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Kinetic and Static Domain-Wall Pinning at Notches
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We investigate the domain wall (DW) pinning and depinning processes at notches of ferromagnetic nanowires by means of micro-
magnetic calculation. Two distinct pinning mechanisms are examined—the kinetic pinning for a moving DW to be trapped at a notch
and the static depinning for a trapped DW to move from the notch. Interestingly, the kinetic pinning field is revealed to be noticeably
smaller than the static depinning field. The DW energy landscapes around the notch visualize that the kinetic DW motion bypasses the
lowest energy state, from which the static depinning field is determined. This phenomenon is basically equivalent to the kinetic and static

friction processes in classical mechanics.

Index Terms—Ferromagnetic nanowire, domain wall, notch, pinning, Permalloy.

I. INTRODUCTION

ECENTLY, several novel architectures based on ferro-

magnetic nanowires have been proposed for promising
applications with DW motion to magnetic memory and logic
devices [1], [2]. For implementing these DW-mediated devices,
it is essential to control the DW position and structure. Artificial
geometric constraints have been proposed to control the DW po-
sition [3], [4] and propagation direction [5], [6] in nanowires
by changing the local energy landscape and the pinning force.
There have been a number of studies about DW pinning with
artificial constrictions [7]-[11]. Most of the studies have fo-
cused on the depinning process for trapped DWs to move from
notches. However, as an opposite case, the pinning process for
moving DWs to be trapped at the notches states is not well un-
derstood yet. In this study, we investigate the pinning mecha-
nism of initially moving DWs, called as the kinetic pinning,
in comparison with the static depinning mechanism from ini-
tially pinned states. The kinetic and static pinning processes ex-
hibit distinct pinning strength, as an analogous to the kinetic and
static friction in classical mechanics.

II. MICROMAGNETIC CALCULATION

For this study, nanowire structures with symmetric double
notches are designed for micromagnetic calculation. The sym-
metric double notches are known to exhibit a unique static de-
pinning field irrespective to the DW polarity and propagation
direction [12], unlikely to the single or asymmetric notches with
several distinct depinning strengths [13]-[15]. The nanowire
length is 20 times the wire width as shown in Figs. 1(a)—(b). The
double notches with the depth & are placed at the center of the
wire in the form of the right-angle equilateral triangle as shown
in Fig. 1(c). The magnetic field from the wire ends is artificially
removed by preliminary calculation of the magnetostatic field
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Fig. 1. Nanowire structure and the initial magnetization states for (a) static and
(b) kinetic depinning processes. The arrows indicate the planar direction of the
magnetization and magnetic field, respectively. The grey contrast corresponds to
the 4x component of the magnetization. The detailed notch structure is sketched
in (c).

at the saturated state. Soft-magnetic Permalloy is chosen for the
nanowire material, which has been popularly used in these ex-
periments [8]-[20]. The saturation magnetization Mg was given
by 8.6 x 10°> A/m and the exchange stiffness A x was given by
1.3 x 107" J/m.

Two different initial conditions are adopted for the static
and kinetic pinning processes, respectively. For the static case,
a static DW is initially located at the notch as illustrated in
Fig. 1(a). On the contrary, the kinetic case has the initial state
that a DW at the left side of the notch moves toward the notch
under an external magnetic field as shown in Fig. 1(b). The
arrows in the figure indicate the direction of magnetization and
magnetic field, respectively. The transverse DW [21] rather
than the vortex DW is considered, since the former appears
in thinner and narrower nanowires for the practical device
application [22]. The micromagnetic calculation is performed
by OOMMF [23].

For the given initial conditions, an external magnetic field H
along +x direction is applied with increment of 0.1 mT. The
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Fig. 2. The static and kinetic depinning fields with respect to the notch depth.
The Walker breakdown field is indicated by Hyy .

final DW state either pinned or depinned is checked after at-
taining the equilibrium state for each magnetic field. The in-
ternal maximum torque less than 2 x 10~*M% is employed as
the criterion of the equilibrium. We denote the static and ki-
netic depinning fields as the minimum field for depinning (or
passing) over the notch. Both the depinning fields are obtained
with varying the notch depth for 100-nm-wide and 5-nm-thick
nanowires. The Gilbert damping parameter is set to 0.02. The
cell size is chosen to be 2.5 nm, sufficiently smaller than the ex-
change length (~5.3 nm).

III. RESULTS AND DISCUSSION

The static and kinetic depinning fields are revealed to be no-
ticeably different with each other. Fig. 2 shows the depinning
fields with respect to the notch depth. The solid circles show the
static depinning field and the open circles show the kinetic de-
pinning field. Both the depinning fields increase with increasing
the notch depth. It is ascribed to the finite size effect of the notch
in comparison with the DW width [12], followed by the satura-
tion to a value for sufficiently large notches. However, it is in-
teresting to note that the kinetic depinning field is much smaller
than the static depinning field. The kinetic depinning field is less
than one third of the static depinning field for small notches. A
kink is observed in the kinetic depinning field, which is ascribed
to the Walker breakdown. For a magnetic field larger than the
Walker breakdown field, the DW structure is periodically trans-
formed between the transverse and vortex wall, followed by a re-
duction of the DW speed due to the additional energy consump-
tion for DW transformation [24]. The Walker breakdown thus
induces a kink of the kinetic depinning field for large notches.
This phenomenon depends on moving domain wall structures
[25].

To understand the origin of the difference between the two
depinning mechanisms, the DW energy landscapes around the
notches are examined. Fig. 3 illustrates the DW energy land-
scape with respect to the DW position zpw from a notch that
creates an attractive pinning potential well [26]. The DW po-
sition is calculated by zpw = [, 2| My (7)|di"/Ms, within a
presumption of a delta-function-like profile of My  around the
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Fig. 3. The DW energy landscape with respect to the DW position, under an
external magnetic field (a) 0.3 mT and (b) 0.1 mT for a 2.5-nm-deep notch. € z71
and € - indicate the kinetic DW energy excited by the external magnetic field,
respectively. The kinetic and static pinning strengths are denoted by u x and
u g, respectively.

DW. The integration is performed over the wire volume V. The
ordinate axis is scaled with Ay, which is the energy difference
Y — 7o between the kinetic DW energy vz under an external
field H and the static DW energy -y, under zero field bias. In
the plot, we show the DW energy difference for (a) 0.3 mT and
(b) 0.1 mT, for a 2.5-nm-deep notch. For the former case under
0.3-mT field bias, the DW initially comes from the left side with
an excited DW energy efr1. Approaching to the notch the DW
energy is reduced due to the interaction with the notch. The max-
imum energy drop denoted by ux corresponds to the kinetic
pinning strength of the notch. The DW finally passes over the
notch because eg1 > wug. On the other hand, the latter case
with 0.1 mT meets the condition e75 < ug and thus, the DW
has to be trapped at the notch. Once the DW is trapped, the en-
ergy is further dissipated in time to finally reach the lowest en-
ergy us. Note that ug corresponds to the static pinning strength
i.e., the ground energy of the pinned DW at the notch, which
is consequently related with the strength of the static depinning
field. Therefore, one can conclude that the kinetic and static de-
pinning fields are individually governed by completely different
physical parameters, ux and ug, respectively, even for the same
notch.

It is worthwhile to note that the lowest energy state can be
attained only after energy dissipation with time and thus, the ki-
netic DW has no chance to experience the lowest energy state
but experiences an incomplete and smaller pinning strength. It
explains the reason why the kinetic depinning field is smaller
than the static depinning field. It is equivalent to the distinction
between the static and kinetic friction processes in classical me-
chanics.

IV. CONCLUSION

Two distinct depinning processes, either static or kinetic, are
investigated. The kinetic depinning field is revealed to be no-
ticeably smaller than the static depinning field. By examining
the energy landscape around the notches, the kinetic depinning
process has a smaller pinning strength than the static depinning
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process, due to the kinetic bypassing over the lowest energy
state.

ACKNOWLEDGMENT

This study was supported by the KOSEF through the NRL
program (ROA-2007-000-20032-0).

REFERENCES

[1] S. S. P. Parkin, M. Hayashi, and L. Thomas, “Magnetic domain-wall
racetrack memory,” Science, vol. 320, no. 5873, pp. 190-194, Apr.
2008.

[2] D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and
R. P. Cowburn, “Magnetic domain-wall logic,” Science, vol. 309, no.
5741, pp. 1688-1692, Sep. 2005.

[3] T. Ono, H. Miyajima, K. Shigeto, and T. Shinjo, “Magnetization re-
versal in submicron magnetic wire studied by using magnetoresistance
effect,” Appl. Phys. Lett., vol. 72, no. 9, pp. 1116-1117, Mar. 1998.

[4] A.Himeno, T. Ono, S. Nasu, K. Shigeto, K. Mibu, and T. Shinjo, “Dy-
namic of a magnetic domain wall in magnetic wires with an artificial
neck,” J. Appl. Phys., vol. 93, no. 10, pp. 8430-8432, May 2003.

[5] D. A. Allwood, G. Xiong, and R. P. Cowburn, “Domain wall diodes in
ferromagnetic planar nanowires,” Appl. Phys. Lett., vol. 85, no. 14, pp.
2848-2850, Oct. 2004.

[6] M. T. Bryan, T. Schrefl, and R. P. Cowburn, “Symmetric and asym-
metric domain wall diodes in magnetic nanowires,” Appl. Phys. Lett.,
vol. 91, no. 14, p. 142502, Oct. 2007.

[7]1 M. Tsoi, R. E. Fontana, and S. S. P. Parkin, “Magnetic domain wall
motion triggered by an electric current,” Appl. Phys. Lett., vol. 83, no.
13, pp. 2617-2619, Sep. 2003.

[8] J. Grollier, P. Boulenc, V. Cros, A. Hamzi, A. Vaures, A. Fert, and
G. Faini, “Switching a spin valve back and forth by current-induced
domain wall motion,” Appl. Phys. Lett., vol. 83, no. 3, pp. 509-511,
Jul. 2003.

[9] C. K. Lim, T. Devolder, C. Chappert, J. Grollier, V. Cros, A. Vaures,
A. Fert, and G. Faini, “Domain wall displacement induced by sub-
nanosecond pulsed current,” Appl. Phys. Lett., vol. 84, no. 15, pp.
2820-2822, Apr. 2004.

[10] S. Lepadatu and Y. B. Xu, “Direct observation of domain wall scat-
tering in patterned Nigo Feoo and Ni nanowires by current-voltage mea-
surements,” Phys. Rev. Lett., vol. 92, no. 12, p. 127201, Mar. 2004.

[11] M. Kl&ui, H. Ehrke, U. R. Diger, T. Kasama, R. E. Dunin-Borkowski,
D. Backes, L. J. Heyderman, C. A. F. Vaz, J. A. C. Bland, G. Faini,
E. Cambril, and W. Wernsdorfer, “Direct observation of domain-wall
pinning at nanoscale constrictions,” Appl. Phys. Lett., vol. 87, no. 10,
p. 102509, Sep. 2005.

[12] S.-B. Choe, “Unique depinning fields at symmetric double notches in a
ferromagnetic Permalloy nanowire,” J. Magn. Magn. Mater., vol. 320,
no. 6, pp. 1112-1114, Mar. 2008.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 6, JUNE 2009

[13] D. Petit, A.-V. Jausovec, D. Read, and R. P. Cowburn, “Domain wall
pinning and potential landscape created by constrictions and protru-
sions in ferromagnetic nanowires,” J. Appl. Phys., vol. 103, no. 11, p.
114307, Jun. 2008.

[14] C.C. Faulkner, D. A. Allwood, and R. P. Cowburn, “Tuning of biased
domain wall depinning fields at Permalloy nanoconstrictions,” J. Appl.
Phys., vol. 103, no. 7, p. 073914, Apr. 2008.

[15] D. Atkinson, D. S. Eastwood, and L. K. Bogart, “Controlling domain
wall pinning in planar nanowires by selecting domain wall type and its
application in a memory concept,” Appl. Phys. Lett., vol. 92, no. 2, p.
022510, Jan. 2008.

[16] M. Hayashi, L. Thomas, Ya. B. Bazaliy, C. Rettner, R. Moriya, X. Jiang,
and S. S. P. Parkin, “Influence of current on field-driven domain wall
motion in Permalloy nanowires from time resolved measurements of
anisotropic magnetoresistance,” Phys. Rev. Lett., vol. 96, no. 19, p.
197207, May 2006.

[17] A. Yamaguchi, T. Ono, S. Nasu, K. Miyake, K. Mibu, and T. Shinjo,
“Real-space observation of current-driven domain wall motion in sub-
micron magnetic wires,” Phys. Rev. Lett., vol. 92, no. 7, p. 077205, Feb.
2004.

[18] M. Kliui, P.-O. Jubert, R. Allenspach, A. Bischof, J. A. C. Bland, G.
Faini, U. Ridiger, C. A. F. Vaz, L. Vila, and C. Vouille, “Direct obser-
vation of domain-wall configurations transformed by spin currents,”
Phys. Rev. Lett., vol. 95, no. 2, p. 026601, Jul. 2005.

[19] N. Vernier, D. A. Allwood, D. Atkinson, M. D. Cooke, and R. P. Cow-
burn, “Domain wall propagation in magnetic nanowires by spin-polar-
ized current injection,” Europhys. Lett., vol. 65, no. 4, pp. 526-532,
Feb. 2004.

[20] G. S. D. Beach, C. Knutson, C. Nistor, M. Tsoi, and J. L. Erskine,
“Nonlinear domain-wall velocity enhancement by spin-polarized elec-
tric current,” Phys. Rev. Lett., vol. 97, no. 5, p. 057203, Aug. 2006.

[21] R.D. McMichael and M. J. Donahue, “Head to head domain wall struc-
tures in thin magnetic strips,” IEEE Trans. Magn., vol. 33, no. 5, pp.
4167-4168, Sep. 1997.

[22] M. Kldui, C. A. F. Vaz, J. A. C. Bland, L. J. Heyderman, F. Nolting, A.
Pavlovska, E. Bauer, S. Cherifi, S. Heun, and A. Locatelli, “Head-to-
head domain-wall phase diagram in mesoscopic ring magnets,” Appl.
Phys. Lett., vol. 85, no. 23, p. 5637, Dec. 2004.

[23] M. Donahue and D. Porter, OOMMEF (1.2a3 ver.) Oct. 30, 2000 [On-
line]. Available: http://math.nist.gov/oommf/, [Online]. Available

[24] A. Mougin, M. Cormier, J. P. Adam, P. J. Metaxas, and J. Ferré,
“Domain wall mobility, stability and Walker breakdown in magnetic
nanowire,” Europhys. Lett., vol. 78, no. 5, p. 57007, Jun. 2007.

[25] H. Tanigawa, T. Koyama, M. Bartkowiak, S. Kasai, K. Kobayashi, and
T. Ono, “Dynamical pinning of a domain wall in a magnetic nanowire
induced by Walker breakdown,” Phys. Rev. Lett., vol. 101, no. 20, p.
207203, Nov. 2008.

[26] M. Kl4ui, C. A. F. Vaz, J. Rothman, J. A. C. Bland, W. Wernsdorfer, G.
Faini, and E. Cambril, “Domain wall pinning in narrow ferromagnetic
ring structures probed by magnetoresistance measurements,” Phys.
Rev. Lett., vol. 90, no. 9, p. 097202, Mar. 2003.

Authorized licensed use limited to: Seoul National University. Downloaded on August 18,2010 at 06:39:08 UTC from IEEE Xplore. Restrictions apply.



