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Direct Imaging of Stochastic Domain-Wall Motion Driven by Nanosecond Current Pulses
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Magnetic transmission x-ray microscopy is used to directly visualize the influence of a spin-polarized
current on domain walls in curved permalloy wires. Pulses of nanosecond duration and of high current
density up to 1.0 X 10'> A/m? are used to move and to deform the domain wall. The current pulse drives
the wall either undisturbed, i.e., as composite particle through the wire, or causes structural changes of the
magnetization. Repetitive pulse measurements reveal the stochastic nature of current-induced domain-

wall motion.
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Current-driven domain-wall (DW) dynamics paves the
way to novel concepts for memory [1] and logic devices
[2]. The underlying physics is still under debate [3-6].
Several models have been proposed to predict the effects of
a spin-polarized electric current interacting with a locally
inhomogeneous magnetization [3—5,7—11]. It was initially
assumed that for DWs wider than the magnetic coherence
length the spins of the conduction electrons adiabatically
follow the local magnetic moments [4,12]. Later a non-
adiabatic term was added [3,4,9] to account for the differ-
ent DW velocities of theory and experiment [6,13]. It has
be shown that the adiabatic term is largely responsible for
the initial velocity of the DW while the nonadiabatic term
controls its terminal velocity [3]. The velocity of magnetic
DWs in thin nanowires has been stated to be between
tenths of m/s [3,14,15] up to several 100 m/s [3,16,17].
The velocities reported by experiments tend to be less than
those from theoretical predictions. Various suggestions
have been proposed to account for this discrepancy, in
particular, thermal activation [14,16,18,19] and surface
roughness [16]. On the other hand, it has been found that
the DW velocity depends on the DW type [14,20] and that
a spin-polarized current can change the topology of a wall
[14]. Moreover, it has been predicted that fast-changing
currents should exert a force on a DW much stronger than
the constant current alone [10] which implies that the time
structure of the fast-changing current should be considered.
Thus, to understand the underlying physics of current-
driven DW motion it is required to determine the DW
velocity and to simultaneously observe the DW type and
topology as well as to accurately control the time structure
of the current.
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PACS numbers: 75.60.Ch, 68.37.Yz, 72.25.Ba, 75.60.Ej

In this Letter we report spatially resolved experiments
and micromagnetic simulations of the motion of vortex
DWs in curved wires driven by current pulses. Nanosecond
current pulses are used to determine the DW velocity. In
case of microsecond pulses an average velocity including
pinning and depinning of the wall might be measured. We
show that DW velocities comparable to the field-driven
case are obtained and that the current-driven motion fol-
lows a statistical distribution comparable to Barkhausen
jumps in the field-driven case.

Curved wires with a radius of 25 um were patterned by
electron-beam lithography and lift-off processing from
permalloy films deposited by electron-beam evaporation.
Curved wires are most convenient for the field-controlled
creation and destruction of a single DW. Four electrical
contacts on each wire are patterned from a 60 nm thick Au
layer for injection of current pulses and measurement of
the dc impedance. Figure 1 shows an optical micrograph of
a permalloy wire on a 100 nm thick Si;N, membrane. The
membrane is required for transmission soft x-ray micros-
copy. The distance between the two inner Au contacts is
4.2 pm.

Measurements of the anisotropic magnetoresistance
(AMR) at low current densities of 1.0 X 10° A/m? prior
to the pulse experiments provide full control over the field-
induced generation of a single DW between the inner
contacts. An example of an AMR measurement is depicted
in Fig. 1(d). The resistance is lowest at saturation and
highest at remanence, as expected [21]. For the pulse
measurements we use the onion states with either a tail-
to-tail or a head-to-head DW between the contacts de-
pending on the magnetic history. From the absolute resist-
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FIG. 1 (color online). (a) Optical micrograph of a curved
permalloy wire on a Si3N, membrane with four gold contacts.
A slit on the left side avoids dc current flow through this part.
(b) MTXM image and (c) scheme of a vortex wall in the section
between the inner contacts. (d) Measured AMR. The up-sweep
(down-sweep) is plotted in blue (red). The arrows indicate the
magnetization states. Shown are schemes of the two saturated
states, the two global-vortex states, and the two onion states. At
remanence the onion states exhibit either a tail-to-tail (blue) or a
head-to-head (red) DW in the region of interest for the pulse
experiments.

ance at zero field, the geometry of the wire, and the
distance between the voltage contacts we obtain a specific
resistivity of 45 w{) cm for the permalloy on the SizN,
membrane. After the AMR characterization, magnetic
transmission x-ray microscopy (MTXM) [22] with high
lateral resolution down to 15 nm utilizing Fresnel zone
optics [23] is used to image the magnetization of the wire.
Figures 1(b) and 1(c) show an MTXM image and a scheme
of a single-vortex wall, respectively.

Figure 2 shows MTXM images of double-vortex walls in
the 960 nm wide wire. Prior to each image current pulses of
1.0 ns duration and a density of 1.0 X 10'> A/m? are sent
through the wire in the direction indicated. In Fig. 2(a) and
2(b) the current-induced motion of a double-vortex wall in
the direction of the conduction electrons is observed. Here,
the wall moves with an undisturbed shape, i.e., as compos-
ite particle as predicted theoretically in Ref. [20]. A sketch
of the motion is given in Fig. 2(c). However, in the repeti-

FIG. 2 (color online). (a) MTXM image of a double-vortex
wall before and (b) after sending ten current pulses of 1.0 ns
duration and 4.0 ns periodicity through the wire. (c) Sketch of the
wall positions in (a) and (b) illustrating the motion of the double-
vortex wall as composite particle. (d) Another pulse sequence
generates a vortex-antivortex pair. (e)—(h) Sequence of MTXM
images of a double-vortex wall taken after single 1.0 ns long
current pulses with a current density of 1.0 X 10> A/m?. The
lower vortex moves successively to the left edge of the wire.

tive pulse experiments also a current-induced distortion of
the double-vortex wall is observed as vividly displayed in
Fig. 2(d). Note that a vortex-antivortex pair has been
created with the current pulse. Figures 2(e)—2(h) show
MTXM images of a double-vortex wall which correspond
to the results shown in Fig. 3. The current pulses succes-
sively move the lower vortex in a Barkhausen-like manner
from pinning site to pinning site to the left, i.e., perpen-
dicular to the direction of the conduction electrons.

It is well known that field-driven magnetization reversal
is mediated via a sequence of Barkhausen jumps [24].
Disorder plays a significant role in the process of field-
driven Barkhausen avalanches as there are pinning sites
which cause a local distribution for the probability of DW
depinning and motion [25]. We assume a similar mecha-
nism in case of current-driven DW motion and expect a
thermally activated process for the room temperature mea-
surements with an energy barrier related to pinning by
defects or to wall transformations at the wire borders as
demonstrated in Ref. [16]. To analyze the stochastic nature
of current-induced DW motion in more detail we have
repeatedly imaged a double-vortex wall and sent current
pulses of 1.0 ns duration, 100 ps rise time, and 7.5 X
10" A/m? (1.0 X 10'> A/m?) density through it. In the
present experiment the DW width is much larger than the
magnetic coherence length of the conduction electrons
[11]. Thus the spins of the conduction electrons can follow
the direction of the local magnetization [4,9] although the

187202-2



PRL 98, 187202 (2007)

PHYSICAL REVIEW LETTERS

week ending
4 MAY 2007

60 L T T T
i 10 .
50 _ e
g 40 - ° /.\ increase'd . 1 5 0100
g | pulse height A (“mz)
> ®| +2dB
o 30F -
C % .
&t \
S 20} || |% .
L] s - ! .
10} \ WAL
O T Rt .l ..‘.. ‘l..'f""! , 9, ] .\‘/. 1
0 10 20 30 40 50

# pulse

FIG. 3 (color online). Efficiency of DW displacement for 49
pulses of 1.0 ns duration. The current density of the pulses was
increased from 7.5 X 10'" A/m? to 1.0 X 10'2 A/m? after pulse
No. 25.

nonadiabatic correction introduces an angle between the
local magnetization and the magnetic moment of the con-
duction electrons. From the difference of two successive
x-ray images the lateral area A in which the magnetization
has been changed by one current pulse is determined.
Following the approach of Ref. [6], the efficiency of DW
displacement n = Am/m yen; Where Am = 2M(Ad is
the change of the magnetic moment in the wire and
Meyrrent = 2P ppwijAt/e is the magnetic moment carried
by the current pulse, can be determined. The spin polar-
ization of P = 35% is determined by point-contact
Andreev spectroscopy [26]. With the thickness d =
80 nm and the width w = 960 nm of the wire, the satura-
tion magnetization Mg = 800 kA/m?, and the pulse dura-
tion Ar = 1.0 ns we calculate the efficiency plotted in
Fig. 3 for 49 pulses and two different current densities. It
clearly shows the stochastic nature of the process; e.g., for
a number of pulses no motion of the DW is observed. We
believe that the stochastic nature, i.e., a continuous pinning
and depinning, is the reason for the extremely low DW
velocities obtained from measurements with long current
pulses [14]. It is interesting to compare the distribution
P(A) of the current-driven jump size A to the field-driven
case of Barkhausen jumps. The inset of Fig. 3 shows a
power-law behavior for P(A) akin the field-driven case.
The experimental data are fitted by P(A) « A™" with a
critical exponent of 7 = 0.9 = 0.2. This exponent differs
from the universality class for field-driven Barkhausen
jumps in thin films of various thicknesses and materials
[25]. However, for a final quantitative determination of the
critical exponent the number of repetitions must be in-
creased to improve the statistics.

To compare the experimental results with theory we
implemented the spin-torque transfer model of Zhang
and Li [3] in the micromagnetic framework OOMMF [27]
and simulated the influence of current on a DW in curved
wires [10]. Here, we apply this code to determine the
current-induced DW velocity using the material parame-
ters of permalloy, i.e., an anisotropy constant of K =
100 J/m3, an exchange constant of A= 13X
1072 J/m, and a saturation magnetization of Mg =
800 kA/m, the Gilbert damping parameter o = 0.01, the
degree of nonadiabaticity ¢ = 0.01, and the geometry of
the approximately 1 um wide wire of Fig. 2. Figure 4
shows the simulation of a double-vortex wall while a
current of density 1.0 X 10'> A/m? is sent through the
wire. The time difference between Figs. 4(a) and 4(b) is
1.0 ns. Taking the right end of the double-vortex wall as a
measure for the motion one obtains a velocity of 110 m/s.
A comparison with the experimental data in Fig. 2 reveals
that the simulated and the measured static domain structure
are consistent [28]. The current-induced DW velocities
determined from simulation and experiment are also in
good agreement. The simulated DW velocity is not homo-
geneous in time and space as DW motion occurs in jumps
from pinning center to pinning center given by the edge
roughness due to the discretization. A strong influence of
the edge roughness of the wire on the DW velocity for the
field-driven case is well known from the literature [16].
Furthermore, inner excitations of DWs are observed under
the influence of the current, e.g., the generation of a vortex-
antivortex pair, which is in turn annihilated under emission
of spin waves (not shown). Thus micromagnetic simula-
tions support the interpretation of the experimental results
and underline the importance of the stochastic nature of
current-driven DW motion [29].

In the following, we focus on the perpendicular motion
of vortex cores observed repeatedly, e.g., in Fig. 2(e)—2(h).

FIG. 4. Micromagnetic simulation of the influence of a spin-
polarized current with a current density of 1.0 X 10'2 A/m? on a
double-vortex wall in a curved permalloy wire of 1 um width
and 80 nm thickness. The time difference between (a) and (b) is
1 ns. The right edge of the wall has moved 110 nm.
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The perpendicular motion of a vortex core was calculated
analytically and by micromagnetic simulation in Ref. [20].
There, the number of vortex cores was reduced by one
from a vortex wall to a transverse wall. The description of
the vortex motion by a restoring force, i.e., the coupling of
vortices via a spring constant, can also be used to describe
the more complex walls of the present experiments. The
vortex polarity p determines to which edge of the wire the
vortex moves. We deduce a perpendicular displacement
yo of 83 = 36 nm of the lower vortex core in Fig. 2 for a
single 1.0 ns long current pulse of density 1.0 X
102 A/m?. If the deduced perpendicular displacement y,
is applicable we can solve Eq. (21) of Ref. [20] and extract
the ratio between the degree of nonadiabaticity & and the
Gilbert damping parameter o

K
£op- (1)
a G,b§
— 4K i = — 27Mspt
where « oyl the spring constant, G, y the

value of the gyrocoupling vector with the gyromagnetic
ratio y, the parameter of the current density bj =

Pjepp
eMg(1+£2)°

the vortex to the next pinning site. In the present wire the
anisotropy is comparable to the one of an extended film;
i.e., the shape anisotropy is small, justifying the value of
K = 100 J/m? in agreement with the phase diagram for
DWs in nanowires [30]. Since £? < 1 we neglect this term
in b$ and obtain ¢ = (0.96 = 0.02)« in good agreement
with the experiments of Ref. [17]. This evidences that the
nonadiabatic spin-torque term is important for DW motion.

To exclude Joule heating [18] as a possible cause for
DW motion we calculate the heat deposited by a single
current pulse of 1.0 ns duration and 1.0 X 10'> A/m?
current density from the sample geometry, the specific
resistivity, and the heat capacity of permalloy. A tempera-
ture increase of 115 K is calculated which is considerably
lower than the Curie temperature of permalloy (850 K) and
room temperature where the experiments were performed.
In the above estimate the heat flow through the wire is
neglected; i.e., the calculated temperature increase is an
upper limit that is in agreement with the detailed calcula-
tions of Ref. [31] that yield 68 K for our parameters. Thus
we conclude that in the present experiments the motion of
the DW is caused by the spin-transfer torque and is not
much affected by Joule heating.

In conclusion, we have performed soft x-ray microscopy
with high spatial resolution to image the current-induced
motion of vortex-DWs in curved wires. Nanosecond cur-
rent pulses were used to determine a DW velocity of
110 m/s which is in agreement with recent theories and
is comparable to the case of field-driven motion. We found
that the current-driven motion exhibits a statistical distri-
bution like Barkhausen jumps for the field-driven case.

and j. the critical current density that moves
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