, S20, S30, S50, S70, S80, and S100, respectively.

XRD spectra of these multilayers were acquired on a Phil-
ips X’pert diffractometer �using Cu K� radiation�. The sur-
face morphology of Co/Cu multilayers was investigated by
using TESCAN Vega-MV 2300T-40 SEM. The XTEM stud-
ies were carried out by using a JEOL-2000FX electron mi-
croscope to reveal the layer structure. Magnetization mea-
surements with respect to field and temperature were
performed by using a superconducting quantum interference
device magnetometer. MR measurements for all of the
samples were carried out at room temperature by using a
four-probe method in a strip geometry and by using applied
magnetic fields in the range from −7.5 to +7.5 kOe. The
magnetic field �H� was kept in the plane of the film but
perpendicular to the applied current �I� direction for the mea-
surement of transverse MR �TMR�. For the longitudinal MR
�LMR� component, the applied field direction was kept along
the current direction. Magnetoresistance in this paper is de-
fined as MR=�R /R= �RH−RMax� /RMax, where RH is the re-
sistance measured in a magnetic field H and RMax is the
maximum resistance measured as a function of field. Both
LMR and TMR components are largely negative and the
measured anisotropic magnetoresistance �AMR�=LMR
−TMR was found to be within 1% for most of the samples
and, for simplicity, we have considered only the TMR data
for discussion.

III. RESULTS AND DISCUSSION

A. Effect of Cu layer thickness

The dependence of MR on the spacer layer thickness, tCu,
for multilayers, �Co�0.5 nm� /Cu�tCu��50, with fixed tCo is
shown in Fig. 1. It is seen that the MR initially increases
with thickness and attains its maximum value for tCu of 4 nm

-9 -6 -3 0 3 6 9
-9

-6

-3

0

2 nm

4 nm

G
M

R
(%

)

H (kOe)

t
Cu

= 1 nm

3 nm

5 nm

6 nm

t
Co

= 0.5 nm

FIG. 1. GMR characteristics as function of applied magnetic
field for Co/Cu multilayers with different Cu-layer thicknesses �tCu�
and constant tCo=0.5 nm.
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and decreases for higher thicknesses. A continuous decrease
in MR with tCu above 4 nm is in agreement with earlier
results,34 and the magnitude of the MR effect in our elec-
trodeposited multilayers is comparable to sputter deposited
or molecular beam epitaxy grown samples, which indicates
that electrodeposition is a competitive method for obtaining
high quality multilayers. The Co/Cu system is known to ex-
hibit two peaks in MR, at tCu�1.5 nm and �3.5 nm.10,11

The maximum in the present study for tCu=4 nm is in agree-
ment with the second peak expected for this system. The
reason for the nonobservance of the first peak is that we have
made measurements at 1 nm intervals and the width of the
first peak is less than 1 nm.

B. X-ray diffraction

The x-ray diffraction spectra of the multilayers with dif-
ferent Co layer thicknesses tCo are shown in Fig. 2. The
spectra shows a fcc lattice of both Cu and Co. It is seen that
the films are predominantly oriented along the �111� direc-
tion and the degree of orientation improves with an increase
in Co-layer thickness. It is seen that the position of the �111�
peak shifts from 43.41° to 43.91° and the linewidth broadens
as the Co layer thickness increases from 0.5 to 8 nm. We
may note that the position of this peak is at 44.23° for pure
Co and 43.31° for Cu.35 The lattice parameters are close to
that of Cu at small thicknesses and increase toward that of
Co at larger tCo. Therefore, the results indicate that �a� the Co
layer is stressed, i.e., compressed for all films and the stress
decreases as the tCo increases, and �b� there is an increase in
lattice parameter variation in the films at higher tCo as indi-
cated by the broadening of the peak. This variation is ex-

pected as Co layers at the interface with Cu would have a
maximum stress, and the stress would be lower at Co layers
away from the interface.

A multilayer structure is indicated by the observation of
satellite peaks to main XRD peaks.3,13 No clearly defined
satellites were seen for multilayers with lower Co layer
thicknesses, but for tCo=8 nm, first order satellites peaks on
both sides of the main peak were observed. The absence of
clear satellites for small tCo indicates that thinner films do not
have smooth and continuous layers. As indicated by SEM
studies �discussed later�, this is due to the granular nature of
Co layers with small tCo. Their low intensity and the nonob-
servation of satellite peaks for smaller tCo indicate a partly
diffusive nature of interfaces. The bilayer period ��=tCo
+ tCu� can be calculated by using the position �	�n� of sat-
ellite peaks in the following equation:36

2 sin 	 � n



=

1

d
�

n

�
,

where d is the lattice spacing, n is the order of the satellite
peak, and 
 �1.5406 Å� is the wavelength of the x rays. The
calculated bilayer period for �Co�8 nm� /Cu�4 nm��50 is
10.3 nm. Above results indicate that an increase in Co-layer
thickness helps in making the superlattice structure coherent
as well as improve the �111� orientation.

C. Scanning electron microscopy and cross-sectional
transmission electron microscopy investigations

Surface morphology of as deposited multilayers with dif-
ferent tCo was studied by SEM and the results are shown in
Fig. 3. Films for larger tCo �5 nm� have a smooth morphology
that changes to a granular structure with a reduction in tCo.
The results are in agreement with XRD data �where satellite
peaks were not observed for small tCo� and indicate transfor-
mation from coherent multilayers to a granular multilayer
structure with a reduction in tCo. For small tCo, Co layers may
grow as islands with a poor coverage of the underlying Cu
layers, which results in films that have a granular morphol-
ogy. This observation corroborates the previous investiga-
tions regarding island growth of Co on Cu�111� surface for
small tCo.

37,38

Figure 4 shows the cross-sectional transmission electron
microscopy �TEM� of some multilayers. The results show a
layered structure for sample S50 and a granular nature for
sample S4 with a 0.4 nm Co-layer thickness. The layer pat-
tern for S50 is wavy, which indicates diffuse multilayers. The
results are in agreement with SEM and XRD data. The co-
lumnar growth of Co grains for smaller tCo seen in Fig. 4�a�
is also in agreement with the observations of Shima et al.39

D. Magnetization

M-H curves for multilayers with different Co layer thick-
nesses are shown in Fig. 5. Magnetization as a function of
temperature under field-cooled and zero-field-cooled condi-
tions for samples S2, S3, and S8 are shown in the insets of
Fig. 5. The dependence of coercivity �Hc� and remnant mag-
netization �Mr� on Co-layer thickness obtained from the data
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FIG. 2. XRD pattern for Co/Cu multilayer samples with the
Co-layer thickness varying between 0.5 nm �S5� and 8 nm �S80�.
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in Fig. 5 are shown in Fig. 6 and the following observations
are made:

�a� Hysteresis starts appearing for the samples with
thicknesses tCo�0.4 nm. The coercive field Hc measured

Co= 0.3 nm

5 µµµµm

Co=1 nm

5 µµµµm

Co= 5 nm

5 µµµµm

FIG. 3. SEM micrographs of multilayers with Co-layer thick-
nesses of 0.3 nm �S3�, 1.0 nm �S10�, and 5 nm �S50�.

FIG. 4. XTEM micrographs of multilayer samples �a� S4 and �b�
S50. The dark band in the lower side of the figure in �b� is due to
the unthinned portion of the sample and the Si substrate with 20 nm
Ti buffer and 20 nm Cu seed layer.
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FIG. 5. ��a� and �b�� Room temperature M�H� hysteresis curves
for samples with different Co-layer thicknesses. The insets for
samples S2, S3, and S8 show a temperature variation of magneti-
zation under field-cooled and zero-field-cooled conditions. The in-
sets for samples S4 and S5 show magnified M�H� curves.
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from these hysteresis curves show that it sharply increases
with tCo, attains a maximum for tCo in the 2–4 nm range, and
then gradually decreases at higher thicknesses.

�b� A comparison of field-cooled and zero-field-cooled
data shows that the blocking temperature TB increases with
tCo, from 150 K for S2 �tCo=0.2 nm� to 300 K for S8
�tCo=0.8 nm�.

�c� Mr increases with tCo and saturates at large tCo.

Based on these observations, we will try to correlate them
with the microstructure of the multilayers.

The absence of hysteresis �Mr=0 and Hc=0� and the sig-
moidal shape of the magnetization curve indicate that
samples with low Co thicknesses consist of superparamag-
netic particles separated by Cu layers, and the details of the
analysis were reported elsewhere.27 The isotropic granular
Langevin-type superparamagnetic system is further con-
firmed by low blocking temperatures of 150 and 200 K for
samples S2 and S3, respectively. Hysteresis curves for films
with higher tCo indicate a gradual transition from granular
multilayers consisting of superparamagnetic particles to lay-
ers with a combination of FM and SPM particles and, finally,
to well defined ferromagnetic layers. A combination of fer-
romagnetic and SPM particles is indicated by the data of
sample S4 with a small hysteresis and nonsaturation of mag-
netization with field. This transition is in accordance with the
microstructure change from granular to layered films, as in-
dicated by the TEM and XRD data.

The gradual transition from SPM particles to SPM/FM
particles and ferromagnetic layers as discussed above ex-
plains the increase in coercive field Hc with tCo in the 0–3 nm
range. The reduction in coercivity for tCo�3 nm is ascribed
to the combined effect of the following mechanisms: �a� the
reducing effect of domain wall pinning at the interface be-
tween Co and Cu layers as the film thickness increases40

�domain wall pinning may also decrease due to a better pla-
narity of films as the Co-layer thickness increases�; �b� the
reduction in compressive stress with increasing thickness, as
shown by the XRD data discussed above �Cai et al.41 ob-
served a similar increase in coercivity due to a compressive

stress in Co/MgO multilayers with a maximum coercivity at
tCo=3 nm as observed by us; they reported that the effect of
the compressive stress may be maximum for the interface
layer between Co and Cu layers�; and �c� the effect of do-
main wall motion as was used by Néel42 to obtain the well
known relation Hc= t−4/3, which describes the reduction in
coercive field with thickness.

We now discuss the dependence of remnant magnetization
Mr �plotted as Mr /Ms, where Ms is the saturation magneti-
zation� on tCo as shown in Fig. 6. It is observed that Mr
increases with tCo and saturates at tCo�3 nm. The increase
in Mr with tCo is attributed to a gradual transition from SPM
Co particles to FM particles and layers. The saturation in Mr
at 3 nm is also in agreement with the thickness variation of
Hc and confirms that an increase in Hc with 0� tCo�3 nm is
due to a reduction in SPM particle density, and once most of
the SPM particles have converted to FM layers, Hc starts
decreasing due to a combination of the mechanisms listed
above.

E. Magnetoresistance

The field dependence of MR for different samples is
shown in Fig. 7 and the variation in GMR �at 7.5 kG� with
tCo is depicted in Fig. 8. A hysteresis in MR �Fig. 7�a� inset�
is also observed for samples with larger tCo. We note that a
buffer layer of Ti �20 nm� and a seed layer of Cu �20 nm�
provide a parallel path for current that does not contribute to
MR. For a multilayer �Co�0.2 nm� /Cu�4 nm��50 with mini-
mum tCo, the combined thickness of buffer and seed layers is
nearly 19% of the multilayer thickness. While this will re-
duce measured GMR �by a maximum of 19%�, it will not
influence the conclusions of the study as the sample to
sample variation of error will be smaller and the error will
monotonically vary with Co thickness. For further analysis,
we have plotted in Fig. 8�b� the MR hysteresis measured as
the peak field �Hp� of the magnetoresistance curves �see the
inset of Fig. 7�a�� along with the coercive field Hc. From the
data in Figs. 7 and 8, we can deduce the following conclu-
sions:

�a� The value of GMR increases with tCo, attains a
sharp maximum at tCo=0.5 nm, and then decreases to have a
sharp minimum at 0.6 nm, followed by a broad maximum
between 1 and 3 nm and decreases thereafter. This variation
in GMR with tCo is unexpected, while the magnetic coupling
between layers �which depends on Cu layer thickness tCu� is
normally a cause of a similar behavior.

�b� The hysteresis in MR measured by Hp in Fig. 8�b�
is quite small for tCo�0.5 nm and sharply increases for
tCo=0.6 nm, followed by a broad peak, and falls at larger
thicknesses. The small random variation in the Hp data be-
tween 0.6 and 7 nm may be due to statistical variations and
has not been considered. A closer look into the curves of Fig.
8�b� shows that the difference in resistance maximum �Hp�
and coercivity �Hc� at lower tCo �0.5 nm� is smaller as com-
pared to higher tCo. Basically, the maximum resistance state
in MR arises when the neighboring layer magnetizations
have the most disordered state within the spin diffusion
length scale. On the other hand, the coercivity measures the
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magnetic field where the overall magnetization has the most
disordered state, which results in zero net magnetization. Ob-
viously, the two kinds of disorder should not necessarily oc-
cur at the same magnetic field: they can be very different or
they can be very close to each other depending on the rela-
tive spatial arrangement of the SPM and FM regions.43 This
twofold situation is clearly exemplified by our data in Fig.
8�b�: Hc and Hp are close to each other for low tCo values and
Hp is much larger than Hc for high tCo values. This finding is
in good agreement with the results of Ref. 43. In both works,
Hp is close to Hc when the SPM term dominates the total
GMR, and Hp is larger than Hc when the FM term domi-
nates. For dominating SPM regions, the overall and local
random magnetic orientations can be expected to occur at the
same magnetic field values, whereas for mostly FM regions,
the occurrence of a maximum local magnetic disorder may
require a larger external magnetic field than just the coerciv-
ity providing the condition for overall randomness only.

To understand these results, we have analyzed the field
dependence of the magnetoresistance for all of the samples
on the basis of the decomposition of FM and SPM contribu-
tions by using the method described by Bakonyi et al.22 Ac-
cording to them, there are mainly two terms, GMRFM-FM and
GMRFM-SPM, which contribute to the total GMR. GMRFM-FM
occurs due to spin dependent electron scattering phenom-
enon when the electron travels along the path “FM→NM
→FM,” whereas scattering along the electron path “FM
→NM→SPM” gives rise to the GMRFM-SPM term. The
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GMRFM-SPM field dependence of MR�H��L�x� ,L�x� is a
Langevin function, where x=�H /kBT. Here, � is the mag-
netic moment of the SPM particle and kB is the Boltzmann
constant. An additional contribution from “SPM→NM
→SPM” scattering, i.e., �GMRSPM-SPM�, can be considered
as well, where the magnetoresistance dependence on the
square of the Langevin function �L�x�� was predicted:
MR�H�� �L�x��2.32,33 Therefore, the total GMR can be writ-
ten as the sum of three contributions as follows: GMR�H�
=GMRFM-FM+GMRFM-SPM+GMRSPM-SPM. Previous
experience22,32,33,43 has shown, however, that in the case of a
significant GMRFM-SPM contribution, the last term here,
�GMRSPM-SPM�, is usually negligible and we shall also ne-
glect it.

Moreover, an AMR contribution due to the FM regions is
unanimous, and here, we take it into consideration by writing
MR�H�=GMRFM-FM+AMR, similar to the procedure in Ref.
22. Similar to the magnetization of the FM particles satu-
rated at fields of Hs�1–2 kOe, both GMRFM-FM and AMR
contributions become independent of the magnetic field for
H�Hs. In this situation, we can consider that MR arises
from a current flowing along paths connected in series: path
A �FM→NM→FM� gives rise to GMRFM-FM, path B �start-
ing and ending in a given large FM region� gives rise to
AMR, with these two first terms dominating at low fields,
and, finally, path C �FM→NM→SPM� gives rise to
GMRFM-SPM, which dominates at high fields. Therefore, for
H�Hs, the field dependence of MR�H� can be described as22

MR�H� = GMRFM-FM + AMR + GMRFM-SPML�x�

= MRFM + GMRFM-SPML�x� . �1�

Typical results of the decomposition analysis for samples
S3 and S50 are shown in Fig. 9. During this analysis, for
H�Hs=2.0 kOe, the MR�H� data were fitted by using Eq.
�1� and good agreement between the experimental data and
Eq. �1� was observed. We have tried to fit the experimental
MR�H� data by also taking into account the GMRSPM-SPM
term, but there was no improvement in the fit, which is in
agreement with previous findings.22,43 We note some inter-
esting results, in which the decomposed GMR in S3 shows
FM contributions even though the M-H curve indicates no
FM moments. This could be due to the limitations of the
measurement techniques in detecting the lower volume frac-
tion of FM regions. It was also seen that the GMRFM-FM
contributions increased with the increase in tCo with the loss
of GMRFM-SPM.

The variation in total magnetoresistance and its decom-
posed FM-FM and FM-SPM contributions as a function Co-
layer thickness are plotted in Fig. 10�a�, and the SPM cluster
size inferred from MR�H� fitted data is shown in Fig. 10�b�.
As shown in Fig. 10�a�, the SPM contribution in total GMR
initially increases for tCo�0.5 nm and then it starts decreas-
ing with tCo. At tCo�3 nm onward, the SPM moment is
found to quite rapidly decay and becomes negligible for tCo
�8 nm. On the other hand, FM contribution to GMR rap-
idly increases up to tCo=3 nm and then decreases further
with tCo. As shown in Fig. 10�b�, the increase in SPM mag-
netic moment with tCo up to 3 nm and the subsequent decay

imply the lateral growth of isolated islands in the magnetic
layer plane, which are magnetically decoupled from the FM
part of the magnetic layers. This observation suggests that
the isolated SPM and FM regions laterally grow with en-
hanced moment at the expense of smaller SPM regions. The
morphology of the isolated SPM regions could be spherical
at the beginning because of the immiscibility of Co in Cu. As
tCo increases, the morphology changes to ellipsoidal to rhom-
boidal because of coalescence of neighboring Co grains
along the plane of the layer. This understanding of morpho-
logical growth within a Co layer explains the columnar struc-
ture obtained at lower tCo from XTEM investigations. By
considering �Co=1.7 �B /atom and 5 at. % Cu within the
magnetic layer, we obtain an island size of 920 atoms for
tCo=0.2 nm and an island size of 1900 Co atoms for tCo
=3.0 nm, which further corroborates the above growth pro-
cess from an individual island to a discontinuous layer to a
continuous layer. Beyond tCo�3 nm, the gradual decrease in
SPM moment indicates a depletion of isolated SPM regions
and a retention of unaccommodated SPM regions lying
within the valley regions of previously deposited rough Cu
layer �Cu-Co interface regions�. The same is true for the
upper surface of the growing Co layer �Co-Cu interface�.
Moreover, at higher thicknesses, the planarity of the Co layer
also increases due to the occurrence of miscibility within the
same element, which allows the growth front of FM regions
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FIG. 9. Results of decomposed GMRFM-FM and GMRFM-SPM

contributions for samples S3 and S50. The experimental MR�H�
data for H�2.0 kOe are fitted by using Eq. �1�, which yields the
GMRFM-SPM term. The GMRFM-FM is obtained by subtracting the
GMRFM-SPM term from the experimental data in the measured field
range.
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to accommodate most of the SPM regions, retaining a few
within the interface roughness. Therefore, it is natural that
the probability of the FM-FM scattering event will increase
at the cost of SPM-SPM interactions at reasonably higher
tCo, which corroborates our earlier GMR analytical results.27

Similarly, for better understanding of the GMR variations
below tCo�1 nm, the interlayer and intralayer scattering44

phenomena have been considered. The hysteresis in GMR
�Figs. 7 and 8�b�� and magnetization hysteresis curves indi-
cate that the films transform from predominantly granular
SPM particle based multilayers to multilayers with nearly
homogeneous Co layers, with FM characteristics over the

0.5–1 nm range of tCo. For tCo�0.5 nm, the grains are sepa-
rate from each other and the intralayer FM-FM and FM-SPM
scattering �i.e., between grains within a layer� predominate.
This leads to increasing MR in the 0–0.5 nm range as �i� the
grain size increases, which leads to a better magnetization of
grains, and �b� the distance between grains decreases �due to
the larger size and number of grains� to less than the spin
diffusion length. A distance less than the spin diffusion
length is necessary to observe GMR that is caused by spin
dependent scattering between grains.43 As shown by the
sharp increase in hysteresis in MR in Fig. 8�b�, and in the
magnetization in Fig. 6, a gradual transition from predomi-
nantly granular films to layered structures with FM proper-
ties occurs at tCo�0.6 nm. Due to the formation of a layered
structure, intragrain scattering �i.e., scattering between Co
grains within a layer� is suddenly reduced. This leads to a
sharp reduction in maximum GMR at tCo=0.6 nm. However,
the calculated SPM moment �Fig. 10�b�� is found to gradu-
ally increase from 0 to 1 nm with tCo because of the in-
creased size of the SPM grains. So, basically the drop in MR
at tCo�0.6 nm depends on the morphology of magnetic re-
gions, their distribution, and interparticle separation. For 1
� tCo�0.6 nm, the layered structure improves and GMR in-
creases due to an increase in scattering between layers, with
some degree of antiparallel alignment in the absence of field
and parallel alignment upon application of field. Finally, at
tCo=3 nm, as shown by the Mr and Hc data, there are almost
no separate grains left and intralayer scattering �between
SPM or FM grains� completely disappears. For higher tCo,
the GMR decreases, as many electrons scatter within a fer-
romagnetic Co layer both in the absence or in the presence of
a magnetic field and do not contribute to GMR.

IV. CONCLUSION

The effect of Co-layer thickness at a fixed Cu-layer thick-
ness in electrochemically deposited Co-Cu/Cu multilayers
was found to show variations in GMR characteristics with
peaks in GMR at 0.5 and 3.0 nm. The results have been
understood in terms of a gradual morphological transition of
the Co layer from a granular to a continuous layer pattern as
the Co-layer thickness increases. Both the magnetization and
the MR measurements mapped the changes in the magnetic
structure of the samples from SPM dominant granules to
discontinuous FM-SPM mixtures to a FM dominant continu-
ous layer with the increase in Co-layer thickness. The de-
composition of total GMR showed two major contributions,
i.e., GMRFM-FM and GMRFM-SPM, and led to the conclusions
that with an increase in tCo, the percentage of FM contribu-
tion increases at the expense of the SPM regions. The differ-
ence in Hp and Hc was also found to increase with the in-
crease in tCo.
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FIG. 10. �a� The variation in the total MR and its decomposed
FM-FM and FM-SPM contributions are shown as a function of the
Co-layer thickness. �b� The SPM cluster size inferred from the fitted
MR�H� data is shown.
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