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Magnetoresistance induced by spin transfer torque in
electrodeposited granular multilayers based on Co/Zn
system

P. PASCARIU", V. GEORGESCU
Faculty of Physics “Al. 1. Cuza” University, lasi 700506, Romania

In this work we study transfer of spin angular momentum across multilayered granular films composed of
ferromagnetic (Co)/diamagnetic (Zn) metals. Magnetoresistance (MR) and spin transfer torque phenomena (STT) were
studied for two series of multilayers labeled [Co/Zn], and [Zn/Co],, starting with Co and Zn layers, respectively,
electrolitically grown onto Cu (100) substrate under identical conditions. The coercivity varied between (1450e+2080¢) as a
function on the Zn layer thickness, with largest values for the samples starting with Co. The [Co/Zn], and [Zn/Co],
electrodeposited multilayers display magnetoresistance (14%) effect which can be explained mainly by the exchange
interaction among neighbouring layers and by the spatially inhomogeneous magnetic structure of the granular multilayer
(favoring spin scattering at interfaces between grains and layers); in addition, the thickness of the Zn interlayer has an
important role on the transportation and diffusion processes.
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1. Introduction

Research on metallic multilayers is a topic of major
interest, especially since the discovery of the giant
magnetoresistance (GMR) effect in magnetic/nonmagnetic
multilayers with the thickness of the individual layers in
the nanometer range [1, 2]. It was shown that significant
GMR values can be achieved in granular heterogeneous
alloys or granular multilayer [3-7].

On the other hand, as predicted Berger [7] and
Slonczewski [8], a spin polarized current can transfer its
angular momentum to a ferromagnet, inducing a torque on
its magnetization (it was later established experimentally
[9-12]). Thus, the magnetic moment can switch to another
state or oscillate around its equilibrium position at
microwave frequencies; this phenomenon is called spin
transfer torque. We considered that it is very interesting to
study such phenomena in granular multilayered thin films.
It is known that granular solids with nanometer size
magnetic granules have a higher density of interfaces,
which can potentially lead to a larger GMR [3, 4].

The present work deals with the study of magnetic
and magnetotransport properties of Co/Zn granular
multilayers in a view to foresee some technological
applications; especially, we envisaged the spin transfer
torque phenomena (STT) in such multilayers. A first
reason for selecting the Co/Zn system is that we expected
the formation of granular structure with sharp interfaces
between the Zn and the Co-rich zones due to immiscibility
of the constituents under equilibrium conditions. Since
both zinc (diamagnetic) and cobalt (ferromagnetic) are
immiscible elements on a large scale of concentration, as
derived from their phase diagram [13], this factor can lead
to production of granular materials. Another reason is that

diamagnetic materials cause lines of magnetic flux to
curve away from the material. The ferromagnets (which
have a permanent positive moment) and paramagnets
(which induce a positive magnetic moment) are attracted
to magnetic field maxima, and diamagnets (which induce a
negative moment) are attracted to field minima. We
suppose that this behavior could produce some
peculiarities in magnetic flux lines distribution in
multilayered Co/Zn granular samples, favoring the
antiferromagnetic (AF) coupling between neighboring
layers, and as consequence the magnetoresistance should
be enhanced. This type of AF coupling could be dependent
on the layer thickness and on the interface between layers
or granules.

We prepared by electrodeposition two series of
granular multilayers labeled [Co/Zn], and [Zn/Co],,
starting with Co or Zn layers, respectively. We studied the
effects of the seed layer (Co or Zn) and of the Zn layer
thickness concerning the properties of multilayer.
Magnetic and magnetotransport properties of the samples
were measured and discussed in correlation with
morphology. As far as we know of, this is the first time
when Co/Zn multilayered granular films have been
fabricated by electrodeposition and their magnetic and
magnetotransport properties were studied.

2. Experimental

The samples studied in this work were prepared by
electrodeposition in potentiostatic regime, by using dual
baths method [14]. A holder system with three electrodes
was introduced alternately in the two baths for
electrodeposition of Zn or Co. Electrodeposition was
performed in potentiostatic regime, using a holder system



Magnetoresistance induced by spin transfer torque in electrodeposited granular multilayers based on Co/Zn system 837

with three electrodes, by using platinum anode and a
platinum wire as quasi-reference electrode (the contact
area with solution was of 0.06 mm?). The disk-shaped
cathode (20 mm in diameter) was made from (100)-
textured polycrystalline copper foils. The solutions for Zn
or Co layer plating contained: Zn in the form of zinc (II)
sulfate, Co in the form of cobalt (II) sulfate and the
additional substances (H;BOs, NaCl, Na,SO,10H,0, and
triethanolamine (CH3;CH,OH);N), which were the same
for both baths. Electrodeposition was carried out at 3.0 V
bias voltages for both electrolytic baths and the solution
pH was kept constant at 4.0, without stirring the
electrolyte. The copper substrates were surfaced prior to
electroplating by abrasion with emery powder, etching in
dilute HNO;, and washing in distilled water. The system
of electrodes was alternatively introduced in each bath,
controlling the time of immersion; before each immersion
in electrolytic baths, the system was carefully rinsed in
distilled water. To avoid co-deposition of Co-Zn alloy in
the same layer, we chose the dual-bath technique for
electrodeposition that offers some advantages for the
sample production comparative with  single-bath
technique. Indeed, the application of electrolyte
components and the adjustment of their concentration can
be independent of each other, and the magnetic layer can
be void of the non-magnetic element.

The nominal thicknesses of the Co and Zn layers were
estimated from the consumed charge, the rate of
electrodeposition being established by depositing some
thick (500 nm) films of Co and Zn in the same conditions
as those used for multilayer electrodeposition. The weights
of the deposits were measured for these thick films by
means of a microbalance with an error of +10° g. In
addition, a MII-4 Linnik interferential microscope was
used to measure the thickness of these films by the
multiple-beam Fizeau fringe method, at reflection of
monochromatic light. The deposition rates of Co and Zn
layers were calculated as 0.3 and 0.7nm/sec, respectively.

We have prepared by this procedure two series of
[Co/Zn], and [Zn/Co], multilayers, (starting with Co or Zn
layers) with different thicknesses of Zn layers , varying in
the range (#7,=0.8+5.0)nm, under otherwise identical
conditions and containing stacks of n=50 periods. The
thickness (¢¢,) of the Co layers in multilayered structures
was maintained constant at 5.0 nm. The notation of these
samples is as follows (with layer thickness expressed in
nm):

1. Multilayers  starting with Co layer: Sl
[Co(5.0)/Zn(5.0)], S2 [Co(5.0)/Zn(2.6)] and S3
[Co(5.0)/Zn(0.8)]

2. Multilayers  starting with Zn layer: S4
[Zn(5.0)/Co(5.0)], S5 [Zn(2.6)/Co(5.0)] and S6
[Zn(0.8)/Co(5.0)]

The surface morphology experiments were performed
by atomic force microscopy in the tapping mode (using
WSXM software for scanning probe microscopy) [15].

The magnetic measurements were carried out using an
induction type device with the ac magnetic field applied in
the film plane (50 Hz, in a maximum field of 750 Oe) at
room temperature.

The resistance measurements were performed at room
temperature by using a particular type of device with a
current flowing perpendicular to the film plane (/ = =1 A),
between the Cu substrate on which is deposited granular
film and a gold wire contact, spring pressed on the top
surface of the film. In such a way, the current lines flow
from the surface of the Cu bottom disc to the top layer,
traversing simultaneously through the entire volume of the
multilayered granular film. Resistance R=V/[ was
measured at room temperature as a function of current /
and magnetic field H, by using a programmable digital
instrument. The shunt effect of the substrate was not
corrected. The variable external magnetic field with a
maximum value of H=+ 4420 Oe was applied in the film
plane.

3. Results and discussion

We performed firstly the measurements by atomic
force microscopy in order to investigate both the effect of
the seed layer (Co or Zn) and of the Zn layer thickness on
film morphology, for the series of multilayers starting with
Co or Zn, having varied Zn layer thicknesses.

For a brief presentation of experimental results on the
two series of samples we chose as example for figures in
this study the following representative samples: S1-
[Co(5)/Zn(5)]s0, S3-[Co(5)/Zn(0.8)]so which are samples
starting with a Co layer and S4-[Zn(0.8)/Co(5)]so, S6-
[Zn(5)/Co(5)]so which are samples starting with a Zn
layer.

Fig. 1 shows two-dimensional AFM images of the
surface morphology of some Co/Zn granular multilayered
films (starting with Co layers), comprising 50 stacks of
alternating Co layers (¢#c,=5 nm) and Zn layers (¢7,=0.8-5
nm) grown on a (100) Cu substrate. Topographic AFM
images (left side column, a and c) as well as the
corresponding phase images (right side column, images b,
d) are shown for the samples: S1 [Co(5.0)/Zn(5.0)] (a, b)
and S3 [Co(5.0)/Zn(0.8)] (c, d).

Fig. 1. AFM surface topography (left side column) and

the corresponding phase images (in the right side

column) for the samples: S1 (a, b), S3 (c, d). The scan
area is 5x5 ,umz.
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Fig. 2 shows two-dimensional AFM images of the
surface morphology of two Zn/Co granular multilayered
films (starting with Zn layers). Topographic AFM images
(left side column, a, c) as well as the corresponding phase
images (right side column, images b, d) are shown for the
samples: S4 [Zn(5.0)/Co(5.0)] (a, b) and S6
[Zn(0.8)/Co(5.0)] (c, d).

Fig. 2. AFM surface topography (left side column) and

the corresponding phase images (in the right side

column) for the samples: S4 (a, b), S6 (c,d). The scan
area is 5x5 ,um

From the general examination of these images, it is
obvious that both [Co/Zn]sy and [Zn/Co]sy were grown by
a progressive nucleation mechanism with formation of
tridimensional insular grains. The increase of the Zn layer
thickness determines an increase in size and density of
insular nanocrystalline grains as it is shown by comparison
between topography images of the samples S3, S1 and S6,
S4, for [Co/Zn] and [Zn/Co], respectively.

For the series of samples electrodeposited with
different Zn layer thicknesses, the roughness parameter —
root mean square (RMS) — was calculated from the 5 pmx5
um AFM topography scan as follows: (S1) 84.49 nm, (S3)
105.21 nm, (S4) 162.80 nm and (S6) 106.88 nm. From the
AFM analyses (Fig. 2) we found out that the more the Zn
layer thickness increases, the multilayer being started with
Zn, the larger the roughness becomes, inversely than in the
case of films starting with a Co layer (Fig. 1).

When we studied the two groups of samples, where
the Zn layer thickness is decreased: S1 [Co(5.0)/Zn(5.0)],
S3 [Co(5.0)/Zn(0.8)], in the case of multilayers starting
with Co layer and S4 [Zn(5.0)/Co(5.0)], and S6
[Zn(0.8)/Co(5.0)] for those starting with Zn, we have had
in mind that the effect of decreasing 7, results in
increasing strength of interaction between magnetic layers.
The relation between the size of the grains in granular
multilayers and the nominal layer thickness is generally
determined by the three-dimensional growth process. The
average diameter of the grains can be much larger than the
nominal layer thickness, depending on the material
parameters e.g., lattice parameter mismatch, surface
energy, etc., as well as various -electrodeposition
parameters. The increase of the Zn spacer layer thickness

from 0.8 to 5.0 nm was found to decrease the magnetic
grain size both in Co/Zn and Zn/Co granular multilayer
samples. For samples S3 and S6 where the spacer layer
thickness is 0.8 nm the magnetic grain size is increased,
therefore it is most probable to have an increasing number
of the pinholes and discontinuities of the Zn spacer.

It is known that the phase imaging provides
complementary information to the topography image,
revealing the variation in the surface properties. In Fig. 3
we show the phase profiles (a, b) of the images from figure
1 (taken along the marked x-y line), and the corresponding
cross-section topographic profiles (c, d) for the following
multilayers starting with a Co layer: S1 [Co(5.0)/Zn(5.0)]
(a, b) and S3 [Co(5.0)/Zn(0.8)] (c, d).
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Fig. 3. Phase profiles (a, b) of the images shown in Fig. 1
(taken along the marked x-y line), and the corresponding
cross-section topographic profiles (c, d) for the following
multilayers  starting  with  a Co  layer: SI
[Co(5.0)/Zn(5.0)] (a, b) and S3 [Co(5.0)/Zn(0.8)] (c, d).

The phase shift angle of an oscillating cantilever is
sensitive to tip-surface interactions, which is basically
material specific. There are many surface properties that
may have an effect on the phase shift contrast. They can be
different surface compositions on a surface, differences in
friction, viscoelasticity, adhesion, material, etc. We
consider that the phase shift contrast in tapping mode
AFM in our experiments can be used to distinguish
different surface compositions on the surface, related to
multilayered granular structure of the samples. As can be
seen in Fig. 3, the cross section topography profiles of the
samples S1 (in the left side) and S3 (in the right) show
large grains with diameters in the pm range (Fig. 3 ¢, d).
The phase imaging provides for clearer observation of fine
features produced by multilayered structure in the case of
two samples starting with Co layer and comprising larger
Zn layers (5 nm for the sample S1) and (0.8 nm for the
sample S3). The phase contrast images highlight the two-
component structure of the [Co/Zn] multilayers. The
brighter areas may be Zn grains with a periodicity larger
for S1 than for S3 (Fig. 3c, d). The same features are
observed also for the samples of [Zn/Co] multilayers.

The shape and slope of the in plane magnetization
curves should depend on the nature of the first
electrodeposited layer and on the Zn layers thickness,
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because the film morphology changes as a result of
changing these preparation conditions.

Fig. 4a and Fig. 4b show the hysteresis cycles of the
samples S1 and S3 with #,=5 nm and #,,=0.8 nm, starting
with Co. Fig. 4c and Fig. 4d show the hysteresis loops of
two samples starting with Zn, S4 and S6, with the Zn layer
thickness #7,=5 nm and t;=0.8nm, respectively. We
obtained the coercivity of maximum value (H. =208 Oe)
for the sample S1 and of minimum value (H. =173 Oe) for
the sample S3, respectively. The remanence was of about
1 (M/M;= 1) for the sample S1 and of about 0.74 (M/M, =
0.74) for the sample S3; this feature is indicative of
ferromagnetic (FM) type coupling between the Co layers.
The loop shapes for the multilayers (starting with Zn) are
approximately similar. The coercivity of the sample S4 is
of about /45 Oe, while the remanence is M/M; ~0.55. For
the sample S6, the coercivity is /75 Oe and the remanence
is M/M; =0.83. All the samples show low-field hysteresis,
from which we conclude that there is some degree of FM
coupling in all the samples. We may conclude from these
experiments that, by keeping the same thickness of the Co
layer (tc,=5 nm) in the multilayered structure, the
magnetic behavior is much influenced by the Zn layers
thickness and also by the first electrodeposited layers
nature.
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Fig. 4. Comparison between hysteresis loops recorded
for the multilayers S1, S3 (starting with Co) and S4, S6
(starting with Zn).

To explain this behavior, we point out that the
coercive field and easy magnetization axis are influenced
from some specific features of granular multilayers.
Generally, the local crystallographic directions changes
when passing through a grain boundary. The normal
components of the magnetization vectors of the two grains
adjacent to boundary are not usually equal at remanence
and this creates magnetic poles at grain-boundary. The
local fields associated with these poles are sufficiently
large, to cause reverse-domain creation at the grain
boundary. The tensile stress caused by a lattice misfit
could produce a common axis of easy magnetization
despite the varied grain orientation. The dynamics of these
complicated structures in our heterogeneous magnetic
granular multilayers results in such various shapes of
hysteresis cycles.

The magnetic susceptibility curves are shown in Fig. 5
for the samples: (a) S1 and S4, (b) S3 and S6.
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Fig. 5. Magnetic susceptibility curves of electrodeposited
[Co/Zn] and [Zn/Co] multilayers for the samples: a) S1, S4
and b) S3, S6.

These smeared curves indicate a broad grain size
distribution, but interactions between the grains are also
likely to play a role as the Zn layer thickness decreases.
The switching field distribution SFD=AH/H,, where AH is
the full width at half maximum of the differential
susceptibility y=dM/dH, near H. is a measure of the
transition fluctuations that could be very important for
granular films. We obtained the SFD of maximum value
(SFD =1.260) for the sample S3 and of minimum value
(SFD =0.746) for the sample S1, respectively. The SFD of
the sample S4 is of about 0.940 and 1.078 for the samples
S6.

The measurements of resistance versus applied d.c.
magnetic field were performed by using the device
described in experimental part of the paper. The
magnetoresistance was defined as:

MR(%):%MOO, )
T,

where R, is the film resistance measured in the lowest
value of the current intensity, and Ry, is the resistance in
the maximum applied current intensity; [, = 0.01A and 7,,,,
= 1A for this experiment.
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The curves R(H) plotted for two values of the bias
current / applied perpendicular to the film plane (0.2A and
0.8A) are shown in Fig. 6, for the sample S1 (starting with
Co) and the sample S4 (starting with Zn).
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Fig. 6. Resistance vs. applied magnetic field for the

samples SI (a, ¢) and S4 (b, d) considered for various

values of the current applied perpendicular to the film
plane: I=0.2 mA (a, b), and I=0.8mA (c, d).

Fig. 7 shows the variation of the resistance with the
current intensity exemplified for three values of the
magnetic field applied in the film plane (H=270 Oe, 450
Oe, 1350 Oe), for the samples S1 [Co(5.0)/Zn(5.0)] and S4
[Zn(5.0)/Co(5.0)].
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Fig. 7. V/I vs. current I for the samples S1 (left side

column) and S4 (right side column) at different magnetic

fields applied in the film plane: H=270 Oe (a), H=450
Oe (b), and H=1530 Oe (c).

The magnetic behavior of our granular multilayered
films is more or less similar to that shown in plots from
this figure, for all the samples. Two main features of the
curves shown in Fig. 6 and 7 are peculiar: their asymmetry
referring to the sign of magnetic field and the electric
current influence exerted on multilayer magnetoresistance.

While magnetoresistance (MR) has generally been
found to be symmetric in applied field in nonmagnetic or

magnetic metals, we have observed asymmetric MR in
Zn/Co multilayers, evidenced from the curves in Fig. 6.

In Fig. 6 we show the R(H) curves for two values of
bias current 7, for one complete cycle of the magnetic field
from zero to #4420 Oe. The resistance increases with the
decrease of I, the MR values increase also (see values
marked on the figure), and the area of the MR hysteresis
cycle decreases. The samples in both series of [Zn/Co]s
and [Co/Zn]sy granular multilayered films display an
asymmetric giant magnetoresistance effect (referring to the
sign of applied magnetic field) and the area of the cycle.
The values of CPP magnetoresistance are ranged between
10% for the samples S4 and 14.0% for the samples S1. We
suppose that the asymmetry of magnetoresistance could be
ascribed to spin polarization effects. The differences
between the resistance values at positive and negative
saturation fields could be ascribed to Lorenz force acting
on the moving charge. The reorientation of magnetic
cluster moments comprised in granular multilayered films
could be due to electron spin-dependent scattering
occurring in the magnetic Co clusters as well as at the
Co/Zn and Zn/Co interfaces; the most important
mechanism seems to be interfacial spin-dependent
scattering [5, 6]. The appearance of the observed (H)
asymmetry can be associated also with the existence of
superparamagnetic entities in very small granules, like in
the case of NigFe;;/Cu system [16]. The hysteresis
observed in the R(H) plots is an indicative of metastable
state in domain formation of Co layers.

We marked on the Fig. 7 the values of resistance
variation due to current (in constant magnetic field). We
explain the influence of electric current / passing through
the multilayered structure on the magnetoresistance values
as an effect of spin transfer phenomena, analogous with
[8]. The electrical current can transfer angular momentum
to a ferromagnetic layer by spin transfer. For CPP
geometry it was shown [8] that the spin-polarized nature
of the current creates a mutual transference of spin angular
momentum between the magnetic layers which is
manifested in their dynamic response. For each pass of H
through zero, the multilayer switch to the anti-parallel
state of magnetic layers (high-resistance state) and then
back to the parallel state (low-resistance state) at high
field. The resulting effect of spin transfer phenomena and
Lorentz force on moving electrons is increased when the
bias current intensity is increased; this behavior results in
different R(H) curves for different bias current, and
different R(I) curves for different magnetic field, therefore
in a resistance change dependent on the bias current and
magnetic field.

Spin-polarized currents exert torque on magnetization
that can switch the magnetization direction once the
current density becomes sufficiently high. Taking into
account only the ideal geometrical area of the film surface
and neglecting the effect of the granular multilayer
roughness (which increase very much the effective surface
area), the calculated maximum density of current (J=
0318 A/em®) is much lower than the critical-current
density J. required for current-driven switching in our
films. This current-driven magnetization switching has
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been demonstrated on a number of metallic current-
perpendicular-to-plane giant magnetoresistance (CPP-
GMR) pillars [9, 10, 17-21] which exhibit
magnetoresistance ratio of 0.5 —5%. The critical current
density (J.) of these devices varies from mid 10° to 10°
A/cm” depending on the employed structure. In our case,
spin-polarized currents exert a torque on magnetization,
that modifies the magnetization direction insufficient to
switch magnetization in opposite direction, but sufficient
to influence the behavior of magnetic moments in the film,
therefore the film magnetotransport features.

The Zn interlayer thickness plays a significant role on
the magnetoresistance effects. The largest values for MR
and R, were obtained in the case of [Co/Zn]sy multilayers
with 5nm thickness of Zn layers. For these multilayers, the
granular morphology (Fig. la, b) is well marked, the
switching field distribution has the lowest value and
coercive field has the largest value from the two series of
studied samples. These correlations could suggest the way
to obtain multilayers with properties convenient for
technological applications.

4. Conclusions

The electrochemical deposition of Co/Zn and Zn/Co
multilayered thin films was reported. The Co/Zn
multilayered thin films were deposited from a sulfate bath
solution by a two baths procedure. Using the control of the
electrodeposition chemistry, pH, current density and
temperature, [Co/Zn]sy multilayered films with good
magnetic properties were obtained.

The morphology and magnetic properties of the
[Co/Zn] and [Zn/Co] depend strongly on the multilayer
design, i.e. on the thicknesses of the Zn and Co layers, and
on the seed layer (the first layer deposited onto Cu
substrate). We studied the effect of the nominal thickness
of individual Co and Zn layers and of the first
electrodeposited layer in the film on the magnitude and
behavior of GMR.

Comparing the shapes of the hysteresis loops, we have
found that the magnetic features are very different,
depending on the Zn layers thickness in multilayers.
Although the total thickness of the Co layers (¢¢,=250 nm)
is the same for all studied samples, the hysteresis loops
display various shapes, depending on the Zn layer
thickness and on the nature of the first electrodeposited
layer. This behavior is a result of the nucleation and
growth processes of multilayers composed of immiscible
elements, revealed by AFM topography and phase images.

The transfer of spin angular momentum across
multilayered granular films composed of ferromagnetic
(Co)/diamagnetic (Zn) metals was studied by using an
electrical current flowing perpendicular to multilayered
structure in the presence of magnetic field and it was
revealed by variation in the multilayer magnetoresistance.
The magnetoresistance values varied with the Zn layer
thickness. The giant magnetoresistance contribution was
of 14% for the Zn layer thickness #7,=5 nm (sample S1
[Co(5nm)/Zn(5nm)]so and of about 10% for the samples
starting with Zn as seed layer (samples S4

[Zn(5nm)/Co(5nm)]se, respectively. The increase in the
GMR effect is attributed to spin polarization effects. The
large enhancement is explained by scattering of the spin
polarized conduction electrons on diamagnetic grains.
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