
Current detection of vortex motion in patterned S-shape wires with constrictions
Yi-Chun Chen, Yeong-Der Yao, Shang-Fan Lee, Yu-An Lin, Dong-Cheng Chen, and Yung Liou 

 
Citation: Journal of Applied Physics 99, 08G306 (2006); doi: 10.1063/1.2166591 
View online: http://dx.doi.org/10.1063/1.2166591 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/99/8?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Current-induced magnetization switching in asymmetric necked wires 
Appl. Phys. Lett. 91, 062512 (2007); 10.1063/1.2768301 
 
Current driven domain wall motion in magnetic U-pattern 
J. Appl. Phys. 97, 10C710 (2005); 10.1063/1.1852872 
 
Current-assisted magnetization switching in submicron permalloy S-shape wires with narrow junctions 
J. Appl. Phys. 97, 10J703 (2005); 10.1063/1.1850254 
 
Quantitative analysis of magnetization reversal in submicron S -patterned structures with narrow constrictions by
magnetic force microscopy 
Appl. Phys. Lett. 86, 053111 (2005); 10.1063/1.1853491 
 
Detecting domain-wall trapping and motion at a constriction in narrow ferromagnetic wires using perpendicular-
current giant magnetoresistance 
Appl. Phys. Lett. 85, 1562 (2004); 10.1063/1.1787154 

 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Thu, 01 May 2014 02:01:57

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Yi-Chun+Chen&option1=author
http://scitation.aip.org/search?value1=Yeong-Der+Yao&option1=author
http://scitation.aip.org/search?value1=Shang-Fan+Lee&option1=author
http://scitation.aip.org/search?value1=Yu-An+Lin&option1=author
http://scitation.aip.org/search?value1=Dong-Cheng+Chen&option1=author
http://scitation.aip.org/search?value1=Yung+Liou&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.2166591
http://scitation.aip.org/content/aip/journal/jap/99/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/6/10.1063/1.2768301?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1852872?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1850254?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/5/10.1063/1.1853491?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/5/10.1063/1.1853491?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/9/10.1063/1.1787154?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/9/10.1063/1.1787154?ver=pdfcov


JOURNAL OF APPLIED PHYSICS 99, 08G306 �2006�

 [This ar
Current detection of vortex motion in patterned S-shape wires
with constrictions

Yi-Chun Chena�

Department of Physics, National Cheng Kung University, Tainan 701, Taiwan, Republic of China

Yeong-Der Yao, Shang-Fan Lee, and Yu-An Lin
Institute of Physics, Academia Sinica, Taipei 115, Taiwan, Republic of China

Dong-Cheng Chen
Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu 300,
Taiwan, Republic of China

Yung Liou
Institute of Physics, Academia Sinica, Taipei 115, Taiwan, Republic of China

�Presented on 1 November 2005; published online 21 April 2006�

The current-driven effect on the vortex domain wall in a series-connected permalloy S-shape
patterns was investigated. When a domain wall is initially formed in the wire section, in contrast to
the ac result, applying a low dc current �J�105 A/cm2� will break the degeneracy of the switching
energy in different connected sections. Moreover, three kinds of effects on vortex states are observed
by applying a high dc current �J�107 A/cm2�. The current applied slightly below the original
switching field will drive vortices to constrictions while the current applied far below the original
switching field will only perturb the vortex to another stable state. At the fields slightly over the
original switching field, the domain walls are initially trapped at constrictions, injecting current will
cause both the depinning and deformation of vortices. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2166591�
I. INTRODUCTION

Current-induced magnetization switching has attracted a
great interest recently.1–6 When a large dc current flows
across a domain wall, several effects, including Oersted field
from the current itself, the spin torque transfer, the domain
drag, and the linear domain transfer, are expected to occur.7–9

Most theoretical results predict spin current modifies wall
structure;9–11 however, more experimental evidences are still
needed. It has been in situ demonstrated experimentally that
the velocity of a wall driven by pulsed current will vary with
the spin configuration of the domain wall.12 In this study, we
investigate the current-driven vortex domain-wall motion in
S-shape patterned wires by applying continuous high and
low dc currents. Current-driven effect with different initial
magnetic structures is also discussed.

II. EXPERIMENT

S-patterned Ni80Fe20 narrow wires with a geometry as
shown in Fig. 1�a� were examined. The wires consist of
seven identical, series-connected half-ring units, which are of
1 �m linewidth and 5 �m diameter. To effectively trap the
domain wall, a tip-to-tip notch of 200 nm width was fabri-
cated to connect two adjacent half-rings. Ti/Au leads for
magnetoresistance �MR� measurement are patterned at both
ends of the S-patterned wire. The wires and the leads were
prepared by electron-beam lithography �Hitachi 4200� and
lift-off techniques. During the MR measurement, the resis-
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tance was measured by a four-channel detection system at 77
K with applied magnetic field up to 4 kOe. The magnetiza-
tion reversal processes and domain structures in the films
were investigated by magnetic force microscopy �MFM� �DI
3100� and numerical simulation using object oriented micro-
magnetic framework �OOMMF� �code from the National Insti-
tute of Standards and Technology�. High-density dc currents
for measuring the current-driven effect are provided by Kei-
thley 6430.

FIG. 1. AFM image of the series-connected S-shaped Ni20Fe80 wire. �b� The
field-dependent magnetoresistance curves measured at 77 K for film thick-
nesses of 25 and 100 nm, respectively. The magnetic field is applied per-

pendicular to the long axis of the structure.
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III. RESULTS AND DISCUSSION

Figure 1�b� shows the typical variation of MR ratio
��R /R4 kOe=R�H�−R�4 kOe� /R�4 kOe�� as a function of
applied magnetic field for films with 25 and 100 nm thick-
ness. The field was applied in the in-plane transverse direc-
tion, i.e., perpendicular to the long axis of the S-shape pat-
tern. The MR curves can be basically interpreted through the
anisotropic magnetoresistance �AMR� effect. When the mag-
netic field decreases from the positive saturation, the mag-
netic moments gradually rotate from field-parallel toward
wire-parallel directions due to the shape anisotropy. After the
magnitude of field keeps increasing in the negative direction,
the magnetization tends to deviate away from the wire, re-
sulting in the formation of vortex domain walls in the wire
sections, as shown in Fig. 2�a�. Due to the transverse mag-
netization component in the vortex wall and multidomain in
the wire, the MR curve shows a local minimum �Fig. 1�b�,
point a�. The MR value then jumps �Fig. 1�b�, point b� when
the vortex wall moves to the constriction and is trapped
there, i.e., Fig. 2�b�, where most magnetizations are along the
wire. For 25 nm films, the vortex domain wall can be easily
depinned and pushed to another wire section by slightly in-
creasing the negative field to about 2 Oe, which causes an
abrupt decrease in MR �Fig. 1�b�, point c�. The pinning state
is more stable and easily observed for 100 nm films, where
domain walls may include parts of Bloch-wall structures. In
this study, we focused on the current-driven effect on the
vortex wall of 25 nm films, which can be treated as pure
Néel wall structure.

In order to discuss the influence of the intrinsic magnetic
configuration, the current-driven experiment is performed by
applying a high dc current at the fields with two different
initial states as in Figs. 2�a� and 2�b�. Figure 2 shows that the

FIG. 2. Simulation results for the propagation of vortex state �a� before and
�b� after magnetization switching. The inset shows the corresponding MFM
images. The arrow indicates the instant magnetic-field direction.
MFM images obtained under real time scanning field corre-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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spond well with the numerical simulation results. The vortex
wall width estimate from the images are of the same order as
the wire width, i.e., about 1 �m, which is the general result
for metallic films. In this thick-wall-width case, theoretical
results predict that the spin-transfer effect will be much
stronger than the momentum-transfer effect and thus domi-
nate the behaviors of current-driven domain-wall motion.9 In
Fig. 3�a�, the original MR curves were first measured under
small ac �Irms�10 �A� and dc �I�20 �A� currents for com-
parison. The positive dc currents are defined so that the di-
rection of electron flow is the same as the domain-wall mo-
tion during switching. Unlike ac measurement, the
degeneracy of magnetization switching in different wire sec-
tions is broken when a small dc current, only with a current
density J�105 A/cm2, is applied. Several independent
jumps are observed in the dc detection. This result implies
that the small dc current can assist the domain-wall motion.

FIG. 3. �a� Magnetoresistance curves measured by applying a small ac
current �Irms�10 �A� and a small dc current �I�20 �A�. The variation of
magnetoresistance curves by injecting a dc current in an initial state �b�
before �−30 and −50 Oe� and �c� after �−75 Oe� the trapping of vortex
domain wall in the constriction.
It causes perturbation on the vortex structure, forming differ-
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ent local stable states, and may need further theoretical ex-
planations based on the coupling of spin waves.

During the current-driven experiment, the applied mag-
netic field was fixed at the desired field, with injecting a high
dc current which gradually increased from 0 to 8 mA �J
�3�107 A/cm2�. Figures 3�b� and 3�c� show the continu-
ing scanned MR curves after injecting dc currents in the
initial states as in Figs. 2�a� and 2�b�, respectively. The origi-
nal switching field, where vortices move from wire sections
to the constrictions, under a low dc current �J
�105 A/cm2� is about −65 Oe. In Fig. 3�b�, the variation of
MR curves after applying a high dc current �J
�107 A/cm2� can be classified into two kinds of behaviors.
The current applied at fields H=−45 to −60 Oe will cause
instant resistance jumps, which correspond to the driving of
vortices in the wire to constrictions. When the current ap-
plied in the field region H=−20 to −40 Oe, the MR de-
creased slightly after injecting a dc current, but the switching
fields remained unchanged, which implies that the current
only perturbs the vortex state to another stable state. In some
published intrinsic observations by applying pulsed current,
these stable states are deformed vortices or transverse do-
main walls.12,13 Figure 3�c� shows the MR behavior after
injecting a high dc current at fields slightly over the original
switching field, i.e., H=−70 to −80 Oe. In the initial states
with vortices trapped at the constrictions, the abrupt decrease
of the MR value shows that the current depins the vortices
and pushes the vortices to the wire section.

Figure 4 shows the variation of critical currents �current
density J�107 A/cm2� versus applied fields. The critical
current Ic is the lowest current needed to change the mag-
netic states in the wire. In this study, it was experimentally
determined from the current with the abrupt variation of re-
sistance ��0.5% � during dc current scanning �0–8 mA� at a
fixed magnetic field. Similarly, three kinds of tendencies are
shown in Fig. 4. In the field range below switching field H
=−65 Oe, the needed critical currents decrease with the ap-
plied field. The discontinuity at H=−45 Oe may correspond
to the transformation of initial vortex state. In the field range

FIG. 4. Plot of critical currents as a function of the applied field. The critical
currents were determined from the peaks of the differential resistance ��R
=Vn / In−Vn−1 / In−1� by voltage-current measurement.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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above H=−65 Oe, two resistance jumps are observed during
the current scanning, which are similar to the results
obtained in a longitudinal field.14 The critical currents
�4.2 mA of first resistance jumps are supposed to depin the
walls. The driven-current densities are about 8.4
�107 A/cm2 in the 200-nm-wide constriction. Moreover,
these first critical currents do not vary with fields signifi-
cantly. The most probable explanation is that the depinning
of the domain wall from the narrow constriction should be
considered as a strong-pinning problem, where the magni-
tude of the critical current is mainly determined from the
pinning potential.9 In contrast, the second critical currents
�4.5–5.5 mA� might cause deformation on the vortex wall
and drive it to a local stable position. The driven-current
densities are about 2�107 A/cm2 in the 1-�m-wide ring
wire and increase monotonically with fields. The obvious
variation of critical currents is affected by the anisotropy and
stability of the vortices. Again, this result shows that the
initial magnetic states play important roles in spin-transfer
torque effect and implies the existence of local stable states
after injecting continuous dc current.

IV. CONCLUSION

The current-driven vortex domain-wall motion in series-
connected S-shape wires was investigated. The results of ap-
plying a small dc current for detection or injecting a high dc
current at specific states both imply that temporary stable
states may form even the domain wall is driven by continu-
ous currents. The variation of magnetoresistance behaviors
when applying a high dc current at different fields reveals the
significance of initial magnetic states in spin-transfer torque
effect.
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