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The domain-wall depinning boundary, showing the variation in critical current density with magnetic field,
is measured for notched permalloy wires using pulsed-current measurements. The structure of domain walls
trapped at the pinning potential provided by the notch is imaged using photoemission electron microscopy. The
experimental depinning boundary is compared with those obtained by micromagnetic simulations including the
adiabatic and nonadiabatic spin-torque terms. This method allows for the determination of both the nonadia-
baticity parameter � and spin current polarization P, which we obtain as �=0.040�0.005 and P
=0.40�0.02 at room temperature.
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Current induced domain-wall movement1 has been the fo-
cus of much recent research due to its promising device ap-
plications and interesting underlying physics. Theoretically,
the interaction between spin-polarized currents and magneti-
zation is described using additional spin-transfer torque
terms added to the Landau-Lifshitz-Gilbert equation,2,3
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valid for current applied along the x axis. Here m is the unit
vector along the local magnetization direction, � is the gyro-
magnetic ratio, � is the damping constant, and u
=JPg�B /2eMS, where J is the charge current density, P is
the spin current polarization, and MS is the saturation mag-
netization. The last two terms on the right-hand side are the
spin-transfer torque terms, namely, the adiabatic4 and nona-
diabatic spin-transfer torque.2,3 The latter term was intro-
duced to resolve discrepancies between experimental obser-
vations and theoretical predictions4 and its contribution is
determined by a dimensionless constant � known as the
nonadiabaticity parameter, given by �=� /Jex�sf,

3 where Jex
is the s-d exchange interaction energy and �sf is the spin-flip
time. Although the current theoretical treatment is sufficient
to explain the interaction between spin-polarized currents
and domain walls, the exact value of � for various materials
is still under debate. Zhang and Li2 have argued that the
value of � should be of the order of 10−2, as confirmed by
studies of current-driven domain-wall motion in permalloy
nanowires.5,6 A number of recent studies have investigated
the value of �,2,3,5–13 yielding a range of values. In a recent
experiment,12 the dynamics of domain-wall depinning was
studied in permalloy wires by pulsed-current measurements
and comparison of experimental results with micromagnetic
modeling have yielded values of �=0.016 and P=0.6 for
�=0.008. Experimental observations of the current-induced
domain-wall propagation in permalloy strips3 were best re-
produced for �=0.04 and P=0.4 for �=0.02. On the other

hand, the domain-wall depinning from a notch induced by a
pulsed current12 was reproduced for �=0.016 and P=0.6 for
�=0.008. The relationship between � and the damping con-
stant � has also come under debate. Kohno et al.14 have
argued that generally ���, while other theoretical consid-
erations have shown that � should equal �.15–17 However,
recent comparison of micromagnetic simulations with photo-
emission electron microscopy �PEEM� images of the spin
structure transformations of domain walls in permalloy nano-
wires induced by current pulses9 has shown that the observed
domain-wall transformations may be reproduced only under
the condition that ���. The determination of � is further
complicated by uncertainties in the value of the spin polar-
ization P, which was measured in the ballistic conduction
regime using tunneling and superconducting point-contact
experiments to be in the range 0.3–0.45 in permalloy18–20

and diffusive conduction regime using current perpendicular
to the plane �CPP� multilayers or ternary alloys21–23 to be in
the range 0.7–0.9. An entirely different approach was first
proposed by Berger,24 where the value of P in the bulk may
be obtained by investigation of the interaction between spin-
polarized currents and domain walls. This has been a long-
standing problem and in view of recent theoretical advances
it is now clear that experiments capable of simultaneously
determining the values of both � and P are required.

In this work we use the method proposed by He et al.25 to
investigate the values of � and P in permalloy. Using a
notched permalloy wire, the depinning boundary of a pinned
domain wall, showing the variation of critical current density
with magnetic field, is measured, and these results are com-
pared with micromagnetic simulations including both the
adiabatic and nonadiabatic spin-transfer torque terms. Since
the action of the nonadiabatic spin-transfer torque is similar
to that of a magnetic field, while the adiabatic torque is per-
pendicular to the nonadiabatic torque, for a fixed value of P
the shape of the depinning boundary varies greatly with �.
Thus by matching both the individual critical current values
as well as the shape of the depinning boundary the values of
� and P may be determined simultaneously.
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Notched Ni80Fe20 wires of 20 nm thickness have been
fabricated on Si /SiO2 substrates using e-beam lithography,
with the geometry shown by the scanning electron micro-
scope �SEM� image in Fig. 1�a�. The wire width is 1 �m,
the constriction width 100 nm, and the notch length is 3 �m.
An elliptical pad at one end is used to nucleate a domain wall
after reversal from saturation. The process of domain-wall
pinning at the notch consists of first saturating the wire with
a large longitudinal magnetic field �i.e., along the axis of the
wire�, of magnitude greater than 500 Oe in all the transport
measurements we shall report below, following which a re-
verse field of 10 Oe is applied. The application of a 10 Oe
reverse field first switches the magnetization direction in the
elliptical pad while maintaining the magnetization direction
in the wire, owing to the different coercivities of the ellipse
and wire, following which the domain wall nucleated in the
ellipse is moved along the wire by the applied magnetic field
and pinned at the notch. The magnetization switching
mechanism and structure of the domain wall pinned at the
notch was investigated by means of x-ray magnetic circular
dichroism PEEM imaging with the I06 beamline at the Dia-
mond Light Source synchrotron. Imaging was carried out at
nominally zero field �less than 1 Oe�, after saturation in 700
Oe and the application of a 10 Oe reverse field to nucleate
and propagate the wall to the notch. Circularly polarized
x-ray photons with energies corresponding to the Fe L3 and
L2 absorption edges have been used. In order to obtain the
structure of the pinned domain wall two PEEM images of the
wire are taken with orthogonal angles of the x-ray beam with
respect to the wire axis, as shown in Figs. 1�b� and 1�c�,
where the x-ray beam makes an angle of �45° to the wire in
both cases. These images represent the projection of the
magnetization along the direction of the x-ray beam in the
two orthogonal directions, respectively, encoded in gray-
scale. By combining these two images using the standard
blue-black-red color coding, the in-plane magnetization vec-
tor map is obtained as shown in Fig. 1�d�. The structure of
the pinned domain wall is also investigated by micromag-
netic simulations using the object-oriented micromagnetic

framework �OOMMF� package26 with parameters characteris-
tic of Ni80Fe20 and damping constant � of 0.02.27 A vortex
domain wall is introduced in the left-hand side of the notch
and the system is left to relax in a 10 Oe longitudinal mag-
netic field. After the system achieves a stable state �stopping
condition of �M �H� /Ms2	10−5�, the magnetic field is set to
zero and the final state is obtained as shown in Fig. 1�e�. A
good agreement between the PEEM vector map and simula-
tion result is obtained, showing a domain wall pinned near
the center of the notch.

The depinning behavior of the domain wall under the in-
fluence of a spin-polarized current is investigated using
pulsed-current measurements at room temperature. Pulsed-
current measurements allow for much larger current-density
values to be applied, compared to dc measurements, due to
the much reduced time-averaged Joule heating of the wires.
The voltage transmission coefficient, defined as the pulse
voltage amplitude across the sample divided by the pulse
voltage amplitude from the pulse generator, is measured to
be around 0.21 as shown in Fig. 2�a�, where both the initial
and transmitted pulses are shown for an initial pulse of 1 V
amplitude, 100 ns width, and 20 ns rise time. The transmitted
voltage pulse is measured across the contact pads on the
sample. Since the contact pads have a small resistance �less
than 1 
� and have a small separation �less than 2 mm�,
then no further reflections are expected to arise from the

FIG. 1. �Color online� �a� SEM image of notched wire. ��b� and
�c�� PEEM images of notched wire with 3 �m notch length show-
ing a domain wall pinned at the notch. �d� in-plane PEEM vector
map obtained from the two PEEM images in �b� and �c� taken with
the x-ray beam at orthogonal angles. �e� Micromagnetic simulation
of notched wire with 3 �m notch length showing a domain wall
pinned at the notch.

FIG. 2. �Color online� �a� Pulse from generator and resulting
pulse across the sample. �b� Domain-wall depinning probability
map, showing variation in critical current density as a function of
pulse width for an applied longitudinal magnetic field of 14 Oe. �c�
Temperature change in the sample as a result of Joule heating by
current pulses of varying pulse width and fixed pulse amplitude
resulting in a current density of 8.9�1011 A /m2. The data points
are acquired using an internal storage buffer on the lock-in
amplifier.
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contact pads, and the measured transmitted voltage pulse is
effectively the voltage pulse across the Ni80Fe20 wire. Using
the measured value of the transmission coefficient and
sample resistance �around 820 
�, the amplitudes of the
voltage pulses used in the measurements are converted into
current-density values corresponding to the cross-sectional
area at the constriction.

The dependence of the critical current density on pulse
width and applied longitudinal magnetic field was investi-
gated using the following procedure: �i� a domain wall was
pinned at the constriction using a 10 Oe reversal field and
detected by measuring the sample resistance. When a domain
wall is pinned at the notch, its associated anisotropic magne-
toresistance �AMR� contribution causes the wire resistance
to decrease,28 allowing the presence of a domain wall to be
detected. �ii� The measurement field was set, and a single
voltage pulse of given amplitude and duration was applied to
the sample. The pulse polarity was selected so that the re-
sulting spin-transfer 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 domain wall was tested for by
increasing the magnetic field past the depinning field value
and measuring any resulting resistance change. By increas-
ing the applied longitudinal magnetic field, a domain wall
present at the constriction is removed at a field known as the
depinning field, which in this case was measured to be
around 15 Oe. Following the application of the voltage pulse,
if the domain wall was depinned then no change in resistance
was measured, while if the domain wall was not depinned an
increase in resistance was registered at the depinning field
value due to the AMR associated with the domain wall. For
each combination of pulse amplitude and pulse width this
procedure was repeated six times and the depinning prob-
ability obtained. For an applied magnetic field of 14 Oe the
resulting depinning probability map is shown in Fig. 2�b�.
Here the depinning probability is shown using a color map
ranging from red �zero probability� to blue �probability of 1�,
as a function of current density and pulse width. A depinning
boundary is formed by the dependence of the critical current
density on the pulse width marked by a transition region
from the region of no depinning �red� to the region of depin-
ning �blue�. To obtain the exact dependence of the mean
critical density on pulse width, the following method was
used. For each fixed pulse width, we assumed that the prob-
ability distribution of domain-wall depinning as a function of
current density could be fitted using the cumulative Gaussian
distribution function, �= �1+erf��J−�� /��2�� /2, where J is
the current density and � and � are the fitting parameters,
namely, the mean critical current density and standard devia-
tion, respectively. The same procedure was repeated for the
applied longitudinal magnetic field values down to 0 Oe to
obtain the depinning boundaries and the results are shown in
Fig. 3. The standard deviation was found to be 	1010 A /m2

in all cases.
The dependence of the critical current density on mag-

netic field is addressed in the next paragraph, but first the
dependence on pulse width is discussed. One possible cause
for the observed dependence of the critical current density on
pulse width might be due to the increased Joule heating of
the wire with increasing pulse width. It is known that Joule

heating results in increased sample resistance and decreased
critical current values.29 Because of the dependence of
sample temperature on sample resistance we can quantify the
relative contribution of this effect for the different pulse
width values used in the measurements. The resistance of the
sample was continuously measured using a lock-in amplifier
�sampling frequency of 512 Hz� with the time constant set to
1 ms, as a pulse of fixed amplitude is applied to the sample,
for different pulse width values. The results for three differ-
ent pulse width values, namely, 80 ns, 380 ns, and 10 �s, are
shown in Fig. 2�c�, where the current density used was 8.9
�1011 A /m2. For the 10 �s pulse width a jump in the re-
sistance value is observed as the pulse is applied, indicating
a rapid increase in the sample temperature of 	4 K, follow-
ing which the resistance decreases to its initial value due to
the decaying temperature of the sample. The resistance
change is converted to temperature change by assuming a
linear dependence using the gradient measured in similar
NiFe wires.29 On the other hand for the 80 and 380 ns pulse
width this effect is not observed. Therefore the heating of the
sample by the applied pulses cannot explain the dependence
of the critical current density on pulse width shown in Fig.
2�b�. With each domain-wall depinning event there is an as-
sociated depinning time. Thus if the pulse width is suffi-
ciently reduced, that is, if the spin-transfer torque acting on
the domain wall is stopped before the domain wall has
cleared the pinning potential, then depinning will no longer
occur as the domain wall returns to its starting position under
the action of the pinning potential. To compensate for the
reduced pulse width the current density must then be in-
creased so as to reduce the depinning time. On the other
hand, if the pulse width is longer than the depinning time
then further increasing the pulse width will not result in
lower critical current-density values, assuming the Joule
heating is not significantly increased. This latter effect is ob-
served in the depinning boundaries shown in Fig. 3, where
the critical current density approaches a limiting value as the
pulse width is increased. The depinning time is also calcu-
lated using micromagnetic simulations, as detailed below,
showing values of the order of 100 ns. Thus the largest pulse
width value used, namely, 380 ns, was larger than the depin-
ning time in all cases while still resulting in negligible Joule
heating.

FIG. 3. �Color online� Domain-wall depinning boundary as a
function of pulse width for different magnetic field values.
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Returning to the dependence of the critical current density
on applied magnetic field, for the fixed pulse width of 380
ns, using the data shown in Fig. 3, the depinning boundary is
plotted as a function of magnetic field in Fig. 4. In order to
reproduce the measured depinning boundary, a modified ver-
sion of the OOMMF software was used,30 where the Landau-
Lifshitz-Gilbert equation is modified by including the adia-
batic and nonadiabatic spin-transfer torque terms as shown in
Eq. �1�.2,3 Equation �1� is valid in the case where the current
is aligned with the wire axis, taken as the x direction. As
above, parameters typical of Ni80Fe20 at room temperature
were used. The nonadiabaticity parameter � was varied in
steps of 0.01 and for each fixed value of � the theoretical
depinning boundary was calculated. The starting state used is
shown in Fig. 1�e�, as discussed above, and for each fixed
magnetic field value the critical value of u was determined,
where, in permalloy, the current density J is related to u by
the formula u=JP�7.24�10−11. This was done by running
a set of simulations with different values of u and noting the
final state �either domain wall is depinned in the final state or
not� to determine the critical value of u. This allows for the
variation of u with H to be obtained for the different values
of �. Following this, the variation of J with H is plotted by
setting the value of P to give the best fit to the experimental
depinning boundary. The results for �=0.1, 0.06, 0.04, and
0.02 are shown in Fig. 4, where the damping parameter �
was set to 0.02.27 Here for the calculated boundary with �
=0.04, the best fit to the experimental boundary was obtained
for P=0.4. As expected, both the shapes of the depinning
boundaries as well as the critical current-density values vary
with �. Thus, for each fixed value of �, P was varied to
obtain the best fit to the experimental boundary and a fitting
coefficient was calculated. Here the fitting coefficient is de-
fined as the average distance on the y axis between the points
of the simulated and experimental boundaries, and the value
of P is calculated so as to minimize the fitting coefficient.

The resulting minimized fitting coefficients for the different
values of � used in the simulations are shown on the inset of
Fig. 4, and we obtain the best fit for �=0.040 ��0.005� with
the corresponding P=0.40 ��0.02�. As a comparison, the
best fits obtained for �=0.02 and 0.06 are plotted in Fig. 5,
showing the shape mismatch between the experimental and
calculated depinning boundaries. The error margin for the
nonadiabaticity parameter arises since � is varied in steps of
0.01. The error margin for current spin polarization arises
due to experimental error margins. The value of P was de-
termined to three decimal places as 0.397 from the fitting
procedure, thus we obtain P=0.40�0.02.

To investigate the dependence of � and P on the damping
parameter �, the above fitting procedure was repeated using
the lower value �=0.01 obtained in 20 nm thick Ni80Fe20
thin films.31 The fitting procedure results in a minimum value
of the fitting coefficient for the pair of values �=0.04
��0.005� and P=0.41 ��0.02�. Comparison with the values
of � and P obtained for �=0.02 shows that the nonadiaba-
ticity parameter is not changed within the experimental error
for the lower value of �. Since � and P are obtained from
micromagnetic modeling of the depinning behavior of a
pinned domain wall, this indicates that the lower value of �
does not influence the threshold currents significantly. The
values of � and P obtained here are in rather good agreement
with those obtained in current-driven domain-wall motion in
permalloy strips3 where the value of �=0.02 was used. Com-
parison of theoretical work13 with experiments32 on the reso-
nant depinning of a domain wall from a notch, where the
values of �=0.02 and P=0.7 were used, the nonadiabatic
parameter was deduced as �=0.04. However, in a related
domain-wall depinning experiment on notched permalloy
wires12 the values of � and P were obtained as 0.016 and 0.6
for a damping constant �=0.008. The different values of �
might be due to the different current spin-polarization values
or possibly different material growth methods. Our results
suggest that the value of the nonadiabaticity parameter is not
changed by the value of the damping constant, however fur-
ther experiments are required to understand the relationship
between �, �, and P.

When comparing the simulations and experimental re-
sults, the main difference is the exclusion of thermal activa-

FIG. 4. �Color online� Experimental domain-wall depinning
boundary, together with associated error bars, as a function of mag-
netic field for fixed pulse width of 380 ns, and simulated depinning
boundaries for different values of nonadiabaticity parameter and
spin polarization 0.4. In the inset, the fitting coefficient �solid
circles� and best fit spin polarization �open circles� are plotted as a
function of nonadiabaticity parameter.

FIG. 5. �Color online� Experimental domain-wall depinning
boundary and calculated boundaries for �=0.02 and 0.06 showing
the best fit for P.
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tion effects in the OOMMF simulation code. Thermal activa-
tion effects result in finite probability of jumping out of the
pinning potential and this effect increases with
temperature.33–35 This can lead to the depinning boundary no
longer being abrupt �as it is at 0 K�, consistent with what is
seen in Fig. 2�b� where the transition between the depinning
and no depinning regimes occurs gradually. The probability
of domain-wall depinning after a time t is given by P�t�
=exp�−t /�� with �=�0 exp�E /kBT�, where �0 is the inverse
of the attempt frequency and E is the energy barrier.29 For
small pinning potentials this can lead to a reduction in the
critical current-density values and depinning fields with in-
creasing temperature, as confirmed in a previous study on
NiFe ring structures for a domain wall pinned at a defect in
the wire.7 On the other hand this effect is expected to be
negligible for the case of large pinning potentials. Thus for
the calculated depinning boundaries shown in Fig. 4, for a
combination of current density and magnetic field below the
depinning boundary, we find that the domain wall is dis-
placed away from the starting position before settling to the
final position within the notch structure. As the domain wall
is displaced, the energy of the system increases and we de-
note by ED the largest value of energy thus obtained. The
overall energy barrier, EP, is found to be around 10−13 J �that
is 10−13 J must be used to completely remove the domain
wall from its initial starting position� and for each combina-
tion of current density and magnetic field below the depin-
ning boundary we obtain the effective energy barrier as E
=EP−ED. Using the values obtained from micromagnetic
simulations we find that typically for a reduction of 5
�1010 A /m2 �i.e., 	5%� in current density below the criti-
cal current density, the effective energy barrier E is of the
order of 10−15 J. Since at room temperature E=10−15 J is

several orders of magnitude greater than kBT, this results in
vanishing probability of domain-wall depinning. Thus we
may conclude that any reduction in the critical current-
density values at room temperature, compared to 0 K, is
negligible �i.e., within the experimental error�. This is cor-
roborated by noting that the measured depinning field value,
for zero current density, is close to the calculated value. The
experimental fact that the depinning is stochastic near to the
phase boundary could also be connected with the fact that
the pinning potential differs slightly for different wall struc-
tures and chiralities.36

In conclusion, using pulsed-current measurements we
have investigated the dependence of domain-wall depinning,
in a notched wire, on pulse amplitude, pulse width, and mag-
netic field. The structure of a domain wall trapped in the
pinning potential was investigated using PEEM imaging. The
depinning boundary, showing the dependence of the critical
current density on magnetic field, was measured and this was
compared with micromagnetic simulations including both
the adiabatic and nonadiabatic spin-transfer torque contribu-
tions. By varying the value of the nonadiabaticity parameter
�, we find �=0.040�0.005 and P=0.40�0.02 at room tem-
perature.
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