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Splitting of a moving transverse domain wall in a magnetic nanostripe in a transverse field
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The field-driven domain-wall dynamics in magnetic nanostripes under the influence of transverse fields was
examined experimentally and by numerical simulations. For a small range of transverse fields in a regime
below the Walker field an unexpected instantaneous change in the domain-wall velocity was found. Micromagnetic simulations have shown that this peculiar behavior is caused by a transformation of the moving
asymmetric transverse wall: the wall is stretched along the nanostripe due to different velocities of the upper
and lower half antivortices constituting the domain wall.
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mental setup sketched in Fig. 1共a兲, we measured the resistance time dependence in single shot measurements. The
GMR value is a direct measure of the sense layer magnetization component mlong parallel to the nanostripe long axis so
that we could track the DW during its movement. For the
present Rapid Communication we have used the following
procedure. After saturating the NiFe layer in the stripe direction by using a longitudinal field Hlong = −40 kA/ m, we applied first a constant transverse field Htr and then a linearly
increasing longitudinal field 关dHlong / dt ⬇ 160 共kA/ m兲 / s兴.
Note that during DW motion 共Ⰶ1 s兲 the longitudinal field
is practically constant. Both the critical longitudinal field
cr
required to nucleate a DW and the DW velocity vDW
Hlong
cr
共measured in this field Hlong
兲 exhibited a strong dependence
on the transverse field Htr as shown in Fig. 1共b兲. The continuous decrease in Hlong with increasing Htr is discussed in
detail in Ref. 6.
Figure 2共a兲 shows single shot measurements at transverse
fields marked as A and B in Fig. 1共b兲. For large Hlong 共case A,
cr
= 9.8 kA/ m and Htr = 6 kA/ m兲 we can clearly resolve
Hlong
the stop-and-go motion typical for the Walker breakdown
process. When the transverse field is increased to
Htr = 8.6 kA/ m, then the longitudinal field necessary for
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Domain walls 共DWs兲 in nanostripes are the key elements
for different spintronic applications. The control of the
domain-wall position in magnetic nanostripes by means of
magnetic fields1–7 and electric currents8–12 was addressed recently in many contributions. These were motivated by possible DW applications for data storage,13,14 logic devices,15
and an existing application based on moving DWs in nanostripes, the multiturn counter.16–18 In most experiments examining the field-driven DW motion a field was applied
along the motion direction. DW logic and the multiturn
counter are based on DWs, moved through a system of magnetic nanostripes by rotating magnetic fields. Understanding
of domain-wall dynamics under these conditions is crucial
for the application of these devices. Here, besides the longitudinal field component Hlong 共driving the DW through a
nanostripe兲, an additional transverse field Htr, directed inplane perpendicular to the nanostripe long axis is present
during the DW motion. The effect of such a field on the DW
dynamics was recently studied in simulations19,20 and
experiments.6,7 It was shown that a transverse field strongly
influences the DW dynamics both below and above the critical Walker field Hw.
In this Rapid Communication we report a dynamic phenomenon appearing at relatively large transverse fields and
manifesting itself in an abrupt change in the DW velocity
outside the Walker breakdown regime. Micromagnetic simulation has revealed a peculiar DW motion type responsible
for the observed behavior.
We have examined the DW motion in Ni81Fe19 nanostripes of w = 300 nm width and d = 10 nm thickness. These
nanostripes were the free layer of giant magnetoresistance
共GMR兲 stacks with the composition Ta共5 nm兲/NiFe共10 nm兲/
CoFe共0.8 nm兲/Cu共2 nm兲/CoFe共3 nm兲/Ru共0.8 nm兲/CoFe共3
nm兲/IrMn共7 nm兲/Ta共5 nm兲. The stack was deposited on a
sapphire substrate using physical vapor dc magnetron sputtering 共base pressure ⬍2 ⫻ 10−8 mbar兲 and patterned by
means of e-beam lithography and Ar ion etching. Electrical
Al contacts in coplanar waveguide geometry were deposited
using a lift-off process.
A sample design is shown in Fig. 1共a兲. The reference
magnetization of the 12-m-long nanostripe was oriented
parallel to its long axis 共chosen as x axis兲. Using the experi-
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FIG. 1. 共Color online兲 共a兲 Measurement setup and a micrograph
of the GMR device. The inset shows the GMR nanostripe. 共b兲 The
DW mean velocity 共squares兲 and longitudinal field 共circles兲 Hcr
long as
a function of Htr 共averaged over 25 repetitive measurements at each
Htr兲. Error bars for Hcr
long are smaller than the symbol size.
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FIG. 2. 共Color online兲 Time dependencies of the longitudinal
magnetization mlong共t兲 for field values as shown in the
legend: 关共a兲 and 共b兲兴 experiment 共nanostripe dimensions
10⫻ 300⫻ 12 000 nm3兲, 共c兲 simulation 共10⫻ 200⫻ 6000 nm3
nanostripe兲. mlong共t兲 dependencies were used to calculate the DW
velocities given on the figure.
cr
nucleation decreases to Hlong
= 8.1 kA/ m and the DW moves
without oscillations. This indicates a suppression of the
Walker breakdown process due to the combined action of
transverse and longitudinal fields.6,7,20 Hence the mean DW
velocity increases drastically as shown in Fig. 1共b兲.
Increasing Htr above 10 kA/m, we observed a decrease in
the DW velocity and a strong increase in its dispersion,
which achieves a maximum around Htr = 11.3 kA/ m
关marked with C in Fig. 1共b兲兴. This observation qualitatively
differs from the behavior reported previously6 for the nanostripe with the dimensions w = 160 nm and d = 20 nm.
Namely, in Ref. 6 after the Walker breakdown was suppressed at a sufficiently large transverse field, we observed
the continuous and nonlinear increase in the DW velocity
when Htr was increased further.
To understand the reason for the decrease in the DW
velocity and increase in its dispersion in the present
Rapid Communication, we show a typical single shot measurement of the DW movement for Htr = 11.3 kA/ m and
Hlong = 7.2 kA/ m 关Fig. 2共b兲兴. One can see that the mlong slope
changes abruptly during the DW motion. The velocities calculated from the two slopes 共marked with 1 and 2兲 of the
exp
mlong共t兲 dependence, are vexp
1 = 800 m / s and v2 = 300 m / s.
Such abrupt changes in the DW velocity during its movement below the Walker breakdown cannot be explained, up
to our knowledge, with existing theories of DW dynamics.
This behavior does not occur for every of the 25 measure-

ments at Htr = 11.3 kA/ m. In some case the DW moves
through the nanostripe with constant 共high兲 velocity. These
strong differences in the DW behavior for different measurements at the same Htr causes the large dispersion of the DW
velocity.
In order to clarify this peculiar feature of the DW motion,
we have performed micromagnetic simulations for the
system similar to that used experimentally using the
MICROMAGUS package.21 We have simulated the DW
dynamics in a 10⫻ 200 共and 300, respectively兲 ⫻6000 nm3
nanostripe using discretization cells of 10⫻ 5 ⫻ 5 nm3.
The material parameters are chosen as for Permalloy
共M s = 750 kA/ m , A = 1.3⫻ 10−11 J / m兲. In the starting configuration of our simulations the DW is pinned to an artificial
notch in the nanostripe, positioned 1 m apart from the left
stripe edge; for this reason the magnetization at t = 0 is
mlong = −0.6 共and not −1.0兲.
We note that simulations were performed for the perfect
nanostripe shape, i.e., not taking into account the nanostripe
edge roughness, present in real systems. An edge roughness
decreases the effective nanostripe width and influences the
DW dynamics significantly, causing, e.g., a shift of the
Walker field.22 Therefore, the quantitative agreement between the DW dynamics found experimentally and in simulations cannot be expected even for nanostripes having the
same dimensions. As mentioned above, we performed the
simulations for two different nanostripe widths −200 and 300
nm. In both cases we have found this type of DW behavior
共of course, for different field values兲. However, in the 300nm-wide nanostripes the DW dynamics demonstrates a much
wider variety than for the 200 nm stripes 共which will be
published elsewhere兲. Thus, in order to simplify the explanation, we concentrate in the following on the simulations of
the 200-nm-wide nanostripes.
In previous micromagnetic studies where small transverse
fields were used,19,20 the type of the DW dynamics found
here has not been reported so that the transverse field
strength seems to play a key role. Hence we have studied the
DW motion in dependence on Htr. Detailed results of this
study will be reported elsewhere. Here we present a typical
example for a transverse field Htr = 23.5 kA/ m 共and Hlong
= 4.8 kA/ m兲. The time dependence mlong共t兲 for the parameters specified above is shown in Fig. 2共c兲. This simulated
dependence is remarkably similar to that found experimentally 关shown in Fig. 2共b兲兴. The velocity also changes instantaneously, dropping from the large initial value of vsim
1
= 830 m / s to vsim
2 = 240 m / s.
Visualization of the simulated magnetization configurations 共see Fig. 3兲 immediately reveals the reason for this
highly nontrivial magnetization time dependence and the
abrupt change in the effective DW velocity. Namely, it can
be clearly recognized, that after the DW starts to move, it
quickly splits into two parts, and the upper part moves much
faster than the lower one. As long as both parts remain
within the nanostripe, the total longitudinal magnetization
component changes very fast, resulting in the large apparent
DW velocity, calculated as vDW ⬀ dmlong / dt. When the upper
DW part, moving much faster, reaches the right nanostripe
end, the magnetization component mlong continues to change
but due to the motion of the lower DW part only. Hence the
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FIG. 3. 共Color online兲 Snapshots of the simulated magnetization
configurations of a 6-m-long nanostripe during the DW movement
for Htr = 23.9 kA/ m and Hlong = 4.8 kA/ m. Images show a 1 m
long cutoff of the strip. Time interval between the images is
⌬t = 0.1 ns. Arrows on the grayscale maps of m⬜ projections show
the exact locations of the leading half antivortex formed at the
upper part of the split DW.

change rate dmlong / dt becomes much smaller, resulting in the
abrupt decrease in the calculated vDW 关Figs. 2共b兲 and 2共c兲兴.
In order to understand this behavior, we note first that for
magnetic and geometric parameters used in simulations, the
DW formed at t = 0 共when only Htr is applied兲 is the so-called
asymmetric transverse wall.6,23 This wall is formed by two
half antivortices 共HAVs兲 with opposite winding numbers n:
the upper HAV with n = +1 / 2, and a lower HAV with
n = −1 / 2.24 For the asymmetric transverse wall these two
HAVs are shifted with respect to each other in the longitudinal direction.
Due to the different magnetization rotation senses within
the upper and lower HAVs, they have very different stray
field energies. This leads to the different widths of the two
HAVs 共clearly visible already in the equilibrium state6,23兲.
This difference also leads to different mobilities of the two
HAVs in the longitudinal applied field so that the upper HAV
moves initially faster than the lower one.
The last statement is qualitatively true both in the presence and absence of a transverse field. However, when Htr is
absent, the initially fast motion of the upper HAV slows
down when the DW continues to move, and then the motion
direction of the upper HAV is even reversed 共see Fig. 4兲.
This process, combined with the formation of the full antivortex and its periodic motion across the nanostripe, leads to
the well-known periodic oscillations of the magnetization
components, observed in simulations of the transverse wall
dynamics in a nanostripe 共see, e.g., Refs. 23 and 25兲.
In contrast, our simulations show, that in a sufficiently
large transverse field the upper DW part always moves faster
than the lower one. We note also that in presence of Htr the
full antivortex 共AV兲 is also formed at the nanostripe edge
where the HAV with the lower mobility is located 共as for
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FIG. 4. 共Color online兲 Snapshots of the simulated magnetization
configurations 共first two columns兲 and longitudinal and out-of-plane
torque components 共third and fourth columns兲 during the DW motion in a nanostripe for Hlong = 4.8 kA/ m in the absence of a transverse field. The length of the displayed strip region is 500 nm;
images are taken at time intervals ⌬t = 0.2 ns. Arrows on the grayscale maps of T⬜ projections show the exact locations of the upper
half antivortex.

Htr = 0兲. However, this AV never reaches the opposite nanostripe edge—it is pushed back to its initial position, where it
annihilates, emitting a burst of spin wave 共see last picture
row in Fig. 3兲.
The analytical theory, which would allow us to understand, why the increase in the transverse field value qualitatively changes the DW dynamics is, up to our knowledge,
not available. In particular, we cannot calculate the mobility
of the two HAVs mentioned above, especially for the case,
when an additionally transverse field is applied. For this reason, we can present only qualitative arguments explaining
why the application of Htr is crucially important.
From the “energetic” point of view the explanation for the
DW splitting is relatively straightforward. When the upper
HAV at the initial stage of the DW motion moves forward
faster than the lower HAV, the wall is tilted and stretched
along the nanostripe direction as it can be seen at the first
three image rows in Fig. 4. The magnetization in the tilted
part of the domain wall is directed in plane and nearly perpendicular to the x axis. When the transverse field Htr is
applied, its direction coincides with the magnetization direction in this tilted DW part, thus leading to a large gain in the
Zeeman energy. When the magnitude Htr reaches a critical
value, this energy gain compensates the exchange energy increase due the wall elongation. Hence the formation and
growth of the wall region parallel to the long strip side becomes energetically favorable, resulting in the DW splitting
as shown in Fig. 3.
However, for the small damping typical for real NiFe layers studied in our experiments 共in simulations we have used
␣ = 0.01兲 the DW motion is essentially a dynamic process
governed by the magnetization precession, so that the “energetic” argument presented above is not enough to explain the
qualitative change in the DW dynamics when Htr is switched
on.
To better understand the transverse field influence on the
DW dynamics, we have to recapitulate in more details the
behavior of the upper 共initially faster兲 HAV during the DW
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motion without a transverse field. The important point is that
when this half antivortex moves 共initially兲 to the right, its
velocity decreases, then the HAV stops and starts to move in
the opposite direction. This process can be clearly seen on
the color maps of the in-plane magnetization projection 共first
column in Fig. 4兲. The reason for this change in the movement direction is the gradual change in the HAV polarity
during its motion. Namely, initially the HAV-core magnetization points along the positive out-of-plane direction 共bright
spots showing the HAV position at the first two m⬜ maps in
Fig. 4兲, then the out-of-plane component of the HAV magnetization reduces and finally changes its sign as it can be seen
from the dark spots marking the HAV on the last two m⬜
maps in Fig. 4. The detailed analysis 共which will be reported
elsewhere兲 shows that Tx component of the torque responsible for the longitudinal HAV motion is dominated by demagnetizing field torque Tdem. Hence, when the m⬜ component of the HAV core changes sign, Tx component changes
its sign also, thus causing the backward HAV motion 共see the
third column in Fig. 4兲.
The decrease and the sign change in the initially positive
m⬜ component is caused, in turn, by the out-of-plane torque
projection T⬜: dark spots indicated by arrows on the first two
T⬜ maps in Fig. 4 clearly show that this component is negative at the HAV location. The detailed analysis shows that the
共negative兲 out-of-plane torque projection is a result of the
nearly cancellation of the demagnetizing Tdem and exchange
torques Texch, whereby the magnitude of Texch is slightly
larger.
When, in addition, a transverse field is applied, it makes a
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