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Two distinct pinning mechanisms named as kinetic and static pinning of magnetic domain wall
�DW� are experimentally resolved. Both the pinning situations are realized at an artificial notch on
U-shaped Permalloy nanowires, depending on the initial DW states, moving or pinned. The kinetic
depinning field—a critical field for a moving DW to be trapped at a notch—is revealed to be
distinguishably smaller than the static depinning field—a critical field to depin a trapped DW at the
notch. Based on one-dimensional collective model, the discrepancy is explained by the tilting angle
of the moving DW. © 2009 American Institute of Physics. �doi:10.1063/1.3248220�

Magnetic domain wall �DW� in nanowires has been fo-
cused due to the promising applications such as magnetic
logic and memory devices.1,2 Since the DW carries the logic
and/or memory information, it is essential to precisely ma-
nipulate the DW positions, practically by introducing artifi-
cial constraints such as notches.3–7 The DW shift between
notches is accomplished by two successive processes: �i� de-
pinning of a trapped DW from a notch and �ii� pinning of a
moving DW at another notch. Thus, one has to distinguish
two pinning mechanisms depending on the initial states of
DWs, either trapped or moving. We denote the former and
the latter as the static and kinetic pinning processes, respec-
tively. All the previous studies have examined only the static
pinning process but the kinetic pinning process has not been
experimentally demonstrated yet, despite a micromagnetic
prediction.8 In this letter, we present an experimental proof
that the kinetic pinning process is distinct from the static
pinning process, by exhibiting the noticeably different
strengths of the depinning fields.

For this study, 20-nm-thick Ni81Fe19 films are deposited
onto Si�100� substrates by dc-magnetron sputtering under 2
mTorr Ar pressure. U-shaped nanowire structures are then
patterned by the electron beam lithography followed by re-
active ion etching. Several structures are realized with differ-
ent widths—350, 620, and 1170 nm, respectively. The sec-
ondary electron microscopy image of the 620-nm-wide
nanowire structure is depicted in Fig. 1. A notch is placed in
the middle of the structure as designated by the arrows in the
figure. The notch is composed of two symmetric triangles,
which exhibits a unique static depinning field9 irrespective of
the DW chirality and propagation direction,10 unlikely to the
single notches exhibiting complex pinning mechanisms.11

The notch depths are 90, 170, and 350 nm, respectively, for
each nanowires, which are roughly 30% of the nanowire
widths.

The DW propagation along the nanowires is then mea-
sured by a longitudinal Kerr effect measurement system with
a laser spot of �500 nm in diameter by use of a 405 nm
laser and an objective lens of the numerical aperture 0.9. The
laser spot is placed at the left side of the notch as shown by
the circle in Fig. 1. The measurement scheme is as follows.

�1� An external magnetic field Hsat ��400 Oe� is first ap-
plied to the structure with an angle � ��60°� and thus, a DW
is created at the left corner after turning-off the magnetic
field. �2� The magnetic field is then applied rightward up to
Hsweep in the horizontal direction, to bring the DW from the
left corner to the right. �3� Finally the magnetic field is swept
leftward to bring the DW back to the left corner.

Depending on the strength of Hsweep, the DW is brought
to the different positions as pointed by A, B, C, and D,
respectively in Fig. 1, which in turn generates four different
hysteresis loops. We denote three depinning fields as the de-
pinning field Hleft

→ from the position A, the depinning field
Hnotch

l→ from the position B, and the depinning field Hnotch
r→

from the position C. The values of the depinning fields are
listed in Table I.

In Regime I with Hsweep�Hleft
→ , no change in the Kerr

signal is observed as shown in Fig. 2�a�, since the DW is
kept pinned at the natural edge roughness of the left corner.
Note that Hleft

→ is set to be a small value by adjusting � and
Hsat.

In Regime II, the DW is depinned from the left corner
and then, pinned at the notch. There are two possible pinning
positions, either the left or the right sides of the notch, as
designated by the positions B and C, respectively. We thus
classify Regime II into two subregimes. For Regime IIa with
Hleft

→ �Hsweep�Hnotch
l→ , the DW is pinned at B. By reversing

the sweeping field, the DW is depinned leftward under the
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FIG. 1. Secondary electron microscope image of 620-nm-wide Permalloy
U-shaped nanowire structure with a notch. The circle on the wire shows the
position of the probing laser spot for the Kerr effect measurement. Typical
pinning positions are designated by A, B, C, and D, respectively. The inset
shows the high resolution image of the notch. The arrows indicate the mag-
netic field directions of Hsat and Hsweep.
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depinning field Hnotch
l← , as plotted in Fig. 2�b�. On the other

hand, in Regime IIb with Hnotch
l→ �Hsweep�Hnotch

r→ , the DW is
pinned at C and then, depinned leftward under Hnotch

r← as
shown in Fig. 2�c�. This regime appears only when Hnotch

l→

�Hnotch
r→ . These two depinning fields can be tuned indepen-

dently by adjusting the depth and the slope of the notch.12

Note that these two leftward depinning fields Hnotch
l← and

Hnotch
r← are governed by the static pinning process, since the

DWs in these cases are initially trapped at the notch.
The kinetic process is realized in Regime III with

Hnotch
r→ �Hsweep. In this regime, the hysteresis loop shown in

Fig. 2�d� exhibits much smaller depinning field compared
with those in Regime II. In this regime, Hsweep is strong
enough to bring the DW to the position D. By sweeping a
negative magnetic field, the DW is depinned from D under
the depinning field Hright

← . Note that Hright
← is much smaller

than Hnotch
l← and Hnotch

r← as listed in Table I. However, it is quite
interesting to see that once depinned from the right corner,
the kinetic DW continues to pass through the notch. One thus
conjectures that the kinetic DW experiences much smaller
pinning field in comparison with the static DW.

Figure 3 summarizes the depinning fields with respect to
the strength of Hsweep. Note that Hsweep is the maximum field
swept horizontally to the rightward; the maximum field to
the leftward is fixed to �300 Oe. Each symbol is obtained by
averaging more than ten times repeated measurements. All
the nanowires with different widths, �a� 620, �b� 350, and �c�
1170 nm, exhibit basically the same behavior. It is clearly

seen from the plots that there exist three �or four� regimes
with distinct depinning fields. The depinning field inside
each regime is almost constant irrespective of Hsweep. The
threshold values in the abscissa are the rightward depinning
fields i.e., Hleft

→ , Hnotch
l→ , and Hnotch

r→ for each position as denoted
in the plot. The ordinate corresponds to the leftward depin-
ning fields i.e., Hnotch

l← , Hnotch
r← , and Hright

← . The values are listed
in Table I.

One-dimensional collective model13 of the DW is
adopted to explain the present results. In this model, by as-
suming a rigid DW, the DW motion is described by the two
parameters, the position q and the tilting angle � of the mag-
netization inside the DW. The equation of motion is then
given by

1 + �2

���
q̇ = H −

1

2MS
���q� +

1

�

HK

2
sin�2�� ,

1 + �2

�
�̇ = H −

1

2MS
���q� − �

HK

2
sin�2�� , �1�

where � is the Gilbert damping constant, � is the gyromag-
netic ratio, � is the DW width, MS is the saturation magne-
tization, H is the strength of the external magnetic field, and
HK is the shape anisotropy field of the DWs. The energy
function ��q� describes the pinning potential around the
notch and �� denotes �� /�q.

For the static pinning case, the DW is initially placed at
the position q0 for minimum potential energy ��q0� and the
zero tilting angle, �=0. With gradual increment of H, the
DW is gradually shifted inside the potential to the position
qH for ���qH�=2MSH with maintaining �=0. The DW is
finally depinned from the notch, just when the external mag-
netic field exceeds the maximum pinning field. The static
depinning field is thus given by Hdp

‘Static’= ����MAX /2MS. On
the other hand, for the kinetic pinning case, the DW is ini-
tially moving. Let us consider that it moves in +q direction
with positive H. For this case the DW has nonzero tilting

angle �. Thus, the DW can stop �i.e., q̇=0 and �̇=0� only
when the condition H�Hdp

‘Static’−HK sin�2�� /2� holds for all
the time in the whole notch area. The DW thus has a chance
to pass through the notch under a field smaller than Hdp

‘Static’.
Note that the term sin�2�� initially has a positive value for a
field below the Walker breakdown field14 or has an alternat-
ing value between 	1 above the Walker breakdown field.

TABLE I. The leftward and rightward depinning fields of the notches in
several nanowires with different widths. The field unit is oersted. Note that

 indicates that the depinning is forbidden since Hnotch

l→ �Hnotch
r→ .

350 nm 620 nm 1170 nm

Hleft
→ 70.0	4.0 35.6	0.4 20.0	4.0

Hnotch
l→ 252.0	4.0 66.8	0.4 44.0	4.0

Hnotch
r→ 
 146.8	0.4 98.0	2.0

Hright
← 102.7	3.5 34.6	4.2 12.9	3.1

Hnotch
r← 
 96.9	6.3 58.1	7.0

Hnotch
l← 128.0	2.4 67.5	3.5 15.1	0.7
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FIG. 2. Longitudinal Kerr hysteresis loops of the nanowire structure shown
in Fig. 1. Depending on the strength of Hsweep, typical loops are shown for
the four different regimes: �a� Regime I, �b� Regime IIa, �c� Regime IIb, and
�d� Regime III, respectively.
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FIG. 3. Depinning fields with respect to Hsweep for several nanowire struc-
tures with different widths: �a� 620, �b� 350, and �c� 1170 nm, respectively.
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For the simplest case of the pinning potential as given by

��q� = �0, for q � 0

2MSH0q , for 0 � q �  .

2MSH0 , for q � 
� �2�

Equation �1� can be analytically solved for a small tilting
angle i.e., sin�2���2�. Here,  is the lateral size of the
pinning potential and H0 is the pinning field. The solution is

q�t� =
��

�
�H − H0�t +

�

�2

H0

HK
	1 − exp
−

��

1 + �2HKt�� ,

��t� =
H0

�HK
exp
−

��

1 + �2HKt� −
H0 − H

�HK
, �3�

for 0�q�. The maximum value of q�t� is given by

qmax =
�

�2HK
H0 + �1 + �2��H0 − H�
log	�1

+ �2�
H0 − H

H0
� − 1�� . �4�

Under the approximation that 1+�2�1 since ��1, it be-
comes

qmax �
�

�2

H0

HK
�
n=1

�
�H/H0�n+1

n�n + 1�
. �5�

The DW is pinned if qmax�, otherwise it is depinned from
the notch. Therefore, the kinetic depinning field Hdp

‘kinetic’ is
determined by the condition qmax=. Expanding the summa-
tion in Eq. �5� up to n=4, the valid root for the kinetic
depinning field is finally obtained as

Hdp
‘kinetic’ � ��2HKH0/� − �2HK/3� + O��3� . �6�

In contrast, the static depinning field in this case is readily
obtained as Hdp

‘static’=H0. In Permalloy nanowires, the values

of the parameters in Eq. �6� are typically in the orders of
magnitudes—��0.01, ��, and HK�a few kilo-oersted.13

Therefore, the kinetic depinning field of the notches in our
samples is estimated to be about a few oersted, which is
significantly smaller than the static depinning field of a few
tens of oersted. In our experiments, we prove the existence of
the two distinct pinning mechanisms by demonstrating that
the kinetic depinning field is smaller than the static depin-
ning field. The upper bound of the kinetic depinning field is
given in the experiments and the exact kinetic depinning
field measurement can probe the realistic pinning potential
profiles.

This study was supported by the KOSEF through the
NRL program �Grant No. R0A-2007-000-20032-0�.

1S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320, 190 �2008�.
2D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and R. P.
Cowburn, Science 309, 1688 �2005�.

3D. A. Allwood, G. Xiong, and R. P. Cowburn, Appl. Phys. Lett. 85, 2848
�2004�.

4M. T. Bryan, T. Schrefl, and D. A. Allwood, Appl. Phys. Lett. 91, 142502
�2007�.

5M. Tsoi, R. E. Fontana, and S. S. P. Parkin, Appl. Phys. Lett. 83, 2617
�2003�.

6J. Grollier, P. Boulenc, V. Cros, A. Hamzi, A. Vaurès, A. Fert, and G.
Faini, Appl. Phys. Lett. 83, 509 �2003�.

7C. K. Lim, T. Devolder, C. Chappert, J. Grollier, V. Cros, A. Vaurès, A.
Fert, and G. Faini, Appl. Phys. Lett. 84, 2820 �2004�.

8S.-M. Ahn, D.-H. Kim, and S.-B. Choe, IEEE Trans. Magn. 45, 2478
�2009�.

9S.-B. Choe, J. Magn. Magn. Mater. 320, 1112 �2008�.
10L. K. Bogart and D. Atkinson, Phys. Rev. B 79, 054414 �2009�.
11D. Atkinson, D. S. Eastwood, and L. K. Bogart, Appl. Phys. Lett. 92,

022510 �2008�.
12K.-J. Kim, C.-Y. You, and S.-B. Choe, J. Magn. 13, 136 �2008�.
13L. Thomas, M. Hayashi, X. Jiang, R. Moriya, C. Rettner, and S. S. P.

Parkin, Nature �London� 443, 197 �2006�.
14A. Mougin, M. Cormier, J. P. Adam, P. J. Metaxas, and J. Ferré, Europhys.

Lett. 78, 57007 �2007�.

152506-3 Ahn et al. Appl. Phys. Lett. 95, 152506 �2009�

Downloaded 15 Oct 2009 to 147.46.44.101. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/10.1126/science.1108813
http://dx.doi.org/10.1063/1.1802388
http://dx.doi.org/10.1063/1.2794030
http://dx.doi.org/10.1063/1.1578165
http://dx.doi.org/10.1063/1.1594841
http://dx.doi.org/10.1063/1.1711168
http://dx.doi.org/10.1109/TMAG.2009.2018662
http://dx.doi.org/10.1016/j.jmmm.2007.10.023
http://dx.doi.org/10.1103/PhysRevB.79.054414
http://dx.doi.org/10.1063/1.2832771
http://dx.doi.org/10.1038/nature05093
http://dx.doi.org/10.1209/0295-5075/78/57007
http://dx.doi.org/10.1209/0295-5075/78/57007

