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Abstract

To clarify the contributions of spin-polarized current and spin accumulation to the current-induced magnetization
switching, the effects of the top electrode size of the magnetic nanopillar are investigated both theoretically and
experimentally. Theoretical calculation demonstrates that the spin-polarized current and the spin accumulation can be
adjusted in opposite directions by modifying the size of the top electrode. Increase in the size of the top electrode
suppresses the spin accumulation but enhances the spin-polarized current inside the nanopillar. On the other hand, it is
shown experimentally that the nanopillar with a wide top electrode exhibits small critical switching current compared to
the nanopillar with a narrow top electrode. The results suggest that the spin-polarized current contributes to the
current-induced magnetization switching dominantly over the spin accumulation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Traditionally, a magnetic field is necessary to
reverse the magnetization of a magnet. However, it
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is found recently that a DC current passing
through a nanoscale magnet can also switch the
magnetization. This was theoretically predicted
by Slonczewski [1] and Berger [2] in 1996. The
first experimentally realization by Katine et al.
[3] has stimulated extensive studies [4—15]
on the current-induced magnetization switching
(CIMS).

To realize the CIMS, the DC current must be
spin-polarized. Therefore, most of the studies on
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CIMS are carried out with a nanoscale current-
perpendicular-to-the-plane giant magnetoresis-
tance (CPP-GMR) device, also known as the
nanopillar. The nanopillar comprises two mag-
netic layers separated by a nonmagnetic layer. One
of the two magnetic layers takes the role of spin
polarizer with fixed magnetization while the other
one is a free layer with reversible magnetization.
Because of its two stable collinear configurations
of the magnetizations of the two magnetic layers,
i.e. antiparallel (AP) and parallel (P) configura-
tions, the CPP-GMR nanopillar device is promis-
ing for the application to the magnetic random
access memory (MRAM). The realization of
CIMS would simplify the MRAM device structure
and therefore improve the storage density.

When a DC charge current I, passes through
the nanopillar device, two physical processes
occur. Firstly, the spins of the conductive electrons
take only two directions, parallel or antiparallel to
the local magnetization. Accordingly, the electrical
current is devided into two parts, spin-up electrical
current /4 and spin-down electrical current 1.
Because of the spin-dependent scattering inside the
magnetic layers, the spin-up current is larger than
the spin-down current. Thus, the DC current is
spin-polarized in the device. The difference be-
tween the two currents is the spin-polarized
current /s, =14 —1,. On the other hand, when
the spin-polarized current passing through the
device, spin surplus appears in both the magnetic
and nonmagnetic layers, known as the spin
accumulation. The spin accumulation is expressed
as the splitting of the electrochemical potential
Ap=py — py.

The CIMS has been explained with either the
spin-polarized current or the spin accumulation.
Theories based on the former believe that the spin-
polarized current transfers the transverse compo-
nent of the spin angular momentum to the local
magnetic moment at the interface upon flowing
into the free magnetic layer [1,9-11], when there is
a small deviation from the collinear configuration
of the magnetizations. Thereby a torque is exerted
on the local moment, resulting in the spin-wave
excitation or the magnetic switching. However, the
theory of nonequilibrium exchange interaction
(NEXI) [8] claims that the effective field due to

the spin accumulation should contribute to the
CIMS. There are also theories [12—14] suggesting
that the spin accumulation results in a transverse
spin current at the interface responsible for the
CIMS. Nevertheless, the roles of the spin-polar-
ized current and the spin accumulation in the
CIMS have not been clarified yet.

As the simplest one-dimensional (1D) case, the
spin-polarized current is correlated with the spin
accumulation as in following diffusion equations [16]
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where A, u, o and e are, respectively, the spin-
diffusion length, the electro-chemical potential, the
electrical conductivity, and the electronic charge.
From the above equations, at least in the
nonmagnetic layer, where ¢, =04, the spin-
polarized current depends on the gradient of Apu.
Therefore the spin accumulation and the spin-
polarized current are not necessarily increased or
decreased simultaneously. Thus, it is important to
clarify their roles for not only further under-
standing the physical mechanism but also the
practical application. However, corresponding
experimental studies are still absent up to now.
In this paper, it will be shown theoretically that
the spin-polarized current and the spin accumula-
tion inside the nanopillar can be adjusted in
opposite directions through modifying the size of
the top electrode. In this way, the dominant
contribution to the CIMS can be experimentally
determined by studying the switching behaviors.

2. Theoretical calculation

To obtain the spatial distribution of the spin-
polarized currents and the spin accumulation in a
nanopillar device, which is difficult to be measured
experimentally, we have proposed a formalism
expressing such a structure as a 3D circuit of spin-
dependent resistor elements (3D-SDRE), wherein
the propagation is regarded as a 1D problem [17].
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To our knowledge, it is the first time that a 3D
calculation of the spin-polarized current is carried
out.

With this formalism, we studied how the size of
the top electrode influences the spin-polarized
current and the spin accumulation in the nano-
pillar with a layered structure of Cul/Col (40 nm)/
Cu2 (6nm)/Co2 (2nm)/Cu3, wherein Cul and
Cu3 take the roles of bottom and top electrodes,
respectively. The pillar shape is square with the
size of 100 nm. The considered structure types are
shown in Fig. 1. The top electrode Cu3 in (a) (A-
structure) is horizontally extended while in (b) (B-
structure) is standing on the pillar and has the
same cross-sectional area with the pillar. The
extended homogeneous layers Cul and Cu3 in
(a) and Cul in (b) are approximated as a square
pillar of 800 nm in size. The magnetization of the
Col layer is always fixed as “up” (1), whereas the
magnetic orientations of the Co2 layer is varied.
The charge current perpendicularly passing through
the structure is assumed to be I, = 1 mA, equiva-
lent to the average charge current density in the
pillar jg, = 1 x 10’ AJem® The electrical properties
of materials are of room temperature: electric con-
ductivity oy =48.1 x 10°Q ' m!, o, =4.2x
10°Q~'m~!, spin-flip lengths Ac, = 350 nm, Aco =
60 nm, and Co spin bulk asymmetry y = 0.35. We
assume no interface resistance, and no interface or
surface scattering. The largest SDRE grid size
is 10 nm.

Fig. 2(a) shows the calculated profile of the spin-
polarized current density js, along the central axis
of the structures in Fig. 1. In both the A-structure
and the B-structure, jg, for the parallel Col and
Co2 layers (171) is larger than that for the
antiparallel configuration (/). Furthermore, jg,
is enhanced inside the nanopillar for the
A-structure compared to the B-structure. Aver-
aging over the whole pillar cross-sectional area
yields ji, values at Co2 layer of 29.4 x 10° A/em?
for the A-structure and 19.0 x 10° A/cm? for the
B-structure.

The origin of the j;, enhancement in the
A-structure is as follows: the pillar with the
A-structure is attached to an infinitely large Cu
layer (Cu3), which acts as a reservoir, with
Ap = p; —u; =0. In other words, the infinitely
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Fig. 1. Sketches of the studied structure types. (a) Nanopillar
with horizontally extended top electrode, and (b) nanopillar
with top electrode having the same cross-sectional area as the
nanopillar.

large Cu3 layer provides a large volume for the
spin-polarized current to be scattered, thus acting
as a strong spin-flip scatterer. Hence, the infinitely
large Cu3 layer works as a small shortcutting
resistance between up and down channels. Conse-
quently, shortcutting of up and down channels
leads to an increase in jg,.

Presented in Fig. 2(b) are the profiles of u; and
u; along the central axis of both structures. Only
parallel configurations are presented here. In
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Fig. 2. Calculated profiles of (a) the spin-polarized currents and
(b) the chemical potentials along the central axis of the two
kinds of structures.

contrast to jsp, Fig. 2(b) exhibits a suppression of
Ap in the A-structure not only in the Cu3 layer but
also inside the nanopillar. The reason is exactly the
same as discussed above: the infinitely large Cu3
layer works as a strong spin scatterer, causing a
small spin-flip resistance (large scattering) between
up and down channels. Obviously, such a shortcut
reduces Au. The Au at Co2 layer averaged over
the whole pillar cross-sectional area is —0.267 meV
for the B-structure and —0.052 emV for the
A-structure. Berger [13] has also pointed out
the suppression of Au in a large top electrode in
his calculation.

The above calculation shows that the top
electrode outside the nanopillar can influence the
spin-polarized current and the spin accumulation
inside the nanopillar. It is further demonstrated
that the spin-polarized current and the spin

accumulation can be adjusted in opposite direc-
tions with changing the size of the top electrode.
This provides the possibility to experimentally
study their respective roles in the CIMS.

3. Experimental results and discussion

Based on the theoretical conclusions, we have
fabricated two groups of nanopillars with different
top electrode size, and studied their CIMS
behaviors.

The fabrication process is the combination of
electron-beam evaporation, photolithography, ion
milling, magnetron sputtering, and electron beam
lithography [18]. The studied nanopillars comprise
a layered structure of Cul (60nm)/Col (40nm)/
Cu2 (6 nm)/Co2 (2.5 nm)/Au (20 nm)/Cu3 (50 nm).
The layers of Cul(60 nm) and Cu3(50 nm) serve as
the bottom and the top electrodes, respectively.
The bottom Col (40 nm) layer is extended to avoid
the dipolar coupling between the two Co layers. It
has a fixed magnetization during the current-
induced magnetization switching, while the top
Co2 (2.5nm) layer has freely switchable magneti-
zation. During the fabrication, Cul (60nm)/Col
(40 nm)/Cu2 (6 nm)/Co2 (2.5nm)/Au (20 nm) mul-
tilayers are firstly deposited with electron-beam
evaporation while the 50 nm top electrode is finally
evaporated after the formation of the nanopillar.
The 20nm Au layer is deposited to prevent
oxidation during the fabrication.

Corresponding to Fig. 1(a), one group of the
nanopillars have top electrodes as wide as 9 um. In
comparison, the top electrodes for the nanopillars
in the other group are as narrow as ~100nm,
representing the case of Fig. 1(b). As a realistic
structure, the narrow top electrode lies on the
nanopillar horizontally, unlike the standing one
shown in Fig. 1(b).

However, it is technically difficult to align a top
electrode of ~100 nm in width onto a nanopillar of
~100 nm. To solve this problem, a grid-shaped top
electrode illustrated in Fig. 3(a) is designed. The
slits of the grid are narrower than the nanopillar
whereas the width of the conductive strips between
the slits is comparable to the nanopillar. There are
tens of strips in one grid so that the probability of
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Fig. 3. (a) Schematics of the grid-shaped top electrode, and SEM images of (b) a nanopillar (top view), (c) the grid-shaped Cu

electrode, as well as (d) the wide Cu electrode.

the nanopillar being covered by one strip is
effectively increased. The length of the conductive
strips is designed to be much larger than the spin-
diffusion length. Therefore the strip is equivalent
to the narrow top electrode.

Since the Au surface of the nanopillar is exposed
to the resist and chemicals during the processing, it
is cleaned with ion milling prior to the top Cu
electrode deposition. This ion milling removes
more than Snm Au. Then the sample is quickly
moved from the ion-milling chamber into the
evaporation chamber so that the Au/Cu interface
is remained as clean as possible. In addition, the
remained Au is less than 15nm, well below the
spin-diffusion length of the evaporated Au at
room temperature. The spin-diffusion length of
the sputtered Au has been measured to be 63 nm
[19] at 10K or 150 nm [20] at 4.2 K. These values
are reduced to roughly one-third at room tem-
perature but doubled for evaporated Au [20]. Thus
the evaporated Au has a spin-diffusion length of

about 42 or 100nm at room temperature. There-
fore, most of the polarization of the current is
remained after passing the Au layer.

Fig. 3(b) shows the top-view scanning electron
microscope (SEM) image of the fabricated nano-
pillar with the size of 160 x 100 nm?. Figs. 3(c) and
(d) are the SEM images of a grid-shaped narrow
Cu electrode and a wide Cu electrode, respectively.
The white circle in (c) indicates the position of the
nanopillar, roughly being the middle of the strip
length. Because of the misalignment, some nano-
pillars are fully covered with a single Cu strip while
the others are only partially covered.

The perpendicular transport properties of the
pillars are measured by means of lock-in technique
at room temperature. To compensate the possible
dipolar-coupling field between the two Co layers,
the differential resistance (dV/dl) vs. DC current
(Ipc) loops are measured with varying the applied
field along the long axis of the elliptic pillar. Since
both the external field and the dipolar-coupling
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field cause shift and shrinkage of the dV/dI vs. Ipc
loop [21], the averaged critical switching current is
determined from the widest loop in the measure-
ment. The widest loops are always obtained with
zero or small external fields because of the small
dipolar coupling in our samples.

It is found that only the nanopillars fully covered
with the top electrode exhibit sharp single-step
magnetic switching with both magnetic field and
DC current. This suggests that the contact area
between the top electrode and the nanopillar possibly
affects the switching behavior. We do not study this
possibility in this paper. The results reported here-
after are for the fully covered nanopillars.
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Figs. 4(a) and (b) are the MR loops for two
nanopillars with the wide and the grid-shaped
narrow top electrodes, respectively. The two peaks
are well separated, implying a small dipolar
coupling between the two Co layers. The corre-
sponding dV/dI vs. Ipc loops are plotted in Figs.
4(c) and (d). For both nanopillars, ecither the
applied field or the DC current induces sharp and
full transitions between the AP and P states. The
nanopillar with the wide top electrode has a
reasonable resistance of about 1.1Q and a MR
ratio of 4.2%. However, the resistance of the
nanopillar with the grid-shaped electrode is as
high as 3.0Q. This high value is caused by the
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Fig. 4. MR loops for nanopillars with (a) the wide top electrode, and (b) the grid-shaped narrow top electrode. dV/dI vs. Inc loops for
nanopillars with (c) the wide top electrode, and (d) the grid-shaped top narrow electrode.
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Fig. 5. (a) Current paths in the nanopillar and the grid-shaped
top electrode, and (b) the equivalent electrical circuit. Ry 4 are
the resistances in the strips while R, is the resistance of the
nanopillar.

grid-shaped electrode, in which the electrical
current flows along the paths shown in Fig. 5(a).
It can be understood from the equivalent circuit in
Fig. 5(b) that the measured resistance includes the
contribution of the top electrode as well as the
pillar resistance. Therefore the measured resistance
is much higher than that of the nanopillar itself.
The two samples are fabricated from the same chip
and have the same size of 160 x 100 nm?>. The only
difference between them is the top electrode.
Remarkable is a large difference in the critical
switching current seen as a change in width of the
two dV/dI vs. Ipc loops in Figs. 4(c) and (d). The
critical switching current density is determined
from half of the loop width and the cross-sectional
area of the nanopillar, being 4.2 x 10’ A /cm? for
the wide top electrode and 7.8 x 107 A /cm? for the
grid-shaped narrow top electrode. The latter is 1.8
times as large as the former. Listed in Table 1 are
the critical switching currents for the nanopillars
with the size of 160 x 100nm?2. In average, the
critical switching current is increased by a factor of
1.8 when the wide top electrode is replaced with
the narrow one. The increase of the critical

Table 1

Comparison of the critical switching current between nanopil-
lars with the narrow top electrode (3 samples) and the wide top
electrode (3 samples) respectively. The size of the pillars is
160 x 100 nm?>

Sample No. Critical switching current (mA)
Narrow top electrode Wide top electrode
#1 8.0 4.3
#2 9.3 5.4
#3 9.9 5.6

switching current is also observed with the
nanopillars with the size of 130 x 70nm?, for
which the factor of increase is 1.6 in average.
One possible reason for the difference in the
critical switching current is the Oersted field due to
the current flowing in the narrow top electrode.
According to the magnetization direction of the
bottom Co layer, this Oersted field should cause
expansion or shrinkage of the dV/dI vs. Ipc loop.
To examine the influence of this Oersted field, the
magnetization of the bottom Co is reversed, and
then the dV/dI vs. Ipc loop is measured again.
Almost the same result is obtained, meaning that
the influence of the current in the top electrode is
negligible. In fact, because of the symmetric
structure of the grid-shaped electrode, the Oersted
fields from the strips are nearly cancelled.
According to our theoretical calculation, in-
crease in the size of the top electrode diminishes
the spin accumulation at the Co2 layer by a factor
up to 5. In Berger’s calculation [13], this factor is 2.
Our calculation also shows that the spin-polarized
current at the Co2 layer is increased by a factor of
about 2. This is because that the wide electrode
provides a large volume for conduction-electron-
spin relaxation, thus acting as a strong spin-flip
scatterer. Hence, the wide top Cu electrode works
as a small shortcutting resistance between up and
down channels. Consequently, shortcutting of up
and down channels leads to an increase in the spin-
polarized current and the suppressing of the spin
accumulation even inside the nanopillar. This can
also be explained by employing the spin resistance
Rs = /[0 A(1 — &?)], where A is the cross-sectional
area, and « is the spin asymmetry. Increase in the
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area A decreases the value of Rsg, and thus
accelerates the spin-flip scattering.

The theoretical and experimental results can be
summarized as follows. By increasing the size of
the top electrode, inside the nanopillar the spin-
polarized current is increased while the spin
accumulation is decreased. At the same time the
critical switching current for the CIMS is also
decreased. In other words, the switching is
facilitated. Thus, it could be concluded that the
spin-polarized current is the dominant contribu-
tion to the CIMS. The increase of the spin-
polarized current equals to the increase of the
polarization of the charge current p = Ig,/Ich.
Since the critical spin-polarized current I, for the
CIMS does not change, the increase of p reduces
the critical switching current Ig,.

In contrary to the present conclusion, previous
theoretical works [12-14] suggested that the spin
accumulation is responsible for the CIMS. These
previous conclusions support the strategy that the
spin accumulation should be increased to reduce
the critical current for magnetic switching. How-
ever, the present results show that the large spin
accumulation in the nanopillar with the narrow
top electrode does not correspond to a small
switching current, whereas the increase in the spin-
polarized current reduces the critical switching
current. Thus, it is clear that the spin-polarized
current is the dominant contribution to the CIMS.
With the present results, we do not deny the
contribution of the spin accumulation, but show
that it is much ineffective compared to the
contribution of the spin-polarized current. There-
fore, to reduce the critical switching current, the
polarization of the charge current should be
increased. The possible ways are to introduce
spin-flip scatterers in the electrode or to use
capping layers with short spin-diffusion length.

Finally, we briefly discuss the influence of the
spin pumping effect [22]. Since the CIMS is
realized through the precession of the magnetiza-
tion, the spin pumping effect possibly occurs,
increasing the damping coefficient and accordingly
the critical switching current. Because the spin
pumping effect also depends on the adjacent
nonmagnetic layer, one may argue that the change
of the switching current is caused by the spin

pumping other than the spin-polarized current as
we claim in this paper. However, it should be
noticed that the spin accumulation build-up in the
nonmagnetic layer opposes the spin pumping.
Therefore, the spin pumping should be weaker
for the narrow top electrode than for the wide top
electrode. Nevertheless, the critical switching
current is increased in the narrow top electrode
compared to the wide top electrode. Hence, the
change of the critical switching current is unlikely
caused by the spin pumping.

4. Conclusions

Theoretical calculation demonstrates that the
spin-polarized current and the spin accumulation
inside the nanopillar can be adjusted in opposite
directions through modifying the size of the top
electrode. The expansion of the top electrode
increases the spin-polarized current, but reduces
the spin accumulation. Corresponding experimen-
tal study further reveals that the expansion of the
top electrode also reduces the critical switching
current, facilitating the magnetization switching.
Therefore it could be concluded that the spin-
polarized current makes the dominant contribu-
tion to the current-induced magnetic switching in
the CPP-GMR device.
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