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Stochastic nature of the domain wall depinning in permalloy magnetic nanowires
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This study explores experimentally the stochastic nature of the domain wall depinning in permalloy nano-
wires using notches of various shapes and depths. The presence of the domain wall in the notch is detected
through its anisotropic magnetoresistance (AMR), which is measured with high precision in order to detect
even small changes in the domain wall profile. These measurements showed that variations in the depinning
field are related with changes, sometimes very small, in the AMR profile, which indicates that small changes
in the pinned domain wall profile can affect largely the depinning process. As these small changes are many

times unpredictable and uncontrollable, the stochastic nature of the depinning could have negative conse-
quences for practical applications based on permalloy nanowires.
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Several of the next future magnetic technologies might
rely on a careful and predictable control of magnetic domain
walls (DWs) in ferromagnetic nanowires. The possibility of
moving a DW or even achieving magnetic switching by
means of spin-polarized currents' opens a great deal of po-
tential applications. One of them is related to the develop-
ment of future magnetic memories, where the bits move
(rather than the disk like in the actual magnetic hard drives).
The concept of the race-track memory was suggested by Stu-
art Parkin at IBM (Refs. 2 and 3) and it is based on storing
the information on artificially created magnetic domains in a
ferromagnetic nanowire. The magnetic DWs are pinned in
artificially created notches along the wire and the distance
between them constitute essentially the size of the bit unit.
Despite the many potential advantages of this type of
memory, its success is still pending on the reliable current
depinning of a DW from an artificial notch.* The idea of the
race-track memory boosted recently the research on the in-
teraction of a DW with an artificial notch, for different
shapes (triangular or rectangular) or relative size with respect
to the dimensions of the wire. It has been shown that the
depinning field is higher for narrower wires® and that the
width of the wire is more relevant for the depinning than the
geometry of the notch (for triangles and rectangles). The
chilarity of the DW also changes the depinning energy for
asymmetric notches’”’ and increasing the depth of these
notches would increase the pinning potential,’ unless they
are too deep in which case they could induce double
nucleation.’

Moreover, few works mention the stochastic behavior of
the DW trapped in an artificial notch,!®'? which is key for
the development of any of the applications mentioned in the
introduction. Very recently Im et al.'® studied by direct ob-
servation (x-ray microscopy) the stochastic behavior of DW
trapped in triangular notches in permalloy wires of different
widths. The measurements in this work showed considerable
dispersion in the values of the depinning field and the au-
thors concluded that this dispersion was presumably caused
by the diversity of generable DW structures in the vicinity of
a notch. Here we show evidence of this diversity of gener-
able DW structures. Using a simple compensation method,
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we have been able to measure accurately the anisotropic
magnetoresistance (AMR) profile of the pinned DW and we
have observed a direct relation between variations in the de-
pinning field and changes in the AMR profile of the DW (i.e.,
a change in the DW structure). We have extended the study
to several notch shapes, in a symmetrical configuration (on
both sides of the wire) and performed a statistical study in
different wires, showing that it is not possible to find a per-
fectly defined depinning field for any notch shape or depth.
We have analyzed these results with micromagnetic simula-
tions and we come to the conclusion that this stochastic na-
ture of the DW pinning in permalloy nanowires might not be
easily avoided. These results have a clear impact in the field,
as artificial notches based on constrictions in the permalloy
wire might not be the most reliable way to pin a DW. Re-
search might have to focus in other type of defects, perhaps
structural.'*

The permalloy wires were fabricated by lift-off technique
on 10X 5 mm? Si/SiO, substrates. The permalloy was de-
posited by dc magnetron sputtering with the structure
Cr(1 nm)/NiFe(12 nm)/Au(l nm). The film thickness was
verified in an atomic force microscope where we also
checked the good quality of the samples. The wire width is
500 nm in all the wires and two identical notches of different
shapes were patterned on both sides of the wire with depths
75 and 125 nm (so the total constriction is 150 nm and 250
nm, respectively). From here on we will refer to the 75 nm
dual notches as “shallow” and to the 125 nm dual notches as
“deep.” The patterning was done by e-beam lithography
(Crestec CABL9500) with the smallest beam current (10 pA)
in order to shape the notches with the highest possible reso-
lution. The results shown in this paper were obtained from
two samples, one with wires with 75 nm deep notches (shal-
low) and another with wires with 125 nm deep notches
(deep). Each sample contains at least seven wires with
notches of each type. Other samples were used for confirma-
tion purposes but the results are not shown here.

Figure 1 shows a scanning electron microscope (SEM)
image of a nanowire with the Cr(I nm)/Au(50 nm) contacts
with a detail of a selected notch always located between
contacts B and C. The wire has an injection elliptical pad in
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FIG. 1. SEM picture of one of the wires used
for this study (top). Within the picture there is a
zoom of the double notch in the wire. On the
bottom left, there is an schematic of the setup
used for the electrical detection of the domain
wall through its associated decrease in the AMR

H in the section B-C. On the bottom right there is a
prop selected graph with a pinning and depinning
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one extreme and a curved section at the opposite end. This
curved section allows us to verify that when there is a depin-
ning event, the DW shows up in the curved section (between
contacts C and D) so we are certain we are measuring a DW
and not other type of spurious signal. Within the same pic-
ture there is a diagram of the connections used for the elec-
trical detection of the DW. The DW is detected by the de-
crease in the electrical resistance that it produces (anisotropic
magnetoresistance or AMR) with a lock-in technique. Due to
the very small AMR signal introduced by a DW, we have
placed a variable series resistance so we compensate the out-
put voltage to zero prior the injection of the DW. This zero
method allows us to measure very accurately the AMR signal
introduced by the DW. The resistance of our permalloy wires
is typically around 280 () and the AMR jump introduced by
the DW ranges from 60 to 110 m{).

The measurement procedure is as follows. For each type
of notch we measure the propagation and the depinning field:
we apply a saturating field (up to 2 kOe) along the —x-axis
direction and then we monitor the resistance between con-
tacts B and C for the magnetization process in the +x direc-
tion. The inset of Fig. 1 (bottom right) shows a selected
AMR curve for an injected DW in which the first fall edge
constitutes the propagation field (H,y,,) and the rise edge is
the depinning field (Hg,). Note that the injection field from
the elliptical notch might not be the same as the propagation
field. This procedure is repeated at least 40 times for each
wire and measured for different wires with the same type of
notch.

Figure 2 shows the values for H,,, and Hy, for shallow
notches (top) and for deep notches (bottom). On top of the
figure we show SEM images for the different types of
notches: square (S), triangle (T), square-left (SL), square-
right (SR), elliptical (E), and circular (C). Each point in Fig.
2 represents the average H,,, and Hge, values measured over
40 magnetization loops for a particular wire within the
sample. The different points in a particular type of notch are
values measured in different wires. In the cases with less

points represented (for instance, E shallow), we found only
that number of wires where we could see pinning events (for
instance, only one wire with pinning events for the notch E
shallow).

There are several conclusions that can be extracted from
Fig. 2. First one can see that Hyp, on average, increases with
the notch depth, in agreement with previous results from
other authors.”!"1> On average, H,e, is around 70 Oe for
deeper notches and around 40 Oe for shallower notches. The
values of Hy, do not seem to be particularly dependent on
the notch shape.’ For most of the notch shapes, the Hgep
values for different wires are quite scattered, which is per-
haps a bit surprising considering that all the wires for a given
notch depth belong to the same sample. This stochastic be-
havior between wires seem to be smaller for S deep and C
deep but we will come back to this later in the paper. Hy,, is
clearly close to 40 Oe in wires with deeper notches while this
value is smaller for wires with shallower notches. One pos-
sibility is that being Hy., lower for wires with shallow
notches, injection events with H,.,,> Hg.,, would be rarely
detected between contacts B and C in Fig. 1. A way of
checking this assumption is by detecting the DW in the
curved section (contacts C and D in Fig. 1) so we measure
Hyyop in the nonpinning events. This value in the samples
measured averages 20 Oe, which is still much smaller than
the average Hy, for the sample with shallow notches. Other
possibility is that this higher H, for the sample with deeper
notches may be due to larger edge roughness in this sample.
Nevertheless, when we compare the AFM images of both
samples, we do not see any obvious difference in the edge
roughness. This leaves the microstructure of the material as
the only possible explanation to the difference in Hy,, be-
tween the two samples. The microstructure of the permalloy
may change due to small differences in the deposition pro-
cess (small changes in substrate temperature, Ar pressure,
deposition rate, etc.) and it seems to be quite critical for the
detailed magnetization process of the wire.!?

In order to see which type of notch perform best, we need
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FIG. 2. Propagation field (open squares) and depinning field
(solid squares) for all the wires and the notches measured in this
study. Each point represents the average value of at least 40 mea-
surements. The top graph plots the values for wires with shallow
notches and the bottom graph plots the values for deeper notches.
On top of the figure there are SEM pictures for each of the notches
studied: S—square, T—triangular, SL—square left, SR—square
right, E—elliptical, and C—circular. The width of all the wires is
500 nm.

to complete the information shown in Fig. 2 with the total
probability of pinning. Figure 3 shows the probability of pin-
ning (top graph) for every notch type and depth, taking into
account all the events and all the wires measured for every
type of notch. The only shape that shows probability of pin-
ning 1 is the square for both shallow notches (127 measure-
ments) and deep notches (110 measurements). Also SL deep
(180 measurements) and E deep (120 measurements) show
very good pinning probability. The triangle probability is sur-
prisingly low when it is quite a reliable pinning shape in
narrower permalloy wires.>!® This could indicate that a 30%
deep notch (percentage over the width of the wire) on one
side of the wire might be more effective pinning center than
two symmetrical 15% deep notches with the same shape.
Also in Fig. 3 (bottom graph), we represent the standard
deviation of H,., measured in each type of notch. When a
type of notch is measured in more than one wire, we plot the
average of the standard deviations for all the wires measured
with that type of notch. This value gives us an idea of how
scattered the values of Hy., are. Square notches of both
depths have quite a low dispersion, also triangular and SL
deep. The case of the triangle is quite interesting as the pin-
ning probability is not very good but the pinning events are
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FIG. 3. Top graph represents the probability of pinning for each
type of notch. Some data of the total number of measurements are
given in the main text. Bottom graph represents the standard devia-
tion for all the measurements for the different notches. Empty
squares are measurements for shallow notches and solid triangles
for deeper notches.

always very similar. For the E deep notch the dispersion is
high due to four depinning events (out of 108 pinning
events) which are largely different to the rest of the values.
Removing these values out of the dispersion, we would ob-
tain a standard deviation of about 7 Oe.

From Figs. 2 and 3 we can conclude that the square
double notches are the most effective pinning centers, to-
gether with SL deep and perhaps E deep. All of them have
also a relatively low dispersion in the measured Hge,. For
practical applications, even a very small dispersion in the
depinning energy might be critical, especially in memories
where there can be thousands of events every second. It is
very important therefore to explore the reasons behind this
dispersion.

We have chosen symmetrical dual notches for this work
because they should be insensitive to the chilarity of the
DW.? Despite this, from our AMR measurements it is obvi-
ous that there are several depinning mechanisms. As an ex-
ample, Fig. 4 shows the AMR signal for the DW depinning
process in a S-deep notch. All the depinning events for
S-deep notches follow one of the two profiles shown in Fig.
4, A or B, indicating at least two major different depinning
processes (perhaps two different types of DW). The other
type of notches have their own particular profiles, not neces-
sarily similar to the ones shown in Fig. 4. This figure shows
clearly that when the AMR depinning profile for different
measurements is identical, the dispersion in their H, is neg-
ligible. On the other hand, if their profiles are even margin-
ally different, the values of Hg, can differ significantly. This
is shown clearly in the right plot of Fig. 4 where there is only
a small difference between the profiles (marked with a
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FIG. 4. Plots (a) and (b) show the two typical shapes found for
the AMR profile in the pinning events measured for S-125 nm
notch. The percentage of events for each type is indicated on top of
the figures. For both (a) and (b) we show six events displaced for
clarity. It is clear that if the profile is identical for different events
(i.e., the bottom three curves), Hgep is the same. On the other hand,
if the shape changes even marginally (compare the bottom three
curves with the top three in both (a) and (b) Hge, can be consider-
ably different. The dashed ellipses on the right plot indicate the only
difference between the three top and three bottom curves.

dashed ellipse) but the depinning field is considerably differ-
ent. A change in the AMR signal comes from a change in the
transversal magnetization component (the component per-
pendicular to the current direction) of the DW. Therefore,
this dependence of the dispersion of Hg.,, with the AMR
profile suggests that even small differences in the shape of
the DW at the notch can determine largely the depinning
field. The exact shape of the pinned DW at the notch will
depend on thermal fluctuations, interactions of the local mag-
netization with the nanometric landscape around the notch
and on the exact H,,,. Note that as H, is in all our mea-
surements quite likely over the Walker field, the traveling
DW experiences constant transformations'”'® and the exact
shape of the pinned DW would depend on the exact particu-
lar conditions on arrival to the notch. Many of the factors
that condition the exact DW profile at the notch have a sto-
chastic nature and this implies that the depinning energy will
have an inherent random component.

In order to better understand the depinning process, we
have performed micromagnetic simulations for all the
notches used in this study. The simulations were performed
using the OOMMF software package and standard permalloy
parameters, Ms=860X 10> A/m, exchange energy constant
A=13X10""2 J/m, and zero magnetocrystalline anisotropy.
Using the well-established phase diagram of DWs in planar
permalloy nanowires,'” a vortex wall (for both chilarities)
was introduced at the left end of a 4-um-long, 500-nm-wide,
and 15-nm-thick permalloy nanowire, using a 5 nm mesh.

Figure 5 shows the three types of depinning processes that
we have found in the simulations of the different wires and
notches. The first one, on the left of Fig. 5, shows a “clean”
depinning sequence, where the DW keeps its structure during
the pinning and depinning processes. This type of sequence
happens only in shallow notches with a “smooth” left edge
(i.e., E, T, SR, and C shallow). The middle sequence of Fig.
5 shows how the vortex DW changes its chilarity during the
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FIG. 5. (Color online) Depinning sequences in different types of
notches. The left sequence describes a clean depinning in a
E-shallow notch where the structure of the DW is not altered in the
process. In the middle sequence for a S-shallow notch, the vortex
changes chilarity during the depinning. Finally, in the right se-
quence for a S-deep notch, a different vortex nucleates on the right
of the notch before the incoming DW is extinguished on the left
side of the notch.

depinning. This cannot be considered as a renucleation at the
notch because after the depinning there is not a DW remain-
ing on the left-hand side of the notch. This change in vortex
chilarity happens for most notches (S, SL shallow and T, SL,
and SR deep). Finally, the sequence on the right of Fig. 5
shows the nucleation of a DW on the right-hand side of the
notch and in the last frame a pinned vortex on the bottom left
side of the notch coexist with the newly nucleated DW exit-
ing the right side of the notch. This double nucleation in deep
notches has been suggested before? and it occurs in S- and
C-deep notches. In Fig. 5, it is also interesting to note how in
the middle and in the right sequences, the DW gets highly
stretched before depinning totally. It seems like the shape of
the exiting side of the notch is the one determining Hge, for
most types of notches? (for those with sharp edges of
dimensions comparable to the DW width).

The simulations shows that, although S-deep notches are
very effective pinning centers and with low dispersion in the
values of Hyep, the depinning process is achieved only via
double nucleation which is not ideal for any application. Tak-
ing into account the simulations, the probability of pinning
and the dispersion in the measurements, the best double
notches are S shallow and E deep (although its depth should
perhaps be slightly smaller in order to avoid the change in
vortex polarity during the depinning process).

In this work we have performed a study of the pinning
process of a DW for different shapes of the notch. Taking
into account the probability of pinning, the dispersion of the
measured Hye, and the simulated depinning process, it seems
that two of the shapes are more effective than the rest (S
shallow and E deep). Beyond the performance of a particular
notch as a pinning center, we observe a dispersion in the
values of Hg., which seems to be unavoidable for any shape.
Dispersion in the depinning measurements is also present in
all previous works that show more than one measurement for
a given structure.

The precise AMR profile of the DW measured during the
pinning process showed that the dispersion in the values of
Hgyep, comes together with variations in that AMR profile.
Those variations are necessarily associated with changes in
the profile of the pinned DW. The exact microstructure of the
pinned DW in the vicinity of the notch depends not only on
the geometry or quality of the patterned notch, but also on
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the structure of the moving DW approaching the notch,
which depends itself on the applied field (or polarized cur-
rent). The speed of the moving DW is also subject of
dispersion,?' depending on the energy supplied to the system,
which of course would affect the exact profile of the DW
when it arrives to the notch. Therefore it seems that the pin-
ning potential has an intrinsic random component which can
be very negative for practical applications. Working with
narrower wires would be better in terms of reducing the pos-
sible DW configurations. On the other hand, for very narrow
wires, making a reproducible patterning of notches is very
challenging with present lithography techniques. Therefore,
in order to make the pinning of a DW reliable and reproduc-
ible, we ought to explore other type of defects, perhaps struc-
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tural, where the magnetic profile of the pinned DW is forced
by the defect itself or even different materials rather than
permalloy.

Additionally, works that rely on the depinning of a DW
from a notch in order to calculate some intrinsic parameters
of the material (e.g., spin transfer torque), ought to be very
careful drawing conclusions from the measurements of a
single wire, unless the experimental results are accompanied
with careful simulations.
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