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Spin-transfer-induced magnetic domain formation
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A special nanopillar comprised of a thick top ferromagnetic layer and a thin bottom ferromagnetic
layer is fabricated and the transport properties are measured by applying a dc current and an external
field. It is shown experimentally that the dc current flowing through the nanopillar could lead to
intermediate states between the antiparallel and the parallel magnetic configurations. The
intermediate states are characterized to be the result of domain formation in the bottom
ferromagnetic layer, due to the injection of spin-polarized current. The results verify that the
spin-transfer effect may induce domain formation in a magnetic thin film. It is also suggested that
when the spin-transfer effect is utilized to switch the nanopillar device, the domain formation may
result in the incomplete magnetization switching. © 2006 American Institute of Physics.
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I. INTRODUCTION

It has been theoretically predictedl‘2 and experi-
mentally 38 verified that spin injection induces magnetiza-
tion switching. When a spin-polarized current traverses a
thin nanomagnet, the spin angular momentum transfer exerts
a torque on the local magnetic moment, resulting in the mag-
netization switching or the spin wave excitation. This effect
is important not only for the fundamental interests but also
for the practical application. Most of the experimental stud-
ies have been carried out with a nanopillar structure having a
bottom ferromagnetic layer and a top nanomagnet. The mag-
netization switching of the top nanomagnet has been exten-
sively investigated. However, little attention has been paid
on the influence of the spin-transfer effect on the bottom
ferromagnetic layer in the nanopillar. Nevertheless, interme-
diate states™ have been reported during the spin-transfer-
induced magnetization switching and attributed to the do-
main formation in the bottom ferromagnetic layer.9 The
intermediate state means the incomplete magnetization
switching, possibly influencing the performance of the nano-
pillar device. On the other hand, unlike the spin-transfer-
induced magnetization switching of a nanomagnet, there are
few studies on the domain formation induced by the spin-
transfer effect when a spin-polarized current is perpendicu-
larly injected into a magnetic thin film. Only the domain
formation induced by the injection of an unpolarized current
through a point contact has been reported and ascribed to the
spin-transfer effect.'*!!

In this work, we further verify the spin-transfer-induced
domain formation by injecting a spin-polarized current per-
pendicularly into a magnetic film. At the same time, the in-
fluence of the domain formation on the switching behavior of
a nanopillar is also investigated. For the purposes of this
study, we fabricated a nanopillar with a structure, as sketched
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in Fig. 1(a) (hereafter structure A), comprised of a thick Co
top nanomagnet layer and a thin Co bottom layer, which is
extended horizontally. When a dc current is injected into the
structure, the thick top layer is expected to be magnetically
fixed and serve as the polarizer to produce the spin-polarized
current. With this special structure, the effect of the spin-
polarized current on the bottom magnetic thin film is studied.
As a comparison, a nanopillar with the structure shown in
Fig. 1(b) (hereafter structure B) is also fabricated, which dif-
fers from structure A only in that both the top and the bottom
Co layers are patterned into nanomagnets. The thickness of
each layer in both nanopillars is shown in the figures.

Il. EXPERIMENTAL RESULTS AND DISCUSSIONS

The nanopillars are fabricated from the electron-beam-
evaporated multilayers by electron-beam lithography, ion
milling, and photolithography. The transport properties are
measured by a lock-in technique at room temperature by ap-
plying an external field along the easy axis of the nanopillar.
Both nanopillars are fabricated in the same shape and size,
ie., 140X 70 nm?.

We firstly checked the magnetization switching induced
by the external field for both structures B and A. As can be
seen from Figs. 2(a) and 2(b), when the external field is
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FIG. 1. (a) The nanopillar structure studied in this work and (b) the structure
as a comparison. The arrows in (a) and (b) represent the direction of the
magnetization.
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FIG. 2. MR and dV/dI~ I, loops for nanopillars with structure B [(a) and
(c)] and structure A [(b) and (d)], respectively. The arrows represent the
sweeping direction of the external field or the dc current. The dashed lines in
(a) and (b) are the minor loops. In (a) and (b), the solid lines are obtained
with sweeping the field from the positive to the negative while the dotted
lines are obtained with the opposite sweeping direction. The solid line and
the dashed line in (c) are measured under external fields 330 and O Oe,
respectively. The solid circles in all the figures indicate the point where the
measurement starts.

swept between +1500 and —1500 Oe, two resistance states
can be observed in both magnetoresistance (MR) loops, cor-
responding to the parallel (P) and the antiparallel (AP) mag-
netic configurations between the two Co layers, respectively.
For either A or B structure, the P-to-AP magnetization
switching occurs at small fields, caused by the switching of
the bottom Co layer. On the other hand, the AP-to-P magne-
tization switching occurs at high fields, caused by the switch-
ing of the top Co nanomagnet. The difference between the
two loops is that the P-to-AP magnetization switching occurs
before the field is reversed for structure B [Fig. 2(a)], while it
occurs after the field is reversed for structure A [Fig. 2(b)].
Such a difference implies the presence of the antiferromag-
netic dipolar coupling between the two Co layers in structure
B, originating from the magnetic charges around the side
edges of both Co layers. The minor loops for the bottom Co
layers are also plotted in the figures with dashed lines. Ac-
cording to the shift of the minor loop center from the zero
field in Fig. 2(a), the dipolar coupling field is determined to
be 330 Oe. On the other hand, the minor loop in Fig. 2(b) is
not shifted. This is because the bottom Co layer is a continu-
ous thin film, thus the stray field of the top Co layer does not
affect its switching behaviors.

To study the influence of the spin transfer on the bottom
layer, a dc current I, is injected into each structure, which is
preset to be the AP state with the top Co layer magnetization
in the positive field direction and the bottom Co layer mag-
netization in the negative field direction, as illustrated in
Figs. 1(a) and 1(b). In our measurement the positive dc cur-
rent is defined as flowing from the bottom to the top of the
pillar. The differential resistance dV/dl is measured with
sweeping the dc current from 0 mA to the positive maxi-
mum, then to the negative maximum, and finally back to
0 mA. For both structures, hysteresis loops are observed in
the dV/dI~ I, curves shown in Figs. 2(c) and 2(d), respec-
tively. However, the full magnetization switches between AP
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FIG. 3. (a) The resistance dependence on the external field and (b) the
magnetic configuration for the D state.

and P states are realized only for structure B. In Fig. 2(c), the
AP state for structure B is switched to the P state when the dc
current is increased in the positive direction, while the P state
is switched to the AP state when the dc current is swept from
the positive maximum to the negative maximum. This is op-
posite to the case of the conventional nanopillar,3’9 implying
that the bottom nanomagnet is completely reversed by the
spin-polarized current. Remarkable is that the dc current can-
not realize a full switching between P and AP states for struc-
ture A. As plotted in Fig. 2(d), when the dc current is in-
creased from 0 mA without the external field, the AP state
gradually evolves into another state, which is retained when
the dc current is further increased to +25 mA and then de-
creased to 0 mA again. According to the resistance value at
0 mA, this state (hereafter D state) is an intermediate (IM)
state between AP and P states. As the dc current is increased
in the negative direction, the D state switches back to the AP
state, which is retained when the dc current is decreased back
to 0 mA.

To characterize the D state, the effect of the external
field on it is investigated without the dc current. As can be
seen from the evolution of the resistance with the external
field [Fig. 3(a)], the D state is switched to the P state when
the field is increased to 100 Oe, coincident with the switch-
ing field of the bottom Co layer shown in Fig. 2(b). On the
other hand, the D state is transformed to the AP state when
the field is increased in the negative direction. With further
increasing the negative field, the AP state finally switches to
the P state at —1400 Oe, the same value as the switching field
of the top nanomagnet shown in Fig. 2(b). The results can
only be explained with the magnetic configuration sketched
in Fig. 3(b), i.e., a domain in the bottom Co layer for the D
state. For such a magnetic configuration, a positive field ex-
ceeding 100 Oe aligns the whole bottom layer in the positive
field direction, leading to the P state. On the other hand, a
small negative field reverses the domain, resulting in the AP
state. The AP state is further switched to the P state when the
negative field is large enough to switch the top nanomagnet.

The formation of the domain can be explained as fol-
lows. When the positive dc current is applied to the AP state
of structure A, the conduction electrons flow from the top to
the bottom. When passing through the thick top layer, the
electrons are spin polarized. Through the spin-transfer effect,
these spin-polarized electrons exert a torque on the magneti-
zation of the bottom Co layer when flowing into it. The spin
torque tends to align the magnetization of the bottom Co
layer to be parallel to the magnetization of the top Co layer,
finally forming a reversed domain in the bottom Co layer.
This domain keeps stable even when the dc current is re-
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FIG. 4. (a) dV/dI dependence on I, for the nanopillar with structure A at
the external field of =90 Oe. The arrows represent the sweeping direction of
the external field or the dc current. (b) and (c) are the resistance depen-
dences on the external field for states E and F, respectively.

duced to 0 mA. When the dc current is applied in the nega-
tive directions, the electrons flow from the bottom to the top.
Those electrons with spin opposite to the major spin in the
top layer are reflected back into the bottom Co layer and
again exert a spin torque on the bottom Co layer, i.e., on the
domain. This spin torque tends to align the magnetization of
the domain to be antiparallel to the top layer. Therefore, as
the dc current is increased in the negative direction, the do-
main is switched and hence disappears, back to the AP state
again.

The above experimental results and discussions show
that when a spin-polarized current is injected perpendicularly
into a thin film, a domain can be formed through the spin-
transfer effect. This domain is even stable when both the
field and the dc current are removed. The domain formation
results in an IM state in the nanopillar with structure A.

The dV/dI~ 1. measurement is also performed under
various negative external fields for structure A. All the mea-
surements start from the AP state shown in Fig. 1(a). The dc
current is swept in the sequence of 0 —25—0—-25—0
— 25 mA. The result measured at the field of —90 Oe is de-
picted in Fig. 4(a), much different from the one measured at
zero field. During the first sweeping from 0 to 25 mA, the
resistance starts to fluctuate at about 6 mA. When the dc
current is swept back from 25 to 0 mA, the resistance is sta-
bilized at the value for the P state. This parallel state is de-
noted as E state hereafter. With further sweeping the dc cur-
rent from O to —25 mA, the E state switches to another IM
state at —15 mA. We denote this IM state as F state, which
remains stable when the dc current is swept back to 0 mA
from —25 mA.

To clarify the switching behaviors, both E and F states
are characterized by investigating the resistance evolution
with the external field at zero dc current. The results for E
and F states are plotted in Figs. 4(b) and 4(c), respectively.
According to Fig. 4(b), increasing the field in the positive
direction firstly switches the E state to the AP state at about
100 Oe and then the AP state is switched to the P state at
about 1400 Oe. When the field is increased in the negative
direction, no state transition can be observed. The results
suggest that the E state is a parallel state with both Co layers
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FIG. 5. The evolution of the magnetic configuration corresponding to
Fig. 4(a).

aligned in the negative field direction, as shown in Fig. 5. On
the other hand, the F state transforms to the AP (or P) state as
the field is increased in the positive (or negative) direction
[Fig. 4(c)]. The transition to the AP state occurs at a field
equal to the switching field of the bottom Co layer. With
further increasing the positive field, the AP state is switched
to the P state at the switching field of the top nanomagnet.
The deduced magnetic configuration for F state differs from
the E state in that a reversed domain is formed in the bottom
Co layer, as also shown in Fig. 5.

Since the E state is developed from the AP state shown
in both Figs. 1(a) and 5 during the 0— 25— 0 mA sweeping,
it seems that a positive dc current switches the magnetization
of the top nanomagnet to be parallel to the magnetization of
the bottom Co layer. But according to the spin-transfer
theory, the spin torque exerted on the top nanomagnet favors
an antiparallel configuration when the dc current is positive,
contradictory to the present result. The possible mechanism
for this abnormal magnetization switching of the top nano-
magnet is as follows. As discussed previously, a domain is
firstly nucleated in the bottom Co layer as the dc current is
increased in the positive direction for the AP state. Thus a
magnetic configuration similar to the D state is resulted. We
denote it as D’ state, as depicted in Fig. 5. Once the reversed
domain is formed in the bottom Co layer, the spin torque
exerted on the top layer is also reversed, facilitating the mag-
netization reversal of the top nanomagnet. At the same time,
the stray field from the domain wall also attempts to reverse
the top layer.12 Finally, assisted by the negative external
field, the top layer is reversed, producing the F' state in Fig.
5. As soon as the top layer is reversed, the spin torque on the
bottom Co layer, favoring a parallel configuration between
the top and the bottom Co layers, reverses the domain with
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FIG. 6. dV/dI dependences on Iy for the nanopillar with structure A at the
external fields of (a) =180 Oe and (b) =220 Oe, respectively.

the help of the external field. Therefore the domain is anni-
hilated, resulting in the E state. Under the —90 Oe external
field and the positive dc current, the D’ and F' states seem
not to be stable, but only transition states in the switching
process occurring during the 0 — 25— 0 mA sweeping.

The domain formation induced when the E state
switches to the F state should be attributed to the spin torque
exerted by the electrons reflected back to the bottom Co
layer. During the sweeping from —25 to 25 mA, the spin
torque stabilizing the domain structure decreases. Finally, at
a positive dc current of 5 mA, the domain is annihilated by
the external field as well as the spin torque, which changes
its direction as the dc current becomes positive. Hence the F
state is switched back to the E state, as shown in Fig. 4(a).

Figure 5 illustrates the whole switching process when
the dc current is swept in the sequence of 0—25—0
——25—0—25 mA under a field of —90 Oe.

As shown in Figs. 6(a) and 6(b), the hysteresis loop ap-
pearing in Fig. 4(a) shrinks under an increased negative field,
due to the earlier switching from the F state to the E state.
The hysteresis finally disappears at the field of —220 Oe. On
the other hand, the switching current from the E state to the
F state is almost independent of the external field. Such a
field dependence of switching current is similar to that for
the conventional-type nanopillar, attributed to the thermal
effect."”

At last, we discuss how the domain can be stabilized in
the bottom Co layer of structure A. Although the bottom
layer is designed to be very thin, the domain wall energy

J. Appl. Phys. 100, 073906 (2006)

always appears when a reversed domain is formed, destabi-
lizing the domain. However, considering the ion milling dur-
ing the fabrication process, we believe that the defects
caused by the ion irradiation as well as other natural defects
provide pinning sites to the domain wall and hence stabilize
the domain.

lll. SUMMARY

In summary, it is shown that the perpendicular injection
of a spin-polarized current into a magnetic thin film can in-
duce the domain formation through the spin-transfer effect.
The domain formation may result in the incomplete switch-
ing and thus negative influences on the performance of the
nanopillar device. We also explained an abnormal switching
of the top nanomagnet observed when the dc current is in-
jected.
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