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The current-induced motion of magnetic domain walls (DWs) confined to nanostructures is of great
interest for fundamental studies as well as for technological applications in spintronic devices. Here, we
present magnetic images showing the depinning properties of pulse-current-driven domain walls in
well-shaped Permalloy nanowires obtained using photoemission electron microscopy combined with x-ray
magnetic circular dichroism. In the vicinity of the threshold current density (Ji, = 4.2 X 10" A.m™?) for the
DW motion, discontinuous DW depinning and motion have been observed as a sequence of “Barkhausen
jumps”. A one-dimensional analytical model with a piecewise parabolic pinning potential has been
introduced to reproduce the DW hopping between two nearest neighbour sites, which reveals the dynamical
nature of the current-driven DW motion in the depinning regime.

ver since Berger"” and Slonczewski’® predicted spin angular momentum transfer of conduction electrons

moving across the local magnetization due to mutual exchange coupling, the manipulation of domain-walls

(DWs) by spin-transfer torque exerted from spin-polarized currents has attracted great interest in fun-
damental theoretical studies*® and promising potential applications, such as high density magnetic storage” and
logic devices®. To realize these devices based on current-induced DW motion (CIDWM), recent studies have
naturally been focussed on operation speed and dissipation power of devices determined by DW velocity and
operation current, respectively. Therefore, a high DW velocity and a low threshold current density (Jy,) are highly
desirable for device applications.

Most studies of soft-ferromagnetic single-layer Nig; Fe;o (Py) nanowires with biaxial magnetic anisotropy (in-
plane) and high Curie temperature suggest that the velocity of DW motion ranges from several m.s™" >' to
~100 m.s~' ' with current densities in the order of 10'* A.m™?, whilst Pt/Co/AlOx wires with perpendicular
magnetic anisotropy even give a higher velocity of DW motion (nearly 130 m.s™')'* under a similar current
density J = 3.5 X 10" A.m~? and a maximum velocity of 400 m.s~'. Recent experiments of spin-valve devices
report that the DW velocity can exceed 600 m.s~' under current densities in the order of 10" A.m~'*. However,
the DW motion velocity at high current densities is limited by the so-called Walker breakdown'*'>, where the
internal DW structure periodically transforms between transverse and vortex walls. In addition, since spin-
polarized currents can deform or change the spin configuration of DWs, the velocity depends on DW type as
well as on pulse shape'®". On the other hand, when the pulse current density is comparable to Jy, (relative low
current density) the DW generally needs to experience a depinning and motion progress before it is pinned. It has
been established that the dynamical behavior of DWs in the depinning and pinning evolution becomes essen-
tial'**, not only on the threshold current density Jy,, but also on the DW velocity in electrical measurements. In
particular, magnetic imaging techniques, such as magnetic transmission x-ray microscopy, have provided a more
direct understanding of the relationship between depinning and structure of the DW, under external magnetic
fields*' as well as current pulses®’. However, there are rare reports of the detailed depinning behaviour of a single
DW in the vicinity of the threshold current density combined with an effective potential calculation under ns
current pulses using direct magnetic imaging techniques.
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Here, we report experimental results of a single DW depinning
process under ns current pulses with amplitudes in the vicinity of the
threshold current density, J,, in well-shaped Py using photoemission
electron microscopy (PEEM) combined with x-ray magnetic circular
dichroism (XMCD), also known as XPEEM. We will show that direct
observation of DW depinning based on the magnetic imaging tech-
nique XPEEM gives different DW configurations corresponding to
different depinning situations, which are complementary to trans-
port measurements. In order to explain the overall “discontinuous”
motion (Barkhausen jumps) of DWs we first simplify a random
pinning potential of the real nanowire to a form of piecewise para-
bolic potentials within two pinning sites and then quantitatively
depict pictures of DW hopping and depinning between both pinning
sites, resulting from defects and roughness. Then based on detailed
calculations we discuss the depinning boundary by taking into
account the non-adiabatic term and the pulse width.

Results

Transverse magnetoresistance (MR) measurements of the nanowires
were carried out at low direct current of 300 pA. As shown in Fig. 1a,
the plot represents primarily the anisotropic magnetoresistance
(AMR) properties®**. The lowest resistance of DW corresponds to
the saturation magnetization states I and F, because the current is
mostly perpendicular to the magnetization. The highest resistance is

reached at the remnant state R, where the magnetic field is zero,
corresponding to the onion state with either tail-to-tail or head-to-
head DW depending on the magnetic history. When the magnetic
field gradually increases from zero to 50 Oe or decreases to —50 Oe,
the resistance shows a sharp increase indicating that at this field the
DW depins corresponding to the magnetic globe-vortex state $?>°°.

Therefore, the static AMR measurements not only help us to
detect a DW but also allow us to discriminate between different
DW spin structures®, although it cannot disclose the position and
displacement of the DW, except in the case of time-resolved AMR
measurements* or magnetic imaging techniques.

After AMR measurements, images of the magnetic domain struc-
tures were captured using XPEEM? in zero field and at room tem-
perature. Figure 2 shows the XPEEM images of a single DW
depinning process under a series of current pulses of 50 ns with
stepwise increasing amplitudes (of the current density). For the ini-
tial DW, shown in Fig. 2a (also shown in Fig. 1c), current pulses of
50 ns are injected with amplitudes starting at 3.5 X 10 Am™
gradually increasing to 5.0 X 10" A.m™>. For current densities below
4.2 X 10" A.m?there is no depinning of the DW, as seen in Fig. 2a—
¢, whereas DW depinning occurs for the first time at 4.2 X
10" A.m~>. Figure 2d shows a forward DW motion of ~270 nm,
while the four successive measurements with pulses of the same
amplitude do not give depinning, as seen in the next two images e
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Figure 1| Nanowire characterization. (a) AMR at room temperature measured with transverse MR. The up-sweep (down-sweep) is plotted in black

(red). Also shown are the schemes for the different domain configurations corresponding to different magnetization states during the whole transverse
MR measurement cycle. (b) Scanning electron micrograph of the well-shaped Py nanowire with contacts C, and C,, where 0}, is the angle between H and
the vertical direction and ris the radius of the overall pattern of the nanowire. (¢) XPEEM image of the initial vortex DW (VW) which is located in the
well-shaped part of the wire at a position defined by the angle 0, =~ 4°. (d) Micromagnetic simulation of the initial VW state using OOMMTF. (e) The image

of VeM.
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Figure 2 | XPEEM images of a single DW in a nanowire. (a)—(j) Sequence of images captured after separate 50 ns current pulses with stepwise
increasing current densities, J. The white arrow heads are a guide to the eye to mark the DW position. The dashed green box in the first column of images
shows all the DW depinning. (k) Plot of the DW motion distance against time. The discontinuous properties of the DW motion are revealed by the time
evolution under pulses of different current densities. The size of circles denotes the error bar during the measurements. The images ¢, f and i in the plot
show the last state prior to each depinning. The current densities at which the DW depins are indicated.

and f. Increasing in amplitude to 4.5 X 10" A.m ™ gives depinning
with forward DW motion of ~300 nm, as seen in Fig. 2g. However
when the same pulse is injected again four times, the DW does not
depin, as shown in images h and i. After increasing the current
density to 5.0 X 10" A.m~ there is again a clear depinning with
250 nm motion, as shown in image j. At those stages, where the DW
depins, the average DW velocity defined as the displacement divided
by current pulse length is ~5 m.s™', with the DW moving in the
electron flow direction. These velocities are much smaller than those
observed in experiments where the DW is in the flow regime at a
higher current density'' or is triggered by a magnetic field pulse®.
Figure 2k shows the overall progress of the DW depinning, which
clearly reveals the discontinuous properties. This is also known as a
sequence of Barkhausen jumps®"?, which is a normal phenomenon
in the presence of field-driven magnetization reversal. Since the dis-
order correlated random pinning potential in the nanowires is
responsible for the jerky motion®® of field-driven Barkhausen effect,
we propose that a similar mechanism is present in the case of current-
driven DW depinning, in which there are pinning sites resulting
from defects corresponding to a series of random potentials which
play an essential role.

Micromagnetic simulation and theoretical investigations. In first
instance, we do not include the thermal perturbation induced
depinning, which will be discussed afterwards. In order to obtain
deeper understanding of the discontinuous depinning we
implemented a modified version of OOMMEF software™, where the
Landau-Lifshitz-Gilbert (LLG) equation is extended by adding the
adiabatic and nonadiabatic spin transfer torque (STT) terms'>** as
om Z
(1)

S =i xﬁeffﬂrnx(%":)—(a-V)mmx (@V)in

where 17, p, o and ff are the unit vector along the local magnetization,
the gyromagnetic constant, the Gilbert damping factor and the
dimensionless non-adiabatic spin-transfer parameter describing

oF is an effective field
oM, om

which includes the external field, anisotropy field, magnetostatic
field and exchange field, i is a vector pointing along the electron
direction with absolute value u = j.Pgus/2eM;, where M; the
saturation magnetization, j. the current density, P the spin-
polarization of the current, g the electron g-factor, up the Bohr
magneton and e the electron charge.

Figure 3 shows a simulation of a single VW under a current pulse
below the threshold current density 1.0 X 10> Am > (4 =22 m.s™'
and P = 0.3), which is nearly twice as large as the experimental
results.

Writing the DW position as g(f), the x component of the magnet-
ization of the whole nanowire can approximately be expressed as m,
= (2¢/L) cos[(L/2 — g)/r], (q<r) with length L of the wire and a
radius r of 10 pm as shown in Fig. 1b. Therefore, the simulated
variable m, can be used to certain extent to show the DW position.
Since the DW moves forward, the negative x direction, m,, decreases
during DW motion. When the current density of the pulse is below
its threshold value the DW will oscillate within the pinning site,
whilst the DW will jump to a new pinning site when the current
density reaches the threshold value as shown in Fig. 3a. To save in
computing time, we have only simulated the case for a pulse width of
27 ns, after which there is no need to push the DW. The trajectories
of m, with respect to m, in the wire also show the pinning and
hopping of the DW, although there is much chaos at the initial stage,
as seen in Fig. 3b. Additionally, the depinning properties shown in
the trajectories of m, with respect to m, can also be presented by

the strength, respectively. Hyy= —
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Figure 3 | Simulation of a spin-polarised current pulse with current density 1.0 X 10> A.m~2 on a single VW in a well-shaped Py wire with similar
structure as Fig. 1b. (a) m, () for different current pulse amplitudes, where m, is the x component of the magnetization of the whole nanowire (along its
length) rather than the localised magnetization of the DW. (b) The trajectories of m, with respect to m, in the wire. (c) m, (¢) of the whole wire.

(d) Simulated VW motion under the threshold current density. The DW has moved forward by ~250 nm.

trajectories of the DW in phase space, as shown below in Fig. 4b. In
addition, the amplitude of m, oscillates but is very small as seen in
Fig. 3c. This means that when the DW pins and depins at lower
current densities the DW’s plane tilts slightly away from in-plane
in the wire. During the above regimes the linearized condition about
¢ (mentioned below) is satisfied. Furthermore, the extent of tilting
will become stronger under larger current densities. When the cur-
rent approaches the Walker breakdown, ¢ becomes very large and
the above condition will default. The simulation results clearly
embody the hopping properties of the DW depinning progress, in
agreement with the experimental results, except that the threshold
current density in the simulation is twice as large as in the experi-
ments. Finally, Fig. 3d shows that the DW moves forward by
~250 nm, which is close to experimental values.

Next, we will focus on the analytical insight in the DW dynamics
depinning to reproduce the pictures of the hopping properties using
a one-dimensional (1D) model® based on Eq. (1). Since the radius of
the overall pattern of curved well-shaped nanowires is nearly 10
times larger than the DW motion displacement, the 1D model can
be used approximately. Taking the DW motion direction as the
coordinate axis x and denoting 0(x,t) as the magnetization polar
angle with respect to the strip axis, i.e., x and ¢(x,t) as the azimuthal
angle, which describes the orientation of the magnetization projec-
tion onto the y-z plane, shown in the inset of Fig. 4a, 7 can be written
as m( cos 0,sinf cos ¢, sin O sin ¢). Eq. (1) in the 1D framework is

om X Fr _,X((’}ﬁ%) @ﬁ1+ﬁ _,X(?ﬁ'a 2)
= —ym o X (— ) —u— + fum
R o) Y ox ox
. 2 . N A 0P - )
where H,y= (Kmx —K m,z)+ ———— +Hew, K is the
oM HoMs 0x

magnetic anisotropy energy density along the easy x-axis in-plane,
while K; is the magnetic anisotropy energy density along the
hard z-axis out-of-plane and A is the exchange strength

coefficient. In order to include the effect of DW trapping by defects,
H, contains apart from the external magnet fields also the effective
pinning field ﬁpin. In the case of current induced depinning there is
no external magnetic field but only a pinning field, so that

1 0V

2uoM; 0q

tion on the x axis. Substituting # and I_-Lﬁ into Eq. (2) and combining
with the wall profile, which can be predicted by the Walker trial
function'*'>*

Het :ﬁpin = X%, where q is the DW’s central posi-

0P(x,t)
o 0 (3)
Intan 9(3; ) = x—Aq(t) (4)

results in two equations with two main collective variables of DW
motion"*

ayA  0Vpin _ 7AK,

14+0?)g=— i 1 5
(1+0*)g 2uM. 0q LM, sing cosp+(1+af)u  (5)
. Yy O0Vpin  ayKy | u
1+02)p=— —0)~ (6
(1+a*)¢p 1M, 0 + M0M551n¢cos¢+(ﬁ az)A (6)

with effective DW width, A=1/A/(K+ K| sin® ¢). Introducing the

anisotropy field Hy= —2K /uyM; and considering that ¢ is very
small during DW depinning when the current is below the Walker
breakdown, Eq. (5) and (6) can be linearized using sin ¢ =~ ¢ and
become second-order ODEs in q and ¢, respectively.

To obtain an analytical solution and to make pinning potentials
close to the real situation with physical rationality, we introduce a
piecewise parabolic function represented as
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Figure 4 | 1D calculation of DW pinning and depinning. (a) Pinning potential Vpin (@) with d = 75 nm, which means that the distance between

two pinning sites is 300 nm.V,=0.1 X 10° J.m>.The inset shows schematically the magnetic nanowire with corresponding coordinate system.

(b) Trajectories of the DW in phase space (v vs g) with the rigid IDW under different current pulses of fixed length [different uvalues and t, = 50 ns (inset
corresponds to = 5.0 m.s~")]. (c) Plots of q(#) and v(#) for the pinning case below threshold current density. (d) Plot of g(t) for DW below and above
threshold current density. The calculations have been done by using o = 0.01, = 0.04, A = 14 nm and H; = 500 Oe.

Viin=Voq’ /d lql<d
Vpin=—Vo(q—2d)*/d+2Vd d<q<3d )
Vioin=Vo(q—4d)’ /d 3d<q<5d
Voin=—Vo(q—6d)* /d+2Vod 5d<g<6d

where Vj is the depth of the potential (in units J.m ™), d is the spatial
extension and 4d equals the distance between two pinning sites
shown in Fig. 4a. This kind of piecewise potential can not only be
used to represent the depinning progress with the same function of
the single parabolic function'>** but is also very similar to the poten-
tial of an exponential function®®*® in second-order approximation,
which can describe the hopping properties. However, it is simpler
and can provide analytical solutions while to certain extent retaining
the intrinsic defects properties. In our case, where d > 5A and
H Mo > 10V, additionally considering the initial conditions that
q; = 0 and g,=(14+af)u/(1+0o?)=~u, so we can approximately
obtain analytical solutions of the DW motion in the different poten-
tial regions for both cases where a current pulse is switched on or off.
Furthermore, we can obtain two key physical quantities, namely the
characteristic time, © = 2Muod/[oy(AVy + MuodHy)], and the
oscillation frequency, @ = y(AVoHy/M;uod)">. Dynamical pictures
of DW pinning, depinning and hopping between two local pinning
sites due to defects or roughness in the nanowire are shown in
Fig. 4b—d.

Figure 4b illustrates the trajectories of the DW in phase space
for different current densities of 50 ns. Assuming d = 75 nm in

nearest-neighbour hopping, although this depends not only on the
physical size of the defects but also on DW profile'**, obviously the
threshold value uy, corresponding to the threshold current density
satisfies ug, = ug, (o, B, tp, A, Hy, Vo). Here, we take o = 0.01*2%%,
= 0.04">'92% while A = 14 nm and H; = 500 Oe are estimated
from micromagnetic simulations for a VW. V,, is obtained by match-
ing the uy, value to the experimental value. For permalloy, P ranges
between 0.3-0.45*' and if we choose P = 0.3 then J;, = 2.33 X
10" J.m™?, which is almost half the experimental value. For larger
current densities than this, the DW hops to the nearest neighbour
pinning site, while for smaller values the DW returns to its initial
position. Figure 4b also shows that whenu = 5.1 m.s™,ie.,J =24 X
10" J.m™?, the DW will exceed the nearest-neighbour hopping and
may stay at the next-nearest-neighbour pinning sites. With the
increasing of the pulse current density the DW motion gradually
enters the flow regime and finally reaches the Walker breakdown
point. Figure 4c shows q(f) and v(f) with the pinning case below
threshold current density, whereas Fig. 4d describes g(f) for DW
pinning and hopping, respectively. Since the values of « and f and
their relations are still under debate, their present values give only
one of the possible solutions. If we increase 5 from 0.01 to 0.04 with
Vo = 0.5 X 10% J.m > then Ji;, decreases from 4.29 X 10" to 1.33 X
10" J.m™? as shown in Fig. 5a. This means that in order to reduce the
threshold current density, the search for materials with higher non-
adiabatic torque provides an opportunity. However, a non-adiabatic
torque is influenced by other effects, such as the Oersted field
(created by the current itself), the spin-orbit coupling and even mag-
netization gradients. Therefore, the dependence of ff on the materials
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Figure 5 | Domain wall depinning boundary as a function of (a) the
nonadiabatic torque term, f and (b) the current pulse length, ¢,.

properties calls for further experimental and theoretical investi-
gations. In order to investigate the dependence of Jy, on the current
pulse length we keep the parameters the same as in Fig. 4b. The result
for t, = 5-50 ns is shown in Fig. 5b. With increasing pulse length, J,
gradually decreases, but will approach 2.33 X 10" J.m™? below
which the depinning is apparently frozen. The calculated result is
essentially in agreement with experiments*, providing a so-called
depinning time. Current pulse lengths larger than this do not result
in a lower Jy,, except for potential thermal effects. Defining this type
of depinning time by a characteristic time, the present case amounts
to ~22.7 ns. From Fig. 5b we can also see that Jy, still changes slightly
when the pulse length is larger than 22.7 ns. In fact, from the per-
spective of the competition between the driving force F; of the current
pulses and the pinning force Fy,i,(q) of the pinning potential, when F;
is less than a certain value of Fy;,(q) the DW will oscillate around a
certain equilibrium point irrespective of pulse length. When the
pulse is switched off, the DW returns to the initial position.
Figure 5 also shows that different potentials give different threshold
current densities. For 50 ns pulse length, V; = 0.1 X 10° and 0.5 X
10° J.m™* give Jy, = 2.33 X 10" and 1.33 X 10" J.m™?, respectively.
Additionally, from viewpoint of the pinning frequency w, we obtain
that the single-DW mass is m = 2M1oS/AHyy* = 0.89 X 107> kg (S
is the cross-section area), which is comparable to the value obtained
in resonance motion of the DW induced by an oscillating current* as
well as with the theory®.

Based on the above theoretical analysis, we return to the discon-
tinuous depinning in Fig. 2. Due to the dependence of the threshold
current density on ff and V, when DW arrives at different positions
in the nanowire, it will encounter different V values resulting from
different defects, roughness of the rim and even DW structure. In
addition, from Fig. 2 we can see that the DW configuration changes
during its motion, which may also result in different  values cor-
responding to different DW structures. In other words, the threshold
current density remains the same within experimental error for the
same position and DW structure. Although the above analytical
solution with an effective potential does not take into account the
change in DW configuration, DW width and spin-waves excitations,
it still shows the essential properties of the DW depinning in the
vicinity of the threshold current density.

Discussion
We have assumed, in the above analysis, that no thermal activation
effects were present. With a current density close to 10" A.m™?, if we

would assume that only the Py nanowire absorbs the heating power,
the sample heating would rise at the enormous rate of nearly
30 K.ns™', increasing the temperature of the nanowire close to its
Curie point. However, the substrate plays an essential role in the heat
dissipation. Regarding our sample, considering the natural oxidation
of the Si substrate, the actual substrate consists of Si (500 pm)/SiO,
(~2 nm). Both from theoretical**® and experimental® perspective,
the temperature rise of the wire is AT =~ 2-3 K. In addition, our AMR
results at zero Oe for different currents (from 100 A to 1 mA) show
that the change ratio in resistance due to thermal effects is ~0.17%.
Thus when we choose V; = 0.1 X 10° J.m* from the above analyt-
ical results, the energy barrier is of the order of 107" J, which is two
orders of magnitude larger than kgT at room temperature. Thus the
probability of thermal activated depinning is very low. However, if
the SiO, layer would be much thicker, e.g., 100 nm, the situation
becomes very different***. The Si substrate without the interlayer or
with only a very thin interlayer will significantly suppress the Joule
heating*.

Using the XPEEM technique combined with simulations and ana-
lytical model calculations we have investigated the detailed DW
depinning process in Py nanowires. We have observed a current-
driven “Barkhausen jumps” of the DW depinning and motion, a
similar phenomenon to the «classical magnetic field-driven
Barkhausen effect. The discontinuous properties of the DW depin-
ning can be explained by a nearest-neighbour hopping picture based
on STT rather than a thermal activation effect. The depinning
boundary with nonadiabatic term and the pulse length based on
the analytical model using a simple piecewise parabolic function
can qualitatively explain the experimental observations. Our obser-
vations confirm that if the configuration of the DW stays the same
their depinning should be similar within the error bar. The so-called
stochastic properties result from the “stochastic” deformation of the
DW shown as a non-adiabatic term and potential. The DW config-
uration may change during its motion, which results in different f
values corresponding to different DW structures. However, the
threshold current density remains the same for the same position
and DW structure, and the stochastic depinning and motion related
to thermal activation have little effect, which is critically important to
the applications of the next generation CIDWM based spin devices.

Methods

Samples. Curved and well-shaped Nig;Fe,y (Py) nanowires of 10 pm radius were
fabricated using electron-beam lithography (EBL) and lift-off, while the well part of
the wires was patterned using focused-ion beam (FIB). The arm of the wire is 950 nm
wide and the well is 450 nm wide and ~3.5 pm long, as shown in Fig. 1b. The 20 nm
Py layer was deposited by thermal evaporation on undoped Si(100) substrate,
followed by 2 nm Au protection layer to prevent oxidation. The second level
electrodes and top electrodes made from Au were fabricated by EBL and
photolithography, respectively. The curved wires were designed to facilitate the
creation of a single DW under external magnetic field. Furthermore, the well-shaped
structure helps to confine the DW within a relative small area.

XPEEM images. Magnetic images of the domain structures were captured with
XPEEM? in zero field and at room temperature using the PEEM III end-station on
beamline 11.0.1.1 at the Advanced Light Source at Lawrence Berkeley National
Laboratory, California. XPEEM images of the DW structure are acquired from the
ratio of the x-ray absorption signals at the Ni L; and L, edges measured with right-
circularly polarized x-rays. The magnetic contrast of the domains is proportional to
the magnetization component along the x-ray helicity vector, so that domains aligned
parallel and antiparallel to the right-circular polarization vector show up in white and
black color, respectively, as shown in Fig. 1c. The DW boundaries can be detected
with an accuracy of ~30 nm. Prior to applying the current pulses to the sample in the
main chamber, an initial DW was created within the well part of the nanowire by
using a magnetic field sweep from zero to 1000 Oe and then back to zero with the
applied field perpendicular to the overall direction of the nanowire. The actual
current of the injected pulses flowing through the nanowire was obtained from the
voltage measured using the 50 Q input impedance of an oscilloscope connected in
series with the nanowire.

Micromagnetic simulation. The object-oriented micromagnetic framework
(OOMMF) simulation® was used to realize one of the initial DW structures, which is
a head-to-head vortex DW (VW) as in Fig. 1d—e. These are in accord with the results
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reported by other authors®>*'. The typical parameters for Py were used with damping
constant o = 0.01. The initial DW configuration depends not only on the nanowire
geometry but also on the magnetic field angle, the magnetic history and the damping
coefficients. A modified version of the OOMMEF software® was employed to simulate
the hopping properties of CIDWM for two nearest neighbour pin sites. The material
parameters of Py are the exchange constant of A = 1.3 X 107" J.m ™/, saturation

magnetization of M; = 800 kA.m™', and damping parameter o = 0.01 and § = 0.04.
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