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The dynamics of the motion of domain walls (DWs) in
magnetic materials has been extensively explored theoretically'.
Depending on the driving force, conventionally magnetic field
and, more recently, spin-polarized current*"’, the propagation
of DWs changes from a simple translation to more complex
precessional modes'. Experimentally, indirect evidence of this
transition is found from a sudden drop in the wall’s velocity'>™'%,
but direct observation of the precessional modes is lacking. Here
we show experimentally, using a combination of quasi-static and
real-time measurement techniques, that DWs propagate along
permalloy nanowires with a periodic variation in the chirality
of the walls. The frequency of this oscillation is consistent with
a precession of the propagating DW, increasing linearly with
field according to the Larmor precession frequency. Current in
the nanowire, large enough to significantly influence the DW
velocity'®", has little effect on the precession frequency but can
be used to adjust the phase of the wall’s precession. The highly
coherent and reproducible motion of the DW revealed by our
studies demonstrates that the DW is a well-defined macroscopic
object whose phase is inextricably interlinked to the distance
travelled by the DW.

With the advent of magnetic nanowires of dimensions
comparable to magnetic DW widths, it is possible to imagine
that DWs propagating along such wires will exhibit a well-defined
precessional mode due to confinement. In contrast, in extended
structures, which have been extensively studied in the past, many
modes are accessible?. Permalloy nanowires are attractive because
they exhibit large anisotropic magnetoresistance (AMR) so that
transverse and vortex walls can be readily detected and identified
by resistance measurements. Furthermore, by breaking the one-
dimensional symmetry of the nanowire with a notch along one of
its edges, the chirality of the DW can also be discerned”. Here,
notched nanowires are used to directly show that the chirality of
transverse DWs periodically reverses as the walls propagate in the
precessional regime. This precessional motion is also detected in
real time using time-resolved resistance measurements, which show
that the precessional motion is, surprisingly, highly coherent.

A scanning electron microscopy image of a typical permalloy
nanowire with two contact lines, labelled A and B, is shown in
Fig. 1a. Using a suitable field sequence (see the Methods section),
a DW is introduced into section A-B of the nanowire by injecting a
voltage pulse into contact line A. A magnetic field, H, is applied
along the wire during the voltage pulse injection to assist the

nature physics | VOL 3 | JANUARY 2007 | www.nature.com/naturephysics

subsequent propagation of a DW. A fraction of the injected voltage
pulse flows into section A-B, thereby injecting current into the
nanowire as the DW propagates along it. The current density that
flows into the nanowire scales as ~0.5 x 10* Acm™* V1. Positive
current is defined as current flowing from line A to B.

The existence of a DW in section A-B can readily be monitored
by measuring the resistance of the device. Figure 1b shows a
histogram of the resistance of the nanowire after a DW is injected,
using a 2.5V, 10-ns-long voltage pulse, and trapped at a pinning
site (that is, a notch) located within section A-B. Here AR
represents the difference in the nanowire resistance before and
after the DW injection. Owing to the AMR effect, the resistance
level decreases when a DW is present, resulting in a negative AR.
Zero AR represents the state without any DW in section A-B.
Three distinct non-zero AR values are observed in the histogram,
whose corresponding magnetic structures, imaged using magnetic
force microscopy (MFM), are shown in Fig. 1b. Two transverse
walls with clockwise, T¢, and anticlockwise, T, chiralities and
one clockwise vortex wall, Vi, are observed. A small peak around
AR ~ —0.29 presumably corresponds to the anticlockwise vortex
wall. The probability of injecting and trapping each type of DW at
the notch is plotted as a function of H in Fig. 1c. The probability
of injecting different types of DWs has a complex dependence on
the magnetic field. Vortex walls can be injected and trapped in
a relatively small field range with much lower probability than
either of the two transverse walls. Note that the dimensions of the
nanowire used here favour transverse walls.

The probabilities of trapping Ty, T and Ve DWs at the notch
are plotted as a function of the pulse length for negative and
positive voltage pulses in Fig. 2a and b, respectively, for several
fields. For the case of positive voltages, oscillations in the trapping
probability are observed for pulse lengths up to ~100ns, the
limit of our experimental setup. In contrast, for negative voltages,
oscillations in the probability are seen only for much shorter pulse
lengths, typically below ~30ns. In both cases, oscillations are
clearly observed only for fields above ~14 Oe, which is close to
the Walker breakdown field for these nanowires. Below this field,
the trapping probability is nearly independent of the pulse length.
The Walker breakdown? can be observed in the DW velocity versus
field plot (see description of the measurements below), as shown
in Fig. 2c. Note that for large positive voltages at lower fields, the
pressure from current, via spin-transfer torque, compensates the
pressure from the field, which can result in ~zero DW velocity'®.
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Figure 1 Experimental set-up and structure of injected DWs at a notched
pinning site. a, Scanning electron microscopy image of a permalloy nanowire
(horizontal) and its electrical contacts (vertical lines). Note that there is no notched
pinning site in the nanowire shown in this image. A schematic illustration of the
quasi-static resistance measurement set-up is overlaid on the image. b, Histogram
of AR values measured in successive repeated experiments in which a DW is
injected into the nanowire using a 2.5-V-high, 10-ns-long voltage pulse and is
trapped at a notch located ~3 um away from line A. The notch is triangular, as
shown in the MFM images above. AR is the difference in the resistance of the
nanowire before and after the DW injection. The MFM images show the magnetic
configurations corresponding to each AR peak. The white arrows denote the
magnetization directions. ¢, Probability of trapping a DW at the notch for I (blue),
T; (red) and T, (black) walls as a function of the magnetic field. A 2.5V, 10-ns-long
voltage pulse is used to inject a DW.

The oscillation frequency, fos, that is, the inverse of the
oscillation period, and the phase of the trapping probabilities are
plotted in Fig. 2d and e, respectively, for each DW state. Whereas fqs
is approximately proportional to H regardless of the DW state, the
phases of the oscillations depend on the DW state. T, and T walls
are 180° out of phase with each other and the V. wall is 90° out
of phase from the transverse walls. At higher fields, above ~40 Oe,
only T, walls are trapped at the notch: in this field range we find
that fqs saturates and the phase of the oscillation varies little.

The pulse length dependence of the trapping probabilities
for the transverse DWs are shown in Fig. 3a for different pulse
amplitudes at a fixed field. The extracted oscillation frequencies and
phases for the T, DW are plotted in Fig. 3b and c as a function
of the pulse amplitude, respectively. At a fixed field, the oscillation
frequency is nearly independent of the amplitude, whereas the
phase depends on the pulse amplitude.

The oscillatory variation observed in the trapped DW structure
with pulse length strongly suggests that the DW structure evolves
during its propagation. We explored this possibility by carrying
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out real-time resistance measurements of the nanowire during
the DW propagation'®. These measurements were carried out on
a permalloy wire without any artificial pinning sites. The DW
injection and propagation experiment is repeated more than 16,000
times and the signal traces from each of these experiments are
averaged to obtain an adequate signal-to-noise ratio. Figure 4a,b
shows typical traces of the signal AV obtained by the oscilloscope.
This signal, which is proportional to AR, is increased for the period
of time At for which the DW spends in section A-B. At depends
on the DW velocity, which is influenced by the current due to spin-
transfer torque. This is clearly seen by the DW velocity, equal to
L(~4pum)/Ar, plotted in Fig. 2c. Negative and positive currents
increase and decrease the DW velocity, respectively'®".

Oscillations of the signal amplitude can be seen, for both
polarities of the voltage pulse, when the DW is propagating along
section A-B. This is particularly remarkable given that the signal
represents an average of more than 16,000 successive independent
DW injections and propagations along the nanowire. Thus, this
entire process must be highly repeatable and coherent.

Exemplary fast Fourier transform (FFT) spectra of these traces
are shown in Fig. 4c, inset. In these spectra, a well-defined peak is
observed at a frequency, f,. Plots of f;, versus H, which are shown
in Fig. 4c, show that fy is linearly proportional to H, for both
voltage polarities. Whereas f;, varies strongly with H, it has a weak
dependence on current, as shown by the plots of f;, versus voltage
amplitude in Fig. 4d. We do find, however, that f;, is systematically
higher for negative as compared with positive currents of the
same magnitude. Note that the frequency obtained in this dynamic
measurement is approximately twice that found in the quasi-static
measurements at the same field (see Fig. 2d). Also, consistent with
the quasi-static studies, oscillations are observed only when the field
exceeds the Walker breakdown field (~14 Oe).

We first use micromagnetic simulations” (see the Methods
section) to identify the origin of the oscillations of the DW
resistance seen in the dynamic measurements. Figure 5a shows the
temporal evolution of the DW position when a magnetic field of
20 Oe is applied (no current). The position of the DW oscillates
as it propagates along the wire. These oscillations are associated
with periodic changes in the DW structure, as indicated by the
symbols'. The DW state oscillates periodically from a transverse
wall of one chirality to a transverse wall of the opposite polarity viaa
vortex wall or an anti-vortex wall state. Values of AR corresponding
to these simulated magnetic configurations are shown in Fig. 5b.
These can be compared with the experimentally measured signal
traces shown in Fig. 4a,b. We thus conclude that the oscillations
seen in the real-time measurements of the DW motion represent
periodic variations in the DW structure as the DW propagates along
the nanowire.

The quasi-static results can be understood within the same
framework. The structure of the DW will evolve periodically during
the time that the DW travels from its point of injection to the
pinning centre (~3 wm). This time is determined by the average
DW velocity, which depends on the field and the duration and
magnitude of the current pulse. Thus, for a given field and current
pulse amplitude, the DW will arrive at the notch sooner when
the spin-polarized current drives the DW towards the notch and
later when the current is in the opposite direction. For a given
current direction, the arrival time of the DW is then determined
by the length of the current pulse unless the pulse is so long
that the DW reaches the notch before the end of the pulse. On
the other hand, the frequency of the periodic structural changes
is largely independent of the current (see Fig. 4d). Therefore, the
DW will have a distinct structure when it arrives at the pinning
centre, oscillating with the pulse length. For positive voltages,
when the current opposes the field-driven motion of the DW, the
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Figure 2 Probability of trapping DWs with different structures at a pinning site: field dependence. a,b, Probability of trapping a DW, V; (blue), T (red) and T, (black),
at a notch plotted against the voltage pulse length at several different fields, when —2.5V (a) and 2.5V (b) pulses are used to inject a DW, respectively. ¢, DW velocity versus
magnetic field measured using —2.8V (filled circles) and 2.8V (open squares) pulses to inject the DW. The Walker breakdown field is indicated. Note that our experimental
set-up is limited to measurements of DW velocities above 40 ms~". Velocities below this limit are shown as zero velocities. d,e, Frequency fys (d) and phase (e) obtained
from fitting the oscillatory dependence of trapping probability on pulse length curves (typical curves shown in b) to an exponential sinusoid of the form, A exp(—# / 1p)
sin(2mt fys &> + phase), where £ is the pulse length, A is the amplitude and z; is the decay time. fys and the phase are plotted against the magnetic field for each DW
structure. The data shown correspond to the case when a 2.5V pulse is used to inject the DW.

B 35V b
80 - - ] L W 39 Oe
) ° L L ® 29 0e
0 % Wl A A A A 20 0e
1 32V o
L L L
= 0 25 3.0 35
3 Voltage (V)
=
£
g . m 39 0e
B u u A 200e
2 A A
g 1 A o ° ® 29 0e
[ ]
0 C L L L
2.5 3.0 3.5
Voltage (V)

Pulse length (ns)

Figure 3 Probability of trapping transverse DWs with different chiralities at a pinning site: voltage pulse dependence. a, Probability of trapping a transverse wall,
(red) and T, (black), at a notch plotted against the voltage pulse length for various pulse amplitudes. The applied magnetic field is 25 Oe. b,¢, Dependence of the frequency
fos (b) and the phase shift (c) of the oscillations of the trapping probability on the pulse amplitude. The method of deducing of fys and the phase shift are described in the
Fig. 2d caption. The corresponding magnetic fields used during the injection of a DW are shown in the panels.
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Figure 4 Time-resolved resistance measurements of a propagating DW along a permalloy nanowire. a,b, Real-time measurements of the DW propagation along the
nanowire obtained by averaging the temporal evolution of the nanowire resistance 16,000 times. Signal traces AV obtained by using —2.8V (a) and 2.8V (b) voltage pulses
to inject a DW. Representative signal traces are shown at various fields indicated in each panel. ¢, Dependence of the frequency of the oscillations in resistance observed in
the signal traces (A V) plotted versus field. The data shown are when 4-2.8 V voltage pulses are used to inject a DW. Oscillation frequency f; is determined by taking the FFT
spectra of each trace. Error bars correspond to the width of a gaussian to which the peak structure in the FFT spectra is fitted. The inset shows normalized FFT spectra of the
signal traces taken at 76 Oe. Note that the lower-frequency feature simply corresponds to 1/ Az. d, Dependence of the oscillation frequency f; on the amplitude of the
voltage pulse in various magnetic fields. The definition of the error bars is the same as in ¢. The solid lines are guides to the eye.

DW moves so slowly that it never reaches the pinning site before
the end of the 100-ns-long voltage pulse used. Thus, we observe
oscillations in DW structure for pulses up to 100 ns long as shown
in Fig. 2b. This interpretation assumes that the DW structure does
not evolve further once the DW is pinned at the notch. This
assumption is consistent with the quasi-static results for negative
currents, in which the DW moves faster as the current pushes it
towards the notch. In this case, when the current pulse exceeds
the time for the DW to reach the notch (~15-30ns in Fig. 2a),
the trapping probability becomes constant, which would not be
the case if the DW structure continued to evolve once pinned.
Note, however, that slightly higher current densities can result in
DW transformations?.

The periodic variation in DW structure thus accounts for
both the oscillatory dependence of the DW trapping probability
on current pulse length and the oscillations in DW resistance
during motion. Moreover, the difference by a factor of two in
frequencies of these oscillations can be readily understood because
in the quasi-static measurements the T, and T walls have different
resistance values, whereas in the dynamic measurements they
have the same resistance. This is because the notch used in the
quasi-static experiments is asymmetric so that the T, and T walls
are distinguishable. These oscillation frequencies are compared
in Fig.5c, where f, and 2fys are plotted. At low fields the
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frequencies are in reasonable agreement but presumably at higher
fields the notch potential plays a significant role so accounting for
the difference.

Finally, it is interesting to compare f;, with the oscillation
frequency calculated using the well-known one-dimensional model
of DW motion"**. This frequency, in the absence of current,
is given by fip = (y/m)/H?>— Hyyp/(1 + «®), where y is the
gyromagnetic ratio, « is the Gilbert damping constant and Hyyy is
the Walker breakdown field (see the Methods section). The slope of
the frequency versus field curve is given simply by ~y /=, which is
two times the Larmor frequency, in excellent agreement with our
real-time measurements, as shown by the solid line in Fig. 5c.

METHODS

SAMPLE DESCRIPTION
Permalloy nanowires are formed from films of 0.5 Fe/10 AIOx/10 Nig, Fe;9/0.5
TaN/5 Ru (units in nanometres), deposited on high-resistive Si substrates by
magnetron sputter deposition. Electron beam lithography and Ar ion etching
are used to pattern ~200-nm-wide nanowires and to form electrical contacts
formed from films of 5 nm Ta/45 nm Rh. High-bandwidth (40 GHz) probes are
used to make electrical contacts to the devices.

A DW is injected into the nanowire by using the following metho
First, the magnetization of the nanowire is set along one direction by applying a

d18,21
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Figure 5 Micromagnetic simulations of the field-driven motion of a DW and
comparison of calculated and measured frequency of periodic DW motion.

a,b, Temporal evolution of the position of the DW (a) and the estimated AR (b) of the
nanowire calculated from micromagnetic simulations in an applied field of 20 Oe
and zero current. The sequence of simulated DW configurations at the extrema of
the first cycle of its periodic motion along the nanowire are shown at the right hand
side of the figure (from top to bottom with increasing time). The symbols correspond
to time-stamps. The white arrows denote the magnetization directions in the
simulated images. ¢, Dependence of the oscillation frequency, f,, on magnetic field
when £2.5V voltage pulses are used to inject a DW. The definition of the error bars
are the same as in Fig. 4c caption. These data are compared with the oscillation
frequency fgs obtained from the quasi-static experiments shown in Fig. 2d. The solid
line represents values of f, estimated from the one-dimensional model in zero
current, where a value of « = 0.01 is used.

global-reset magnetic field of ~300 Oe along the nanowire. Then the direction
of this field is reversed to provide a global-assist field H during the subsequent
injection and propagation of a DW along the nanowire. With H turned on, a
voltage pulse, varying in length from 1-100 ns, is injected into contact line A.
This pulse generates a highly localized magnetic field under line A, which
creates a DW at each edge of this line. The DW created in section A-B will
move towards line B under the influence of H.

For the quasi-static measurements, a permalloy nanowire with an artificial
pinning site patterned ~3 um away from line A is used. The pinning site
consists of a triangle-shaped notch on one side of the nanowire, whose depth is
~30% of the wire width. For the time-resolved resistance measurements,
permalloy nanowires without any artificial pinning sites are used.

MICROMAGNETIC SIMULATION

Micromagnetic simulations were carried out on permalloy nanowires with the
same physical dimensions as those used in the experiments (200 nm wide,

10 nm thick), for fields above the Walker breakdown field. Moving boundary
conditions are used to avoid end effects. The Gilbert damping parameter o is
set to 0.01 to match the experimental value of the Walker breakdown field.

A transverse wall with anticlockwise chirality (top panel of the images shown at
the right-hand side of Fig. 5a,b) is chosen as the initial state to compute the
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temporal evolution of the position and the structure of the DW driven by
magnetic field, where the results are shown in Fig. 5a. To estimate AR, the
resistivity and the AMR ratio of the permalloy nanowire are set to ~30 u2 cm
and 1.5%, respectively.

ONE-DIMENSIONAL MODEL

The differential equations of the one-dimensional model of a DW, including
the spin-transfer torque terms'®'"%, are solved analytically to obtain the period
of the oscillation of the DW position. The oscillation frequency is given by

fip

_Z\/[H+(ﬂ—a)u/VA]2—H5«B
T 1+a? ’

where u = upJP/eM;, g is the Bohr magnetron, J is the current density, P is
the spin polarization of the current, e is the electric charge, M is the saturation
magnetization, A is the DW width and g is the non-adiabatic spin-torque
term. The sign of u is set to be positive when the electron flow acts in concert
with the field on the DW. Setting the current to zero (u = 0) gives the
expression shown in the text.
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