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The pinning of a magnetic domain wall in a curved Permalloy 共NiFe兲 nanostrip is experimentally
studied. We examine the dependence of the pinning on both the radius of curvature of the bend and
the chirality of the transverse domain wall. We find that bends act as potential wells or potential
barriers depending on the chirality of the domain wall; the pinning field in both cases increases with
decreasing radius of curvature. Micromagnetic simulations are consistent with the experimental
results and show that both exchange and demagnetizing energies play an important role. © 2009
American Institute of Physics. 关doi:10.1063/1.3246154兴
The behavior of magnetic domain walls 共DWs兲 in thin
ferromagnetic strips has been widely studied in recent years,
driven by the promise of applications in magnetic logic and
memory devices.1,2 Such devices may require curves in the
nanostrip, with sharper curvature needed for higher storage
densities; in addition, numerous experiments involve DW interactions in structures with varying curvature. For example,
several studies examine the magnetization states of ring
structures with varying curvature such as ellipses,3 squares,4
or triangles;5 other experiments use curved sections of wire
to locally create DWs.6–9 However, the physics governing
the effect of the curvature on the DW has not yet been considered in detail. In this paper, we systematically study the
interaction of transverse DWs with bends, varying both the
radius of curvature of the bend and the chirality of the DW,
which is defined by the sense of rotation of magnetic moments crossing the DW.10 We find that bends act either as
potential wells or potential barriers, depending on the DW
chirality; the pinning field in both cases increases with decreasing radius of curvature.
Two contributions to DW pinning by a bend may be
expected. The first is an effective geometrical pinning due to
the deviation of the strip from the field direction, which
means that the projection of the field onto the direction of
DW motion is reduced. This effect is independent of the
curvature and of the DW chirality. The second contribution is
intrinsic pinning due to a change in the potential landscape
seen by the DW when the curvature changes. It is this effect
which we are interested in studying. In addition to the curvature, the intrinsic pinning may be affected by the DW
chirality; chirality-dependent pinning has previously been
observed, for example, at constrictions and protrusions in a
nanostrip.7,11 For our nanostrip dimensions, the stable DW
structure is a transverse DW12,13 with a characteristic triangular shape. The orientation of the triangle depends on the
DW chirality. For example, Fig. 1共a兲 shows a simulated
head-to-head 共HH兲 DW with core magnetization pointing upwards and the wide side of the DW on the upper edge of the
nanostrip; a DW of the same chirality, i.e., tail-to-tail 共TT兲
with core magnetization pointing downwards, also has its
wide side on the upper edge of the nanostrip. We describe the
a兲
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DW-bend configuration as “wide” when the wide side of the
DW is on the outside of the bend, or “narrow” when the
narrow side of the DW is on the outside of the bend.
In order to study these effects, Permalloy 共Ni81Fe19兲
nanostrips 100 nm wide and 10 nm thick were fabricated on
Si substrates using electron beam lithography, thermal
evaporation and a lift-off process. For magnetic characterization, the sample was placed at the center of a quadrupole
electromagnet, allowing fields to be applied in any direction
in the sample plane. Magnetization switching of single nanostructures was measured using a high-sensitivity magnetooptical Kerr effect 共MOKE兲 magnetometer in a longitudinal
geometry, with a focused laser spot diameter of ⬃5 m.
Schematics of the two types of structure used are shown
in Figs. 1共b兲 and 1共c兲. The left-hand end of each structure is
patterned into an L or C shape with outer radius of curvature
500 nm 共large enough to give negligible intrinsic pinning—
see later兲. A 90° bend of outer radius R is patterned at the

FIG. 1. 共a兲 Micromagnetic simulation of transverse DW structure. The arrows indicate the direction of the magnetization, M, and the grayscale indicates 兩ⵜ · M兩, where ⵜ · M = 0 is colored white. 关共b兲 and 共c兲兴 schematics of L
and C shaped structures and first half of field sequences used for transmission field measurements. The position of the MOKE laser spot is indicated
by the star. 共d兲 SEM image of middle portion of a typical nanostructure with
central bend of radius R = 149 nm.
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center of the horizontal arm, flanked by two 45° sections
with outer radius 1050 nm. A scanning electron microscopy
共SEM兲 image of the central portion of one nanostructure is
shown in Fig. 1共d兲. R was varied between 42 and 500 nm; for
R ⬍ 100 nm, proximity effects in the lithography process
cause a small increase in width 共⬃15 nm for the smallest R兲
at the center of the bend, with an inner radius of ⬃20 nm.
The L and C shaped ends allow DWs to be created with
either orientation relative to the bend: L shapes 关Fig. 1共b兲兴
give the wide configuration, and C shapes 关Fig. 1共c兲兴 the
narrow configuration. We first measured the “transmission
field,” HT, required to move a DW through the central bend.
The field sequences used are shown in Figs. 1共b兲 and 1共c兲.
The duration of each sequence is 1 s. A HH DW is created at
the left-hand end of the structure by applying a saturating
field of magnitude ⬃460 Oe along the direction 共⫺1, ⫺1兲.
For the L-shaped structures, the field is then reduced at 45°
to Hx = 0, Hy = −18 Oe, followed by a gradual increase of Hx
to +300 Oe. The sequence is then repeated with all fields
reversed, so that a TT DW is initially created. The MOKE
spot is positioned on the right-hand side of the structure and
magnetization switching is observed when Hx = HT. Measurements on the left-hand side showed that the DW depins from
the left-hand corner at 15⫾ 3 Oe. The C-shaped structures
are initialized with the same saturating field along 共⫺1, ⫺1兲,
and the field is reduced at 45° to Hx = −19, Hy = 0 Oe. The
field direction then rotates to bring the DW from position A
to position B, at Hx = 0, Hy = 17 Oe; Hx is then increased to
300 Oe as before and magnetization switching is again measured on the right-hand part of the structure. The sequence is
then repeated with all fields reversed. Note that the DW
could also have been created at position B; however, creating
the DW at position A ensures that the central bend is initialized in the same way for both structures. We also checked
that DWs are not created at the central bend: we reversed the
x-component of the field sequence shown in Fig. 1共b兲, so that
the initial saturating field is applied along 共1, ⫺1兲 and no
DW is created at the left-hand end. We found that on both
sides of the bend, switching only occurred at the nucleation
field, HN = 213⫾ 14 Oe: no DWs are observed to propagate
out of the central bend, showing that DWs are either not
created at the central bend, or two DWs are created but immediately annihilate when the field is reversed.
The measured 兩HT兩, averaged over HH and TT DWs, is
plotted for both configurations as a function of R in Fig. 2共a兲,
where each data point corresponds to a separate structure.
The error in each measurement depends on the width of the
step in the MOKE signal, which has an average value of
6 ⫾ 3 Oe; the symbol height on the graphs is 10 Oe. Each
measurement is averaged over 150 cycles of the magnetic
field. It can be seen that HT decreases with increasing R, and
is higher for the narrow configuration. The dependence on R
and on the DW chirality becomes weak for R ⬎ 350 nm. In
the narrow configuration, HT saturates for very small R at
the nucleation field HN = 213⫾ 14 Oe 共upper dashed line兲;
for large R both configurations saturate at the effective
propagation field H p,eff. The field required to move a DW
along a 10 m horizontal strip has been measured as H p
= 12⫾ 2 Oe. The projection of the field along a strip oriented
at an angle  is Htangent = Hx cos  + Hy sin ; for our structures, max = ⫾ 45°. H p,eff is the value of Hx for which the
minimum Htangent is equal to H p. The calculated value of
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FIG. 2. Transmission and potential measurements for wide 共squares兲 and
narrow 共circles兲 configurations 共see schematics at top right兲. 共a兲 Measured
transmission fields, HT, as a function of R. The dashed lines indicate the
nucleation field HN = 213⫾ 14 Oe and the effective propagation field H p,eff
= 35⫾ 6 Oe. 共b兲 Hpull as a function of HT for structures with R = 42 nm and
R = 179 nm. The dashed lines indicate Hpull = HT and Hpull = H p = 12⫾ 2 Oe.
The schematics describe the relation between Hpull and HT for a DW trapped
inside a potential well 共top兲 and a DW blocked by a potential barrier
共bottom兲.

H p,eff is 35⫾ 6 Oe, indicated by the lower dashed line on
Fig. 2共a兲.
One possible complication could be transformation of
the DW structure from one chirality to another during its
motion,14 which we have previously observed in nanostrips
of very similar dimensions.15,16 In Ref. 15 we observed that
around 60% of structures did not show evidence of DW
transformations. In the remaining 40%, the DW was sometimes transformed and sometimes not. We might then expect
to see a systematic difference between the nominal wide and
narrow configurations, but with a minority of measured
switching fields corresponding to the opposite configuration.
However, we see little evidence of this: the data for the wide
and narrow configurations are well separated. This apparent
absence of DW transformations may be due to increased
roughness;17 alternatively, the measurements may not have
been sensitive enough to detect such transformations, since
they were averaged over half as many cycles of the magnetic
field.
We performed a second type of measurement to determine the potential landscape 共e.g., potential well or barrier兲
experienced by the DW. The DW is created in the same way
as for the HT measurements, and pushed toward the bend
with a maximum field Hpush; the field is then reversed to pull
the DW back from the central bend. Because the value of
Hpush may not be enough to sweep the DW through the bend
and out of the structure, the final part of the sequence applies
a large rotating field to sweep the DW out of the left-hand
side of the structure; this ensures that the initial magnetization configuration is always set in the same way. The MOKE
spot is now positioned on the left-hand part of the structure,
so that switching is measured when the DW moves out of the
left-hand corner and again when the field reaches Hpull, the
value required to bring the DW back from the central bend;
however, if Hpush ⬎ HT, the DW passes through the central
bend and annihilates at the end of the wire, so that the measured Hpull = HN. We found that for each structure, all values
of Hpush ⬍ HT give the same value of Hpull. This value of Hpull
is plotted for structures in both configurations with R
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FIG. 3. 共Color online兲 关共a兲 and 共b兲兴 Curving the nanostrip edges into the
narrow configuration 共a兲 tends to increase the perpendicular component of
M and create surface charges; the converse is true for the wide configuration
共b兲. 关共c兲–共g兲兴 Micromagnetic simulations of magnetization configurations for
R = 150 nm. 共c兲 Simulated bend structure. 关共d兲–共g兲兴 Magnetization configurations for the wide 关共d兲 and 共e兲兴 and narrow 关共f兲 and 共g兲兴 cases. Each picture
shows the stable configuration at the field indicated. The arrows and color
indicate M and  M = −0 ⵜ · M, respectively, as shown in the color scale at
right.

= 42 nm and R = 179 nm as a function of HT in Fig. 2共b兲. It
can be seen that in the wide case, Hpull ⬃ HT; once the DW
reaches the bend, the same field is required either to transmit
the DW, or to bring it back to the starting position: the bend
acts as a potential well. In the narrow case, Hpull ⬃ constant
= H p, indicating that the bend acts as a potential barrier. Until
the DW is pushed over the barrier, it can be brought back to
the starting position with a small field independent of the
barrier height. These behaviors are illustrated in the schematics in Fig. 2共b兲.
Because the Py nanostrips have negligible magnetocrystalline anisotropy, the pinning by a bend must be due to
changes in the exchange energy, Eex, and demagnetizing energy, Edem, of the DW when it is positioned on a curved
portion of the nanostrip. The sign of the change in Eex is
intuitive because the spins rotate through a smaller total
angle in the wide case 关Fig. 3共e兲兴 than on a straight strip, and
a larger total angle in the narrow case 关Fig. 3共g兲兴, giving a
decrease or increase respectively in the total Eex, consistent
with the experimentally observed well or barrier. Edem has a
complex dependence on the DW structure; recent work18 has
shown, for example, that the complete distribution of the
magnetization, M, must be taken into account for an accurate
calculation of the interaction between DWs even when they
are in separate nanostrips. However, we can make qualitative
arguments using similar reasoning to that in Ref. 7 for DW
pinning at constrictions and protrusions. The spins crossing
the DW turn out of the easy direction and acquire a component perpendicular to the strip edge. In the narrow configuration, the strip edges tend to lie perpendicular to the local M
within the DW, which will tend to create surface charges and
therefore increase the demagnetizing energy; the converse is
true in the wide case, where the strip edges tend to align with
the local M. This is described schematically in Figs. 3共a兲 and
3共b兲.
We used the OOMMF package19 to simulate the DW-bend
interaction for a structure with R = 150 nm 关Fig. 3共c兲兴. The
magnetization configurations are shown in Figs. 3共d兲–3共g兲;
the color indicates the divergence or “magnetic charge density”  M = −0 ⵜ · M. This provides an alternative picture of
the DW shape, which can be difficult to visualize directly
from the distribution of M. Under a field Hx = 10 Oe 共not

shown兲, the DW is pinned at position 1 关Fig. 3共c兲兴 due to
edge roughness introduced by the pixelation. At 20 Oe, the
DW has moved toward the bend: in the wide case, the DW
sits inside the bend 共potential well兲 at position 3 关Fig. 3共d兲兴;
in the narrow case, the DW sits before the bend 共potential
barrier兲 at position 2 关Fig. 3共f兲兴. Pictures 共e兲 and 共g兲 show the
configurations just before transmission. The discrepancy between simulated and experimental transmission fields is attributed to temperature effects as discussed in e.g., Ref. 7.
The calculated energy changes are found to be on the order
of a few eV and are consistent with the experimentally observed well or barrier: when the DW first moves toward the
bend, both Eex and Edem are found to decrease in the wide
configuration as the DW falls into the potential well, but
change very little in the narrow configuration, where the DW
remains blocked in front of the barrier. As the field increases,
Eex and Edem increase in both cases as the DW is pushed out
of the well or against the barrier. The two energy terms
change by comparable amounts, showing that both effects
play an important role in the pinning.
In conclusion, we have experimentally studied the interaction of transverse DWs with bends, where we vary both
the radius of curvature of the bend and the orientation of the
transverse DW with respect to the bend. We find that bends
act as potential wells when the wide side of the DW is on the
outside of the bend, and potential barriers in the opposite
case. The pinning field in both cases increases with decreasing radius of curvature. Micromagnetic simulations are consistent with the experimental results and show that both exchange and demagnetizing energies play an important role.
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