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We have investigated the threshold current density required for depinning a domain wall from

constrictions in NiFe nanowires, which give rise to pinning potentials of fixed amplitude but variable

profile. We observed it to vary linearly with the angle of the triangular constriction. These results are

reproduced using micromagnetic simulations including the adiabatic and nonadiabatic spin-torque terms.

By curve-fitting the calculated variations to the experimental results, we obtain the nonadiabaticity

parameter � ¼ 0:04ð�0:005Þ and current spin polarization P ¼ 0:51ð�0:02Þ.
DOI: 10.1103/PhysRevLett.102.127203 PACS numbers: 75.60.Ch, 72.25.Ba, 72.25.Pn

The topic of current-induced domain-wall (DW) move-
ment [1] has seen growing interest in recent years not only
due to its promising applications to spintronics devices,
such as magnetic logic gates and magnetic random access
memory, but also due to the fascinating underlying physics.
Experimental work on this subject includes studies on
ferromagnetic thin films [2,3], nanowires [4–8], and wires
with patterned pinning sites [9–13]. In addition to the early
theoretical work [14,15], recent reformulations have been
proposed, based on a microscopic approach [16–19]. A key
issue is the dependence of the threshold current for DW
movement on the details of the pinning potential. As shown
by Tatara and Kohno [16], in the limit of thick DWs and
weak pinning, the threshold current is expected to be pro-
portional to the transverse anisotropy K?. This has been
demonstrated recently in NiFe wires where the threshold
current was measured as a function of hard-axis anisotropy
by varying the aspect ratio of the wires [20]. On the other
hand, in the limit of thin walls and/or strong pinning, the
threshold current is expected to depend on the strength of
the pinning potential [16]. This latter conclusion has been
verified experimentally by Ravelosona et al. [21] in spin
valve structures having perpendicular magnetic anisotropy,
showing a strong dependence of the threshold current on
pinning potential depth. In this work we investigate the
variation of threshold current in single-layer wires pat-
terned with a notch pinning site, as a function of the notch
angle. Hence we hold the depth of the pinning potential
constant while studying the effect of its profile and observe
a linear variation of the threshold current with angle. Thus,
by engineering the geometry of the pinning profile we
demonstrate control of the depinning properties of DWs.

A set of notched structures, shown in Fig. 1(a), has been
fabricated on Si=SiO2 substrates using e-beam lithography
and sputtering of Ni80Fe20ð20 nmÞ=Auð1 nmÞ. The wire
width and constriction width are kept fixed at 1:4 �m
and 500 nm, respectively, while the notch angle �, defined
as the angle at the tip of the constriction triangle pointing
towards the center of the constriction, is varied from 21� up

to 53�. A two-point measurement setup was used as shown
in the inset in Fig. 1(b) with Tað10 nmÞ=Auð190 nmÞ
measurement leads. The magnetization switching proper-
ties of these structures were investigated at room tempera-
ture using magnetoresistance (MR) and focused magneto-
optical Kerr effect (MOKE) measurements.
A typical longitudinal MR measurement is shown in

Fig. 1(b), where the magnetic field is applied along the
length of the wire. Here the MR loop is measured using a
lock-in amplifier detection method with a sinusoidal exci-
tation current of 10 �A amplitude and 10 kHz frequency.
The MR measurement on the right-hand side of Fig. 1(b) is
obtained following saturation in a �2 kOe field, and simi-
larly the measurement on the left-hand side is obtained

FIG. 1 (color online). (a) SEM image (uncontacted), and
(b) longitudinal MR measurement (large circles and squares)
and focused MOKE measurement (small circles) of a structure
with a 43.1� notch angle. The inset shows a wire with the contact
pads used for measurements.
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following saturation in a þ2 kOe field. The elliptical pad
shown in Fig. 1(a) has a coercivity of around 10 Oe, and
this is used to nucleate DWs which propagate along the
wire and are pinned at the constriction, while the pointed
end suppresses DW formation at the other end of the wire
[22]. After reversal from saturation, a sharp drop in resist-
ance is observed at 10 Oe in Fig. 1(b) due to the anisotropic
MR (AMR) contribution of a DW trapped at the constric-
tion. Increasing the magnitude of the magnetic field fur-
ther, the resistance gradually decreases until a sharp rise in
resistance is observed at around 15 Oe. The gradual de-
crease in resistance may be understood as the additional
AMR contribution due to the displacement of the DW from
the center of the constriction [23], while the sharp rise in
resistance occurs due to DW depinning. The magnetization
switching mechanism was also investigated using focused
MOKE measurements, as shown in Fig. 1(b), where the
laser spot, with a diameter of 5 �m, was centered on the
constriction and the measurements were obtained by aver-
aging over many single MOKE loops. This can lead to
some broadening due to averaging of stochastic variations
of the switching field. Taking into account the signal to
noise ratio on the data, the MOKE measurements show
switching steps that are correlated in field with those
obtained fromMRmeasurement. The good match between
the MOKE and MR measurements confirms the magneti-
zation switching mechanism. The symmetry of the curves
indicates no differences in depinning for head-to-head or
tail-to-tail walls.

The MR measurement shown in Fig. 1(b) is repeated for
the different notch structures by varying the direct current
(dc) offset. In Fig. 2(a), the measurement for the structure
with a 43� notch angle is shown, where the dc offset is
changed in 10 �A steps. The resistance values are color
coded, the scale ranging from red (lowest resistance) up to
blue (highest resistance). To take account of the Joule
heating of the wires which causes a monotonic increase
in the measured resistance with dc offset, the MR loops
used in Fig. 2(a) are normalized to the highest percentage
change. The overall change in resistance for a DW is about
0:06 �, which is a factor of 5 smaller than sug-
gested by numerical modeling [24], and we estimate a cor-
responding increase in sample temperature of around 14 K
[25]. The red bands are due to DW formation at the con-
striction (�10 Oe) and subsequent depinning (�15 Oe).
Here the positive current corresponds to electron flow from
the left to the right (from the ellipse to the pointed end).
Increasing the dc offset beyond þ1:2 mA suppresses DW
pinning at the constriction for both negative and positive
magnetic fields. For the constriction width of 500 nm, this
dc offset corresponds to a current density of �1011 A=m2.
This behavior is not symmetrical with reversal of current
direction, confirming that the suppression of DW pinning is
due to the spin-polarized current acting on the wall, which
augments the effect of the field [2,15]. We can rule out the
Joule heating effect as the cause of DW pinning suppres-
sion since that effect is independent of the current direc-

tion. Moreover, there is no smooth monotonic change in
the depinning field as a function of current magnitude
which would indicate the influence of heating.
To determine the mean threshold current, the probability

of DW depinning as a function of dc offset is obtained
using the following procedure. At zero dc offset, a DW is
pinned at the constriction, detected by measurement of the
device resistance. Following successful wall pinning, a
given dc offset is applied for 1 s at a longitudinal field of
10 Oe, following which the dc offset is reduced to zero and
DW depinning is tested by further increasing the field and
measuring any resulting resistance change. For each dc
offset value, this procedure is repeated 20 times to obtain
the probability of DW depinning, and the result obtained
for the 43� notch angle is shown in the inset in Fig. 2(b).
The probability distribution of DW depinning as a function
of dc offset arises due to thermal activation processes [26–
29] described by a Gaussian probability function. The
measurement shown in the inset in Fig. 2(b) represents

FIG. 2 (color). (a) Longitudinal MR response as a function of
dc offset for a notch angle of 43�, where the positive field data
are MR sweeps following saturation in the �2 kOe field and the
negative field data are MR sweeps following saturation in the
þ2 kOe field. (b) Mean threshold current density at a longitu-
dinal field of 10 Oe versus notch angle where the solid circles are
the experimental points, together with the associated error bars
due to uncertainties in device dimensions, and the line is a
straight line fit. In the inset, the probability of DW depinning
as a function of dc offset is shown for the notch angle of 43�,
where the solid circles are the experimental points and the solid
curve is an error function fit.
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the cumulative distribution function of this process �, and
by curve-fitting the measured points using the cumulative
Gaussian function

� ¼ 1

2

�
1þ erf

�
x��

�
ffiffiffi
2

p
��

; (1)

the mean threshold current value � and standard deviation
� are obtained. The value thus obtained is found to be in
agreement with the measurement shown in Fig. 2(a). By
repeating the same procedure for the samples with different
angle �, the dependence of the mean threshold current
density on � is obtained as shown in Fig. 2(b). In all cases,
the standard deviation was found to be around 130 �A.
The mean threshold current density JC is found to vary
linearly with the notch angle � in the range 20�–55�,
according to

JC ¼ aþ b�; (2)

where a ¼ 6:7� 1010 A=m2 and b ¼ 1:06� 109 A=m2

per degree.
The threshold current was also measured as a function of

notch angle using pulsed current (pc), allowing measure-
ments in zero field due to much reduced Joule heating. By
using a pulse width of 380 ns, the threshold current is de-
termined both in zero field and with a longitudinal mag-
netic field of 10 Oe using the following procedure: (i) A
DW is pinned at the constriction using a 10 Oe reversal
field. (ii) The measurement field is set, and a single voltage
pulse of given amplitude is applied to the sample. The
pulse polarity is selected so that the resulting spin torque
acts in the same direction as the magnetic field—electrons
flowing from left to right in Fig. 1(a). (iii) The depinning of
the DW is tested by increasing the magnetic field past the
depinning field value and measuring the resulting resist-
ance change. This procedure is repeated 5 times for each
pulse amplitude to obtain the distribution of depinning
probability with pulse amplitude. For the samples inves-
tigated here, the transmission coefficient was measured to
be around 0.4, and, together with the cross-sectional area at
the constriction, the pulse amplitude values are converted
into current density values. By using Eq. (1), the mean
threshold current density is obtained as described above.
These results are summarized in Fig. 4(a), together with the
results obtained from dc measurements. The variation of
threshold current with notch angle is again found to be
linear for both 0 and 10 Oe fields, again described by
Eq. (2), where the values of a and b are listed in Table I.

The main difference between the pc and dc measure-
ments at the 10 Oe field is expected to be due to the Joule
heating associated with the dc offsets, compared to the pc
measurements, resulting in decreased threshold currents.
Thus, when numerically comparing the experimental re-
sults with micromagnetic simulations, it is important to
consider the pc measurements alone. As expected, the pc
measurements at 10 Oe show much smaller threshold

currents compared to those at 0 Oe due to the decreased
effective pinning potential.
In order to calculate the threshold current as a function

of notch angle, micromagnetic simulations have been per-
formed using a modified version of the object oriented
micromagnetic framework (OOMMF) software [30], with
the Landau-Lifshitz-Gilbert equation including both the
adiabatic and nonadiabatic spin-torque terms as shown in
Eq. (3) [17,19], with parameters characteristic of Ni80Fe20,
namely, saturation magnetization Ms ¼ 8:6� 105 A=m,
exchange stiffness A ¼ 1:3� 10�11 J=m, and cell size of
5 nm:

@m

@t
¼ �Heff �mþ �m� @m

@t
� u

@m

@x
þ �um� @m

@x
:

(3)

Here � is the gyromagnetic ratio, � is the damping con-
stant, and u ¼ JPg�B=2eMS, where J is the charge cur-
rent density and P is the current spin polarization. The last
two terms on the right-hand side of Eq. (3) are, in order, the
adiabatic and nonadiabatic spin-torque terms. The contri-
bution of the latter term is determined by the nonadiaba-
ticity parameter �, given by � ¼ @=Jex�sf [19], where Jex
is the s-d exchange interaction energy and �sf is the spin-
flip time. In order to obtain the starting state for these
simulations, namely, the DW pinning position, spin scan-
ning electron microscope (SEM) [31] images were ob-

TABLE I. Coefficients a and b for Eq. (2) for the different
measurement types.

Measurement type að1011 A=m2Þ bð109 A=m2 degreeÞ
Pulses 0 Oe 7:8� 0:1 0:9� 0:2
Pulses 10 Oe 2:2� 0:1 1:4� 0:2
dc 10 Oe 0:7� 0:1 1:1� 0:2

FIG. 3. DW pinning position at zero magnetic field, after
reversal from saturation, as a function of notch angle determined
using micromagnetic simulations (top) and spin-SEM imaging
(bottom). The spin-SEM images show the magnetization direc-
tion along the length of the wire.
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tained at zero field after DW pinning for each notch angle.
The DW pinning mechanism has also been reproduced
using micromagnetic simulations on the geometry of the
measured wires, using a 10 Oe reversal field. The final DW
pinning position is obtained at zero field, and these are
shown in Fig. 3 together with the DW configuration ob-
tained from spin-SEM imaging. We find excellent agree-
ment between the spin-SEM imaging and micromagnetic
simulations for the DW pinning position for each notch
angle.

From the starting state, for a fixed value of � the
threshold value of u is calculated using the stopping con-
dition jM�Hj=jM� Sj2 < 10�5. For Ni80Fe20 we have
u ¼ JP� 7:24� 10�11, � ¼ 0:02 [19], and for each
value of � the current spin polarization P is varied to ob-
tain the best fit to the experimental results. In Fig. 4(b), the
calculated variations of threshold current with notch angle
are shown for the case of 0 Oe, where the best fit is
obtained for � ¼ 0:04ð�0:005Þ and P ¼ 0:51ð�0:02Þ.
The calculated variation of the threshold current as a
function of notch angle is again found to be linear, in
agreement with the experimental results. We also find
that the slope of this linear relation increases with the

nonadiabaticity parameter �, thus allowing for � to be
determined by curve-fitting the calculated threshold cur-
rent variations to the experimental results.
In conclusion, we have measured the depinning thresh-

old current for notched structures as a function of notch
angle and observed it to vary linearly with notch angle.
These results are reproduced using micromagnetic simu-
lations including the adiabatic and nonadiabatic spin-
torque terms, and, by curve-fitting the calculated variations
to the experimental results, we obtain the values � ¼
0:04ð�0:005Þ and P ¼ 0:51ð�0:02Þ.
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FIG. 4 (color online). (a) Summary of experimental results
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current spin polarization P of 0.51. The solid circles are the
threshold current values measured at 0 Oe using pc measure-
ments.
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