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A magnetic domain wall (DW) injected and pinned at a notch in a permalloy nanowire is shown to
exhibit four well-defined magnetic states, vortex and transverse, each with two chiralities. These states,
imaged using magnetic force microscopy, are readily detected from their different resistance values
arising from the anisotropic magnetoresistance effect. Whereas distinct depinning fields and critical
depinning currents in the presence of magnetic fields are found, the critical depinning currents are
surprisingly similar for all four DW states in low magnetic fields. We observe current-induced trans-
formations between these DW states below the critical depinning current which may account for the
similar depinning currents.
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The manipulation of magnetic domain walls (DW) in
nanowires has attracted much interest recently, with pro-
posals for prospective logic [1] and memory devices [2].
In these devices, information is encoded in the magnetic
states of domains in lithographically patterned nanowires.
DW motion along the wires allows for the access and
manipulation of the stored information. Whereas mag-
netic fields have been conventionally used to manipulate
DWs, it has recently been shown that a spin polarized
current can also cause DW motion by acting as a source
of spin angular momentum [3–18]. However, this mecha-
nism is poorly understood, especially with regard to the
detailed magnetic structure of the DW. In this Letter, we
study the current and field-induced depinning of DWs of
different structures from the same notch in a permalloy
nanowire and show that, surprisingly, in small mag-
netic fields the critical current is insensitive to the DW
structure.

Magnetic nanowires, 100 to 300 nm wide, are formed
from 10 nm thick permalloy (Ni81Fe19) films deposited on
highly resistive Si(100) substrates by magnetron sputter-
ing. The nanowires are fabricated by electron beam lithog-
raphy and Ar ion milling. Contact lines are made by
patterning 5 nm Ta=45 nm Rh films, subsequently depos-
ited on top of the nanowires. A scanning electron micros-
copy (SEM) image of a typical nanowire is shown in
Fig. 1(a). The distance between the two contact lines,
labeled A and B, is 4 �m. Both ends of the nanowire are
tapered to a sharp point to prevent the formation of DWs
outside the contact lines [19]. High frequency probes are
used to inject nanosecond long pulses along the nanowire
and to measure the dc resistance of the wire. In this Letter
detailed results are presented for a 300 nm wide nanowire
in which a triangularly shaped notch, whose depth is
�30% of the wire width, is patterned along one edge.
The dimensions of the nanowire are chosen so that a
number of metastable DW states coexist.

The following procedure is used to inject a DW into the
wire [20,21]. (1) The nanowire is first magnetized along
the x axis by applying a large in-plane magnetic field
HSAT � �270 Oe [see Fig. 1(a) for definition of x].
(2) A magnetic field, termed the injection field HINJ here-
after, is applied in a direction opposite toHSAT to assist the
nucleation and subsequent propagation of the DWs.
(3) WithHINJ turned on, a voltage pulse, 2.1 V in amplitude
and 10 ns long, is passed along contact line A. The pulse
generates a local magnetic field sufficiently large
(�200 Oe) to reverse the magnetization direction of the
portion of the nanowire that is located immediately under-
neath the line, so forming two DWs. HINJ will cause the
two DWs to move in opposite directions, one moving
towards the notch, and the other moving towards the wire’s
pointed end. IfHINJ does not exceed the pinning field of the
notch, one DW will consequently be trapped at the notch.
The other DW will be annihilated at the pointed end.
(4) HINJ is set to zero.

Because of the anisotropic magnetoresistance (AMR) of
permalloy the presence of a DW lowers the resistance of
the nanowire [22,23]. Since this effect is small the resist-
ance of the nanowire R is compared to that of its magne-
tized state RSAT, each measured in zero field. The presence
of a DW in the region between contact lines A and B is
thereby detected from the resistance change �R � R�
RSAT. As an example, Fig. 1(b) plots the values of �R for a
succession of measurements in which steps (1)–(4) are
repeated many times, using HINJ � 12 Oe. A histogram
of �R for a complete set of these measurements is plotted
in Fig. 1(c). In each case, �R is negative, consistent with
AMR, but its magnitude varies. For HINJ � 12 Oe, there
are four unambiguous �R peaks. Histograms of �R using
different HINJ values to inject the DW are plotted in
Fig. 1(d). For HINJ larger than 4 Oe, the same four main
peaks are observed whose �R values are independent of
HINJ (note that the peak around �R� 0 corresponds to
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states where no DW formed). However, the relative size of
the peaks varies with HINJ. Thus, the number of accessible
DW states can be varied by tuning HINJ. Below 4 Oe, both
the number and position of the peaks changes abruptly, as
discussed later.

Magnetic force microscopy (MFM) imaging experi-
ments show that the �R peaks in Fig. 1(d) correspond to
four distinct DW states. �R is measured before and after
MFM imaging to confirm that the state of the DW is not
altered by stray fields from the MFM tip. The MFM images
are compared with micromagnetic simulations [24] to
identify the corresponding DW structures (see Fig. 2).
Excellent agreement is obtained between the simulated
and experimental images, allowing us to identify the four
states as (a) transverse wall located in the notch (solid
circles, labeled as TC hereafter), (b) vortex wall located
in the notch (solid squares, VC), (c) transverse wall located
at one side of the notch (open circles, TA), and (d) vortex
wall located at one side of the notch (open squares, VA).
Note that since the DWs are injected from the left side of

the notch, i.e., from contact line A, they are more likely to
be located at the left side of the notch. Interestingly, we find
that the chirality of the DW determines whether the DW
resides inside or to one side of the notch. This is because
the energy of the DW is lowered (raised) when the compo-
nent of its transverse magnetization within the notch is
directed away from (to) the notch. We describe the chi-
rality of these DWs as clockwise (TC and VC) and anti-
clockwise (TA and VA), respectively.

Further insight into the characteristics of these different
DW states is obtained by studying their field-induced
depinning from the notch. DWs are injected into the nano-
wire using steps (1)–(4). The field is then ramped up to a
certain value and is reduced to zero to measure �R. This
process is repeated for fields in the range from�120 Oe to
120 Oe, and is repeated 50 times for each field to obtain a
statistical average. We define the depinning field HDP as
the minimum field at which the probability that the DW is
driven out from the nanowire (�R � 0) exceeds 50%.
Depinning fields measured for all the DW states listed in
Fig. 1(d) are plotted in Fig. 1(e) as functions of the injec-
tion field. Error bars (20%–80% depinning probability) are
smaller than the symbols except where shown. Interest-
ingly, the depinning fields are nearly independent of HINJ,
confirming that states with the same �R have the same
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FIG. 2 (color). Each of the four panels (a)–(d), corresponding
to the four distinct �R states of Fig. 1(c), contain, from top to
bottom: (1) MFM image [the symbols shown at the left side
correspond to those in Fig. 1(d)]. Micromagnetic simulations of
the divergence (2) and the direction (3) of the magnetization.
(4) Calculated energy of the DW versus position along the
nanowire. The state of the DW is indicated by the line color
and the label. Note that VC (VA) walls transform to TC (TA) walls
when the DW is moved across the notch to the right.
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FIG. 1 (color online). (a) SEM image of the permalloy nano-
wire. A and B are electrical contact lines (Ta=Rh). (b) Measure-
ments of �R in a series of experiments in which the wire is first
magnetized (�R � 0) and a DW is subsequently injected with an
injection field HINJ � 12 Oe. (c) Histogram of �R values from
(b). Note that only a subset of these data are shown in (b).
(d) Histogram of �R values for different HINJ. Values ofHINJ are
shown in (e). Symbols indicate different DW states. (e) Depin-
ning fields for each DW state observed in (d). Symbols corre-
spond to those shown in (d). The vertical axis represents the
magnitude of the injection field with arbitrary spacing.
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magnetic structure. For low injection fields (below
�4 Oe), the depinning field in the negative field direction
is close to zero, indicating that the DW is not captured by
the notch’s potential well, and thus likely did not travel all
the way to the notch. These states are indicated by the
triangularly shaped symbols in Fig. 1. Thus we conclude
that the minimum field needed to move the DW along the
nanowire, the propagation field, is �4–5 Oe.

In the following, we discuss the four DW structures
pinned at the notch. From Fig. 1(e), the depinning fields
are significantly different for positive and negative fields
when the DW is located to one side of the notch, i.e., for
anticlockwise DWs (open circles and squares). For ex-
ample, compare H�DP � �41 and �119 Oe for VA walls
at HINJ � 12 Oe. In order to further understand the corre-
lation between the DW structure and its depinning field, the
notch potentials for the four DW states are calculated from
micromagnetic simulations [25], as shown in Fig. 2. The
difference in the positive and negative depinning fields
can be understood from the asymmetrical shape of the
pinning potential. The simulations also show that for the
vortex walls, the DW transforms to a transverse state when
it is moved across the notch [see Fig. 2(b) and 2(d)]. The
depinning fields for each DW state can be extracted from
the corresponding energy landscape, which reflects these
DW transformations, and match well the experimental
values of H�DP. For example, for TC (TA) walls the ex-
perimental and calculated values of H�DP are �54=54 Oe
(�44=119 Oe) and �56=60 Oe (�45=156 Oe),
respectively.

We now consider current-assisted depinning for the
different DW states. As above, a DW is injected into the
nanowire, with HINJ � 12 Oe, and �R is measured in zero
field to determine the DW state. Then an external bias field
(HB) is applied along the x direction. In addition, a voltage
pulse of 4 ns duration and variable amplitude is applied
from line B to A so as to inject a short current pulse into the
nanowire. �R is measured after the voltage pulse, to
determine whether the DW is depinned and ejected from
region A-B. Since the pulse generator is a constant voltage
source, the actual current density flowing in the nanowire
depends upon its resistance which may increase during the
pulse due to Joule heating. The nanowire resistance was
measured in real time using a sampling oscilloscope
(12 GHz bandwidth) and this value was used to infer the
actual current density in the nanowire. The temperature
reached during the 4 ns long pulse can be estimated from
the dc resistance versus temperature relationship measured
in a permalloy film of the same thickness (see Fig. 3 and
the discussion below).

The critical current density JC required to depin the DW
from the notch is plotted as a function of applied field HB

in Fig. 3 for the four DW structures, for both positive and
negative current. JC represents the minimum current den-
sity needed to depin the DW from the notch with a proba-
bility greater than 50%. Positive current corresponds to

electrons flowing in the positive x direction in Fig. 1(a).
The measured field dependences of JC show similar char-
acteristics for DWs with the same chirality. For example,
TA and VA walls show constant JC over a large range ofHB

at high positive fields [compare Fig. 3(c) and 3(d)]. At
negative HB, JC rapidly increases as HB is reduced from
the depinning field. For TC and VC walls, JC is nearly
symmetric with respect to the applied field direction [com-
pare Fig. 3(a) and 3(b)]. For most of the wall structures, the
extrapolated JC at zero field show similar values, i.e.,
JC�0� � 3� 108 A=cm2. The device temperature corre-
sponding to the current density is shown as a color scale
at the right side of the figure. Note that the temperature
(�780 K) at the highest currents needed to depin the DWs
near zero applied field approaches the Curie temperature of
permalloy [17].

In order to obtain further insight into the current-assisted
depinning process, the phase diagrams of the most prob-
able resistance level (�R) after the application of positive
or negative voltage pulses are shown in Fig. 4(a)–4(d) as a
function of the applied current density and HB. Note that
the highest voltage pulse used in this plot is 80% of that
shown in Fig. 3. The device temperature scale is again
indicated by the color scale at the right side of the figure.
The initial DW structures are listed at the top left corner of
each panel in the figure. To clarify the correspondence
between the resistance level and the DW structure, the
resistance level is color scaled (see the scale bar at the
top of Fig. 4). One can clearly see transitions between dif-
ferent DW structures below JC. The TC wall [Fig. 4(a)]
appears to be the most stable state against current pertur-
bations. The TA wall [Fig. 4(c)] transforms to either TC or
VC at lowHB depending on the direction of current. Vortex
walls [Fig. 4(b) and 4(d)] also show transitions to trans-
verse walls at high current density. Thus the wall chirality
as well as the basic structure can be changed with current.
Note that the VA wall transforms to a TA wall without any
current when HB exceeds �50 Oe, consistent with micro-
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FIG. 3 (color online). Critical current density (JC) to depin the
DW from the notch as a function of applied field HB for the four
states shown in Fig. 1(c). The initial DW structure is indicated in
the bottom left corner of each panel. Applied voltage pulses are
4 ns long. Lines are a guide to the eye. Device temperature
corresponding to the applied current density is shown at the right
side as a color scale.
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magnetic simulations [see Fig. 2(d)]. Interestingly, the
current-assisted depinning at high positive HB for TA and
VA walls likely involves wall structure transformations,
i.e., JC may represent the current density needed to trans-
form the wall into either the TC or VC wall, which is then
immediately depinned at these high HB. We surmise that
the current-induced DW transformations are due to vortex
core motion induced by spin polarized current [15,26].
Figure 4(e)–4(h) shows the �R histogram after the pulse
application for each DW structure as a function of the
applied current density. The histogram is taken for the
applied field values in the range of �10<HB < 10 Oe.
At higher current densities, the probability of observing
transformations becomes higher and more states are ob-
served, which is likely due to thermal effects. Given the
ease with which DW transformations take place, we con-
jecture that the similarity of the depinning currents at low
fields, regardless of the initial DW state, is because the
DWs may be transformed under current to the same DW
state when they depin.

In summary, we show that resistance measurements can
be used not only to detect the presence of a DW but can be
used to distinguish both the structure, whether vortex or

transverse, and the chirality of DWs trapped in notches in
permalloy nanowires. Taking advantage of our ability to
prepare and identify DWs of different structures in the
same pinning site we demonstrate that the magnetic fields
required to depin these four DW states are substantially
different yet the threshold current densities to depin these
same states are nearly the same in small fields. The former
can be well understood by micromagnetic simulations but
the latter is more complex since current-induced DW trans-
formations play a critical role in the depinning process and
because the depinning current density in low fields is so
high that the nanowire temperature is significantly
increased.
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FIG. 4 (color online). (a)–(d) Stability phase diagram for the
four DW states. The most probable resistance (�R) level after
application of a 4 ns long voltage pulses is plotted as a function
of current density and HB. Color scale represents the �R level.
(e)–(h) Histograms of �R values after the application of 4 ns
long voltage pulses for the four DW states. The dotted line
indicates the initial �R level (before the application of the
pulse). Counts are normalized by the number of experiments
for each DW structure.
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