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Abstract
Details are presented of a single shot focused magneto-optic Kerr effect (MOKE)
magnetometer which is used to capture the movement of single domain walls (DWs) in
permalloy (Ni80 Fe20 ) nanowires (400 nm width and 20 nm thickness) in real time. By
probing the DW motion within the 1 µm diameter laser spot of the instrument, DW velocity
and pinning field distributions were obtained. An external field was ramped up linearly, and
depinning of a DW from the same start position was observed at three different fields,
indicating the stochastic nature of the DW motion.
(Some figures in this article are in colour only in the electronic version)

For small fields or currents the motion is characterized by a
DW velocity, which increases linearly with the amplitude of
the driving field or current. Above a critical (Walker) threshold
the DW speed is drastically reduced and only for much higher
fields does it start to increase again with increasing field or
current. This is attributed to periodic transformations of the
DW structure from vortex to transverse and vice versa [3, 8].
This general behaviour has been observed experimentally
and first evidence of the predicted transformations has been
found [9–11].
However, all the measurement techniques that have been
used so far either use averaging (e.g. in real-time resistance [12]
or magneto-optic Kerr effect (MOKE) measurements [10]) or
employ static imaging of the magnetic structure (e.g. magnetic
force microscopy (MFM) [13] or x-ray magnetic circular
dichroism photoemission electron microscopy (XMCDPEEM) [11]), where the velocity is calculated from the distance
the wall travels between two images. This means that possible
variations of the DW velocity from shot to shot, which is
necessary to fully understand the stochastic character of the
DW motion that is induced by thermal fluctuations, randomly
distributed pinning centres or the edge roughness of the wire
[14], cannot be revealed. To observe stochastic behaviour,

1. Introduction
The motion of domain walls (DWs) in magnetic nanowires is
of strong fundamental and technological interest. Nanometresized magnetic structures can serve as ideal model systems
for exploring the dynamics of DWs induced by external
magnetic fields or spin-polarized currents [1–3] and offer the
prospect of new spintronic devices for data storage or logic
applications [4, 5].
Since the magnetization direction in permalloy (Py)
nanowires is mostly governed by the shape anisotropy, the
magnetization is directed along the wire and differently
magnetized domains are separated by head-to-head or tail-totail DWs. These walls were found to have vortex or transverse
spin structure depending on the dimensions of the wire [6, 7].
Whilst their static properties are well known and numerical
simulations of the domain structure are in good agreement
with experiment, the dynamic properties of DWs under the
influence of spin-polarized currents or external fields have not
been completely revealed.
Theoretical calculations and numerical simulations of the
field- or current-induced propagation of DWs in permalloy
nanowires have shown that there are two types of DW motion.
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Figure 1. (a) Schematic of the MOKE setup, (b) optical microscope image of 500 nm wide Py wires including gold contact pads on both
sides and (c) XMCD-PEEM image of a DW initialized at a kink in the wire (1500 nm wide).

sensitivity [16]. For differential measurements a second
polarizer and photodiode together with a non-polarizing beam
splitter can be installed. The transmitted light is detected by
a fast (<2 ns rise time) custom built photodetector based on
a FND-100 (EG&G) PIN-photodiode, which is biased with
16 V, and the photocurrent is converted to a signal voltage by a
50  load resistor. This signal voltage is amplified by a 2 GHz
custom built low noise amplifier and recorded by a 500 MHz
and 2 Gsamples s−1 Agilent or 4 GHz LeCroy oscilloscope.
The risetime of 2 ns of this detection setup was checked by
measuring its response to a femtosecond laser pulse.
The samples investigated (figure 1(b) and (c)) consist of
zig-zag shaped Py (Ni80 Fe20 ) wires with a length of about
80 µm, a width of 1500 nm down to 400 nm, a thickness of
20–25 nm and an angle of 22.5◦ to the plane of incidence as
shown in figure 1(c). The wires were fabricated by electronbeam lithography, sputter or molecular beam epitaxy (MBE)
deposition on a Si substrate and subsequent lift-off. They
are electrically contacted with gold pads on either side of the
wire. The sample together with the magnet assembly can be
positioned relative to the laser spot using a two axis linear
motion stage with high-precision actuators (Newport). The
actuators include optical sensors that allow closed-loop control
of the sample position and permit raster scans with sub-100 nm
precision. A backlash compensation is included to minimize
mechanical hysteresis. For the initialization of the sample a
saturating magnetic field is applied and removed in the plane of
the sample and perpendicular to the plane of incidence. After
reducing the field to zero, DWs are generated at the corners
(kinks) in the wires [17]. Another pair of coils producing a
magnetic field Hdrive in the plane of incidence can then be
used to propagate the DWs. This field can be ramped up to
50 G in 50 µs, varied sinusoidally in time or simply take a
constant value, e.g. for field-assisted current-induced motion of
the DWs. For current-induced motion of DWs, current pulses
of about 10 ns rise time and selected shape can be injected with
a 80 MHz pulse generator and a custom made fast high voltage
amplifier.

real-time single shot techniques that probe individual DWs are
required, and this is of key importance since future applications
will be based on single DW events and not on their average
behaviour.
In this paper a focused MOKE setup with a time resolution
of ∼2 ns and a spatial resolution of ∼1 µm, capable of realtime single shot measurements is presented. It is shown that
the velocity of field-driven DWs in a Py nanowire measured at
a single location can vary from shot to shot and that the DWs
prepared in identical ways randomly depin at three different
external magnetic fields in the samples studied.

2. Experimental setup
The MOKE setup, depicted in figure 1(a), consists at its heart
of two identical commercial microscope objective lenses of
20 mm focal length. These focus the beam of a single mode
continuous wave (cw) argon ion laser (488 nm) under an angle
of 45◦ to an elliptical spot (major axis ∼1 µm) on the sample
and collect the reflected light. The incoming laser beam, with
a power of up to 0.4 W, passes through a beam expander and
spatial filter to optimally backfill the objective lens. This
relatively high laser power focused to a spot of about 1 µm2
leads to a high local photon flux, which is needed to achieve
a sufficient signal-to-noise ratio for single shot measurements,
but results in parasitic heating. Following [15], the temperature
increases very locally in the area of the laser spot by about
10 K for thin Py wires on Si. The thermalization time after the
beginning of the illumination is under 100 ns as determined
from time-resolved reflectivity measurements.
The combination of a multi-order λ/2-plate and a polarizer
ensures a high degree of polarization of the incoming
beam at any chosen angle. The measurements shown later
on in this paper were done with s-polarized light. The
light reflected from the sample is sent through a λ/4 plate
to restore linear polarization and then through a polarizer
which is set to a few degrees from extinction for highest
2

Figure 2. Reflectivity trace obtained by scanning the focused
MOKE laser spot over the edge of a gold contact pad onto the Si
substrate. Fitting with an error function gives the size of the
laser spot.

3. Method
For MOKE measurements the laser is focused and the size
of the laser spot is determined by scanning over the edge of
a gold contact pad onto the substrate, which has a different
reflectivity from the pad. The size of the laser spot dL can
then be calculated by fitting the trace with an error function,
as shown in figure 2. Once a diameter of about 1 µm has been
obtained the laser spot is moved to a position of interest on a
wire. DWs are prepared at the kinks as described above and
the wall is driven through the laser spot by a field ramp or
current pulse. This results in a change in magnetization within
the laser spot and hence a change in light intensity reaching
the photo detector. A typical trace can be seen in figure 3(a).
For comparison a trace without a DW prepared is shown in
figure 3(b).
To reduce the heat load, the sample is only illuminated
some µs before the start until the end of the current pulse
or field ramp, using an electro-optical modulator (EOM) and
polarizer as a shutter in the laser beam. Some low frequency
noise comes from the EOM and the photodiode, but it is the
same for every shot. By averaging over a large number of shots
without a DW a reference curve can be obtained with which
the data trace can be normalized (figure 4). To reduce the
influence of artefacts coming from signal processing the field
ramp or current pulse is delayed with respect to the beginning
of the illumination and therefore the depinning event shifted
to a point about 25–35 µs away from the beginning of the
illumination where the noise has settled. The jump in the
intensity which remains after normalization corresponds to
the change of magnetization and incorporates two pieces of
information. One is the time t0 at which the DW traverses
the laser spot and the other is the width of the transition T .
When the laser spot is positioned sufficiently close to a kink and
the field is ramped up linearly, the time t0 is a measure of the
pinning strength of the DW at the kink, since the dependence of
the external field on time is known and the slope of the magnetic

Figure 3. (a) Raw data (MOKE signal) showing a DW traversing
the MOKE laser spot at approximately 35 µs after the start of the
laser pulse indicated by a sharp jump in the signal. The slow rise
at the beginning is due to the laser light being switched on. (b) For
comparison raw data without a DW prepared. No jump is visible.

Figure 4. Background corrected and normalized MOKE data trace
fitted with an error function. The DW crosses the centre of the laser
spot at t0 = 34.59 µs.

field is slow compared with the DW velocity. In currentinduced experiments, where it can be assumed that the DW
starts moving at the time the current starts flowing (t = 0),
the time t0 is a measure of the average velocity of the DW.
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In each depinning event one of these channels connected to
one of the observed depinning fields is chosen with a different
probability. The first two depinning channels at 7.5 and 9 G
have about the same probability and the last at 10.5 G has a six
times larger probability, being chosen by three quarters of the
DWs. The different channels could form because of slight
inhomogeneities or edge roughnesses of the wire forming
a potential landscape the DW has to travel through. The
described accumulation of the depinning at more than one
depinning field was also reproducibly observed at different
positions of the same sample and on other samples, too. An
influence on the DW of the power deposited by the laser
being switched on during depinning is not probable due to the
distance between the laser spot and the starting point (10 µm)
and the very local heating of the laser. In spintronic devices
utilizing DW motion, highly reproducible switching may be
necessary and thus it is essential to understand and control the
stochastic depinning of the DWs.
Taking a single value of Hdp , e.g. 7.5 G, there is a wide
distribution of velocities. Moving to 9 and 10.5 G the average
velocity and the width of the velocity distribution increase,
because the DWs, having depinned later, subsequently travel
at a higher field. Figure 5(b) shows a detailed probability
distribution of the DW velocities. The distribution is skewed
towards lower velocities: it extends from 10 m s−1 to more
than 500 m s−1 and peaks at ∼80 m s−1 . The most probable
measured DW velocity is in good agreement with previous
experiments [9, 10], which average over several thousand
single events. A more systematic study of the width of this
distribution which may be influenced by the variation of DW
speeds, the changing DW width and the noise level of the
experiment itself is beyond the scope of this paper and will
be discussed elsewhere.

Figure 5. (a) DW velocity vDW versus depinning field Hdp and
(b) probability distribution of vDW in a 1500 nm wide Py wire
10 µm away from the DW start position.

In contrast, the transition time T is a direct local measure of
the speed of the DW. Assuming the DW has a width of wDW ,
the speed of the DW is given by:
wDW + dL
(1)
T
 

with the effective spot size dL = dL / 2 − cos2 (22.5◦ ) ≈
0.93dL to account for the tilted geometry and the elliptical
shape of the spot. If wDW = 1 µm and dL = 1 µm are assumed,
the maximum detectable velocity is 1000 m s−1 . Distributions
of vDW and the pinning field can then be obtained by repeatedly
preparing and propagating DWs through the laser spot.
vDW =

5. Conclusion
In conclusion, we have presented the details of a single shot
focused MOKE magnetometer for capturing individual shot
DW measurements of motion in Py nanowires. The instrument
has a time resolution better than 2 ns and a spatial resolution of
∼1 µm. First measurements of the field-induced DW velocity
distribution at a spot 10 µm away from the DW starting position
were made. An accumulation of DW depinning at three distinct
depinning fields was observed showing the stochasticity of
the process. The measured DW velocity varied significantly
between 10 and a few 100 m s−1 with a most probable velocity
of ∼80 m s−1 .

4. Results
Results obtained from a 1500 nm wide and 25 nm thick wire
with the laser focused at a position 10 µm away from the
starting point of the DWs are presented here. DWs, which
at the chosen width and thickness of the wire have a vortex
spin structure [7], were repeatedly prepared at the kinks in the
wire, the field ramped from 0 G with a speed of 1 G µs−1 and
the times t0 and T were measured. As the field ramps linearly
with time, t0 can be directly converted to the corresponding
pinning field, and the velocity vDW is calculated by assuming
a DW width of 1 µm. The data from 200 shots are displayed
in the histograms in figure 5.
The depinning field Hdp shown in figure 5(a) exhibits
three distinct accumulations of data around 7.5, 9 and 10.5 G,
which is an indication of the stochastic character of the
depinning process, which can happen in different channels.
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