PHYSICAL REVIEW B 81, 224418 (2010)

Current-induced motion and pinning of domain walls in spin-valve nanowires studied
by XMCD-PEEM
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Very large average velocities, up to 600 m/s, have been found for domain-wall motion driven by 3-ns-long
pulses of electric current in zero magnetic field in the NiFe layer of 200-nm-wide NiFe/Cu/Co nanowires. For
longer pulses, the domain-wall motion is strongly hindered by pinning potentials. Dipolar interactions between
the NiFe and Co layers caused by anisotropy inhomogeneities have been identified as the most important
among the different potential sources of DW pinning. The domain-wall velocities increase with current density,
but a substantial drop is observed at current densities above 4 X 10! A/m?.
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I. INTRODUCTION

The possibility of moving magnetic domain walls (DWs)
using spin-polarized currents rather than magnetic fields has
recently attracted a considerable interest both from an ap-
plied and a fundamental viewpoint.!? Besides the promise of
novel efficient electronic devices based on spin-transfer
torque (STT), such as magnetic memories, shift registers, or
logic devices,>* current-induced DW motion represents a
unique fundamental means to investigate the mutual interac-
tion of magnetization and electric current. The effect of elec-
tric current on a DW was predicted and tested already in the
1970s,3 but because of the high-current densities needed for
DW motion, the first experimental studies were carried out
more than 20 years later,® when the evolution of lithography
techniques allowed narrow nanowires to be produced.

Considerable progress in the understanding of the phe-
nomenon has been made recently and it is now accepted that
the current-driven dynamics of a DW can be described by the
Landau-Lifshitz-Gilbert equation to which two components
of the STT, adiabatic and nonadiabatic STT terms, are
added.”® It has been demonstrated that only the nonadiabatic
term is responsible for the long-range DW displacements, of
the order of microns, that have been observed using nano-
second current pulses.!'®!!

For a successful implementation of STT in the writing
process of spintronic devices, further optimization of sys-
tems featuring current-induced DW motion (CIDWM) has to
be performed. A major concern is to further reduce the
critical-current densities for CIDWM which are presently on
the order of 110> A/m? for NiFe.!> This might be done
through an improvement of the STT efficiency. DW veloci-
ties have to be increased to reach several hundreds of meter
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per second.® Finally, to assure a reproducible and reliable
DW motion, pinning of DWs along the nanowires has to be
controlled much more accurately.

Most studies on CIDWM were carried out on single NiFe
nanowires with in-plane magnetic anisotropy (for a review
see Ref. 2), for which DW displacements with velocities
ranging from 1 m/s (Refs. 13 and 14) to 110 m/s (Ref. 15)
were found, for current densities in the order of 102 A/m?2
in zero applied magnetic field. Recent measurements show
that systems with perpendicular magnetic anisotropy'® can
feature very high DW velocities (up to 130 m/s) for similar
current densities. Similarly to field-induced DW motion,
current-induced DW motion for high-current densities is lim-
ited by the onset of periodical transformations of the internal
DW structure (from transverse to vortex wall and back),'?
occurring beyond the so-called Walker breakdown.”'®

Evidence of CIDWM at much lower current densities (8
% 10'° A/m?) has been first given by Grollier et al.'” for the
NiFe layer of spin-valve NiFe/Cu/Co nanowires. The
critical-current density could be further lowered to 1
% 10'° A/m? by employing CoFeB as a soft magnetic layer
instead of NiFe.'8 In similar devices, it was then observed
that for short current pulses ranging from 200 ps to 2 ns, the
DW displacement was almost independent of the current-
pulse duration, leading to surprisingly large DW velocities.'”
Another unclarified feature of this system was the apparent
change in direction of the DW motion on injection of a larger
current density. The results presented in this paper will allow
to partly explain these observations.

Our recent measurements on similar NiFe/Cu/Co nano-
wires gave direct microscopic evidence for DW velocities
above 180 m/s for current densities as low as 5
X 10" A/m?.!! This reduction in the current densities com-
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pared to single NiFe systems might be partly due to vertical
spin currents caused by local-spin accumulation in the DW
region. The pure vertical injection of a spin-polarized current
has been theoretically predicted® to yield a larger efficiency
for spin-transfer-induced DW motion. This has been recently
confirmed, using transport measurements, for perpendicular
current injection in NiFe/Cu/CoFe spin-valve nanowires.?!

The low critical-current densities and the high DW veloci-
ties found for spin-valve nanowires make these systems in-
teresting candidates for spintronic applications. However,
one challenge still has to be faced and solved in order to
obtain an efficient CIDWM applicable to electronic devices.
In this system, as in many other systems reported in literature
recently, DW motion has been found to be strongly hindered
by pinning potentials.'?>> Improving material quality
seems thus to be essential for future developments.

Our objective in this paper is to detect and analyze the
DW propagation in the NiFe layer of NiFe/Cu/Co SV nano-
wires by photoemission electron microscopy combined with
x-ray magnetic circular dichroism (XMCD-PEEM). As we
will demonstrate, the direct observation of DW movement by
magnetic microscopy brings substantial information comple-
mentary to transport measurements previously carried out on
similar samples.!”'® The extensive study that we present
here gives insight into the average behavior of the system
since we compare the action of current pulses of several
amplitudes and durations on a multitude of DWs pinned on
different pinning sites. We will show that the DW displace-
ments are, in general, not proportional to the current-pulse
length, because of the impact of pinning potentials on the
DW dynamics. This complicates the accurate determination
of DW velocities in NiFe. In the following sections, we will
present and discuss the analysis of the distributions of DW
displacements and velocities observed in the NiFe layer of
our SV devices, before discussing the possible physical rea-
sons for the strong DW pinning.

II. EXPERIMENTAL

Spin-valve trilayers with the composition Cu 3 nm/NiFe 5
nm/Cu 8 nm/Co 7 nm/CoO 3 nm/Si (100) were deposited by
dc magnetron sputtering. The incorporation of a thin CoO
layer allows one to increase the coercive field of the Co layer
by improving the structure growth. Zigzag-shaped nanowires
of widths 200 and 300 nm (see Fig. 1) were obtained using
electron-beam lithography combined with lift-off techniques.
Top electrodes made of Ti/Au are subsequently fabricated by
a second lift-off step. Unless stated otherwise, the images
and the results on DW movements shown in this paper refer
to 200-nm-wide nanowires.

Micromagnetic simulations were carried out to determine
the phase diagram of the DW structure in the NiFe layer of
the NiFe/Cu/Co nanowire, as a function of the nanowire
width and NiFe thickness.?® For 200-nm- and 300-nm-wide
nanowires with a NiFe thickness of 5 nm, transverse walls
(TWs) have lower energy than vortex walls (VW). In com-
parison to single NiFe nanowires,?’ the borderline between
TW and VW stability regions is shifted in favor of TWs due
to magnetostatic interaction between NiFe and Co magneti-
zations.
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FIG. 1. (Color online) (a) Topographic image of a 200-nm-wide

NiFe/Cu/Co nanowire. (b) XMCD-PEEM image of the magnetic

domain structure in the NiFe layer after application of a strong field

H transverse to the principal axis of the zigzag. (c) Schematic view

of the electronic circuit used for applying and monitoring the cur-
rent pulses.

The domain structure in the NiFe layers has been ob-
served by XMCD-PEEM at the European Synchrotron Ra-
diation Facility (beamline ID08) and at the Synchrotron
SOLEIL (beamline TEMPO). Both magnetic and current
pulses could be applied to the samples. A combination of
double stripline like microcoils and a homemade pulsed cur-
rent supply was used to produce the field pulses.”® The mag-
netic field is used for saturating the magnetization in the
straight sections of the nanowire or to reinitialize a multido-
main state prior to applying current pulses. Current pulses
were injected using a fast pulse generator providing voltage
pulses with a 0.2 ns risetime and a tunable length, ranging
from 0.5 to 12 ns. The actual current flowing through the
nanowires was deduced from the voltage measured across
the 50 ) input impedance of a 6 GHz oscilloscope con-
nected in series with the nanowires (Fig. 1).

Note that the current densities reported in this work are
calculated from the measured voltages assuming an inhomo-
geneous current distribution in the trilayer. Calculations
based on the Fuchs-Sondheimer model?>** show that only
around 10% of the total current flows in the NiFe layer. The
current-density values are approximately two times lower
than those obtained assuming a homogeneous current distri-
bution.

During the experiments, the voltage on the objective lens
of our Focus IS-PEEM was kept at 4—4.2 kV, in order to
avoid discharges onto the sample. This limits the spatial res-
olution to about 0.6 um.!' Even though the DW shape is
convoluted with the resolution Gaussian, the relative change
in the DW position can be detected with an accuracy of
about 30 nm. In order to image the domain structure in the
NiFe layer, the x-ray energy was tuned to the Ni L3 absorp-
tion edge (852.8 eV). To optimize the magnetic contrast, the
difference between two consecutive images obtained with
100% left- and right-circularly polarized x rays was com-
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FIG. 2. (a) Initial-state domain structure obtained for a 200-nm-
wide nanowire by applying a magnetic field pulse. DW structure
obtained after the application of 10-ns-long current pulses with an
amplitude of 4.2X 10" A/m> with (b) positive and (c) negative
polarities. The DW motion follows the direction of the electron
flow. (c) Application of a negative pulse, leading to the displace-
ment B-A, shows DW nucleation at site B.

puted. The presence of a rather thick Cu spacer (8 nm) layer,
combined with the limited escape depth of the secondary
electrons, prevents the Co domain structure from being im-
aged. Nevertheless, we were able to obtain information on
the magnetization state in the Co layer by studying specific
trilayers with a 5 nm Cu spacer. Some complementary im-
ages of the Co magnetization state in the samples with 8 nm
of Cu were obtained using the high-resolution ELMITEC
PEEM at the synchrotron ELETTRA, after sputtering off
part of the NiFe layer. These results will be presented in Sec.
D.

The XMCD-PEEM image contrast is given by the projec-
tion of the magnetization on the beam direction [see Fig.
1(b)], i.e., white (black) domains in all the images have their
magnetization pointing upwards (downwards), along the
nanowires. Note that the images have been all obtained in a
quasistatic mode, i.e., after application of a single pulse ei-
ther of current or magnetic field.

A. Current-induced DW motion

Figure 2(a) presents a typical NiFe multidomain magnetic
configuration obtained after the application of a transverse
magnetic field pulse of an amplitude not sufficient to saturate
the magnetization of each zigzag section. Application of a
10-ns-long pulse with a current density of 4.2 X 10" A/m?
leads to a displacement of most of the DWs. As expected for
spin-torque-driven motion, the direction of DW motion is
determined by the sense of the electron flow, as no magnetic
field is applied during the current pulses. The DWs can be
moved forth [Fig. 2(b)] and back [Fig. 2(c)] with opposite
current polarities, unless the pinning potential is stronger in
the final than in the initial position. The DW motion is not
symmetric for the opposite polarities, which is often the case
in our measurements, as we will show later. The average
velocity of a DW can be calculated by dividing the distance
traveled by a DW by the corresponding pulse duration. The
average velocity of the moving DWs in Fig. 2 ranged from
130 to 240 m/s.

An apparent DW motion against the electron flow was
sometimes observed. Every time that this was the case, a

FIG. 3. (a) Initial domain structure obtained with magnetic field
pulses before applying current pulses. (b) Head-to-head and tail-to-
tail DWs move together upon application of a current pulse (2.5 ns,
3.3 10" A/m?). White arrows indicate the initial position of the
DWs.

region with an intermediate XMCD intensity was observed
at the arrival point. These regions, like the one in Fig. 2(c) at
position B, can be due to 360° DWs smaller than our experi-
mental resolution (see Sec. II D for a more detailed discus-
sion). A one-directional expansion of such a 360° DW upon
application of a current pulse leads to an apparent domain
nucleation. Such an apparent domain nucleation at position B
in Fig. 2(c) would mean that the displacement A-C in Fig.
2(b) actually consists of two displacements, A-B and B-C.
Such “double” displacements were not often observed and
have not been taken into account in the statistical analysis of
Sec. II C.

To prove that the DW motion is governed by spin-transfer
torque and not by a residual magnetic field, Fig. 3 shows
head-to-head and tail-to-tail DWs moving together.

B. Determination of pinning strengths

Our previous results'' already showed that the DWs can
move at large velocities for relatively low-current densities,
as also seen in Fig. 2, but that the DW motion is strongly
hampered by pinning at local-defect positions. Here we sup-
port these conclusions by a systematic study showing the
effect of magnetic field pulses on the multidomain structure.
Figure 4 shows the NiFe domain structure obtained after

10 pm

4 mT, 40 ns pulse 5 mT 7mT 10 mT

FIG. 4. Measurement of the pinning strength of DWs in a 200-
nm-wide nanowire. The NiFe domain structure is imaged after ap-
plication of one 40-ns-long magnetic pulse of increasing amplitude,
going from 4 to 10 mT. The remaining small domains indicate the
sites with the largest pinning potentials.
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FIG. 5. (Color online) DW-velocity distributions obtained for a
200-nm-wide nanowire using a current density of 3.3
% 10" A/m? and pulse durations ranging from 3 to 200 ns. The
computed velocities for 200 ns pulses all lie in the region below 50
m/s. The columns represent a relative number of events of a given
pulse duration in the marked interval (0-50 m/s, 50-100 m/s, etc.)

application of one 40-ns-long magnetic pulse of increasing
amplitude. While some domain walls are unpinned by suc-
cessive field pulses, a complete saturation of magnetization
in the individual zigzag sections cannot be reached for the
maximum field of our experimental setup. This indicates that
the pinning strength at specific positions of the nanowire is
larger than 7 mT, i.e., the maximum field used here (10 mT)
projected on the direction of the zigzag section. DWs are
expected to be pinned at these positions also when spin
torque is the driving force for displacement.

C. Statistics of the current-induced DW motion

The XMCD-PEEM images taken after the application of a
single-current pulse of density 2 X 10''-4.2 X 10" A/m? to
an initial multidomain structure show that, in general, some
DWs move but also that many others are pinned. Taking into
account only the DWs that move for a given current pulse,
we have deduced DW displacement and velocity distribu-
tions for different pulse lengths and current densities (see
Figs. 5-7), starting from many different initial configura-
tions.

Note that these statistical distributions do not describe re-
peated displacements of the same DWs, but displacements of
a multitude of DWs in different parts of the nanowire. This
yields a good description of the average behavior of the sys-
tem, i.e., it is not burdened by a specific pinning potential of
a particular DW. DW displacements occurring between the
same pinning sites multiple times were removed from the
statistical file in order not to influence the distribution.

Figure 5 shows the distributions of DW velocities ob-
tained for a 200-nm-wide nanowire using a current density of
3.3x10'"" A/m? and different pulse lengths. For each pulse
length, approximately 50 events were analyzed. A very large
distribution of velocities is obtained, ranging from below 50
m/s to more than 600 m/s. The highest velocities could be
achieved only using 3-ns-long pulses. On the contrary, for
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FIG. 6. (Color online) Distributions of DW displacements com-
pared to the distribution of nearest-neighbor pinning site distances
in a 200-nm-wide nanowire, obtained for current densities in the
range 2% 10'"-4.2x 10" A/m?. For each pulse length, approxi-
mately 50 events were analyzed. The count of displacements is
integrated for each marked interval. Note that the spatial resolution
of our experiment did not allow determining pinning-site distances
smaller than 500 nm, though a relative DW displacement can be
determined with a higher precision.

very long current pulses (200 ns) only low velocities were
observed. A direct comparison of the DW motion obtained
with a large variety of pulse durations shows that the dis-
placements do not scale with the pulse length and that their
values are very close, in general. This strongly suggests that
the motion is actually limited by the positions of the pinning
sites. This also explains why only by using short pulses we
can provide a reliable estimate of the absolute value of the
DW velocity.
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FIG. 7. (Color online) DW displacement distribution in the NiFe
layer, induced by current pulses of variable density. The lines are
polynomial fits of the displacement distribution for a given current
density and represent guides to the eyes. In the inset the dependence
of average DW velocity on current density is shown.
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FIG. 8. (Color online) (a) XMCD image of a 200-nm-wide
nanowire with magnetization saturated by a transverse field, show-
ing regions of intermediate XMCD intensity associated to DW pin-
ning sites (indicated by white arrows). (b) Micromagnetic simula-
tions showing that a local defect associated to a variation in the Co
anisotropy direction induces a local tilt of the NiFe magnetization
that reduces the XMCD intensity. (c) Scanning electron microscopy
image of the nanowire showing no considerable lateral roughness.
(d) High-resolution PEEM images taken for NiFe and Co layers the
white arrows indicate the positions of selected gray zones in the Co
layer and the corresponding magnetization tilts in the NiFe layer.

In Fig. 6 we compare the integral distributions of current-
induced displacements for pulse durations of 3, 5, and 10
ns—including all current-density values—with the distribu-
tion of the apparent distances between potential pinning
sites, identified as zones with an intermediate XMCD inten-
sity (see Sec. IT D). These distances were determined from an
image of the saturated magnetic state, like in Fig. 8(a), where
the potential pinning sites are indicated by white arrows. A
clear correlation exists between the current-induced displace-
ment distributions and the distances between pinning sites,
confirming the influence of pinning on the DW motion.

Because of the large pinning probability, DW displace-
ments scaling with the pulse duration were only observed in
a few cases and for current pulses shorter than 12 ns. Given
the values of the DW velocities and the most probable pin-
ning site distances, it is clear that these events are unlikely: a
DW propagating freely at a velocity of 400 m/s moves by
4 pm in 10 ns; as seen in Fig. 6, there are indeed very few
regions of the nanowire where pinning sites are so distant.
We emphasize, however, that the occurrence of displace-
ments scaling with the pulse durations is an important proof
that the DW moves during the current pulse and not only
during the leading and falling edge of the current pulse.’!
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In Fig. 7 we present the dependence of the DW displace-
ment on the applied current density. Though the minimum
current density for which we observed DW motion was 2
X 10" A/m?, only distributions obtained for higher current
densities are shown. The average value of the DW displace-
ment first shifts toward higher values as the current in-
creases, but for the highest current values the average dis-
placement decreases. Given the influence of pinning on the
DW displacement, especially for long pulses, we emphasize
that the shift of the displacement distributions obtained
for large current densities was also present when only
short pulses of 5 ns were taken into account. Note that
the displacements shorter than the minimum measurable
pinning site spacing (i.e., less than 500 nm, see Fig. 7) are
exclusively induced by current densities higher than 4
X 10" A/m?. These displacements were obtained for pulse
durations of 3 to 10 ns as indicated in Fig. 6.

In the inset of Fig. 7, we display the dependence of the
average DW velocity on the injected current density. The
DW velocity value was obtained by dividing the average
DW displacement by the length of the corresponding current
pulse, either 3 or 5 ns. The average DW velocity increases
linearly with current density up to 4 X 10'' A/m?. Above
4% 10" A/m?, a substantial drop in the average velocity
occurs. The large error bars are mainly due the widening of
the displacement distributions caused by pinning.

D. Possible origin of pinning

DW pinning may be induced by structural, topographic,
or magnetic defects. In Sec. I A we showed that DWs usu-
ally stop and often get blocked for subsequent current pulses,
in regions with intermediate XMCD intensities [further
called “gray zones,” indicated, for example, in Fig. 8(a)].
These gray zones could be induced by features lowering the
total x-ray absorption, like artificial defects due to the lithog-
raphy process or to manipulation of the sample. We discard
this possibility, since the corresponding features are gener-
ally absent in the sum of the images obtained for right- and
left-circular polarizations. The reduced XMCD intensity is
thus of magnetic origin. Since the XMCD contrast is propor-
tional to the projection of the local magnetic moment on the
incoming photon direction [vertical in Fig. 8(a)], a modified
XMCD intensity can be caused by a tilt of the local magne-
tization away from the easy axis, by a reduction in the local
magnetic moment or by domains (360° DWs) smaller than
our spatial resolution. In the following, we discuss the dif-
ferent possible sources of DW pinning and their possible
relation to the gray zones.

1. Structural and topographic defects

Structural defects inducing DW pinning could be of in-
trinsic character, associated to grain boundaries or to a dis-
tribution of anisotropy directions among individual grains.
However, it is unlikely that these defects act as pinning sites,
as the magnetocrystalline anisotropy of NiFe is small and the
grain size deduced from transmission electron microscopy
images (not shown) is between 5 and 10 nm, much smaller
than the minimum measurable DW displacement. Moreover,
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similar features were observed for nanowires where the soft
magnetic layer was ultrasoft amorphous CoFeB, for which
the effect of grain boundaries and magnetic anisotropy
should be negligible.

DW may also be pinned by geometrical constrictions in
the nanowire®? or by lateral roughness arising from the li-
thography process. This mechanism is also unlikely, as the
scanning electron microscopy images [Fig. 8(c)] of our nano-
wires do not reveal substantial lateral roughness. Moreover,
the gray zones associated to DW pinning are on average
approximately 200-300 nm wide, much larger than the char-
acteristic length of the edge roughness.

2. Interlayer dipolar interactions

In SV nanowires, magnetic coupling between NiFe and
Co due to the orange-peel interaction associated to rough
interfaces might represent a possible source of DW
pinning.>* To check this, we have prepared specific spin-
valve samples with optimized interface quality. Using ion-
beam-assisted deposition with optimized deposition param-
eters, we succeeded in strongly decreasing the roughness of
the NiFe/Cu/Co interfaces and the magnetic interlayer cou-
pling was almost suppressed.3* Although the coercive field of
NiFe in these samples was decreased, the gray zones were
still present in the XMCD images. Interfacial roughness
should thus not be at the origin of these gray zones and the
associated DW pinning.

Stray fields associated with the presence of DWs or mag-
netic inhomogeneities in the Co layer are expected to have a
strong influence on the local magnetization of the NiFe
layer.? XMCD-PEEM measurements at the Co L; edge (779
eV) carried out for a NiFe/Cu/Co spin valve with a 3 nm Cu
spacer [see Fig. 9(a)] show that DWs in the Co layer are
always and exclusively located at the zigzag corners and are
therefore not responsible for the modified contrast in the
NiFe layer along the straight sections.

Note, however, that the stray field associated with the Co
DWs strongly influences the local domain configuration in
the NiFe layer, like it was observed for continuous trilayer
films.? The domain structure in the NiFe layer near the cor-
ners of the zigzag provides a signature of the mutual orien-
tation of the two ferromagnetic layers. If Co and NiFe mag-
netizations are parallel, the stray field of the Co DW locally
reverses the magnetization in the NiFe layer, giving rise to
the three DWs shown in the white circle in Fig. 9(b). If Co
and NiFe magnetizations are antiparallel, the magnetic flux
closes naturally and a single DW is formed [Fig. 9(c)]. This
strong coupling prevents current-induced DW motion across
the corners in the NiFe layer. This source of DW pinning can
be avoided by creating a single domain in the Co layer along
the nanowire.

None of the effects mentioned above seems sufficient to
explain both the gray zones and the associated DW pinning.
Therefore we think that these gray zones are induced by
dipolar interactions between NiFe and Co layers. These di-
polar interactions will lead to a local tilt in the NiFe magne-
tization whenever a tilt is present in the underlaying Co layer
magnetization, for instance, caused by anisotropy defects. In
order to verify this, we have carried out micromagnetic
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FIG. 9. (Color online) XMCD images of the NiFe and Co layers
of a NiFe/Cu(3 nm)/Co trilayer structure, obtained after application
of a strong field in the transverse direction. (a) The image taken at
the Co Ly edge shows that the DWs in the Co layer are located
exclusively at the zigzag corners; in the NiFe, two kinds of domain
structures can be found close to the corners, depending on whether
the NiFe and Co magnetizations are (b) parallel or (c) antiparallel.

simulations using the OOMMF code.*® We considered a 200-
nm-wide NiFe(5 nm)/Cu(5 nm)/Co(5 nm) spin-valve struc-
ture. Both layers were initially uniformly magnetized along
the wire direction, except in a 200 X 200X 5 nm? region of
the Co layer where the anisotropy direction is tilted by 45°,
within the surface plane. Regions of comparable size consist-
ing of grains with close crystallographic orientations were
recently observed by focused ion-beam etching of thin Co
films.3” The system was then allowed to relax under zero
applied magnetic field. The following parameters were used
in the simulation: spontaneous magnetization My °
=800 kA/m, MS°=1400 kA/m, exchange constant AJ'®
=1x107" J/m, AS?=3x10""" J/m, and magnetocrystal-
line anisotropy K)"°=0 kJ/m?, K$°=520 kJ/m*® (as for
bulk hcp Co). The cell size was set to 4 X4 X5 nm>. The
results show that the shape anisotropy is not strong enough
to overcome the Co magnetocrystalline anisotropy and to
align the magnetization within the defect along the nanowire
[see Fig. 8(b)]. The stray field associated with the Co defect
locally tilts the NiFe magnetization by about 35°. Such a
magnetization tilt should strongly modify the XMCD con-
trast in both layers, as observed in high-resolution PEEM
images of a NiFe/Cu(8 nm)/Co nanowire [Fig. 8(d)].

Obviously, the tilt angle of the NiFe magnetization should
depend on the value of the magnetocrystalline anisotropy in
the Co layer and on the defect volume. However, we found
that for a 200X 200X 5 nm? defect the magnetization tilt in
both layers was not modified upon reducing the magneto-
crystalline anisotropy in the Co layer by 1 order of magni-
tude.

The stray field generated by a defect in the Co layer rep-
resents a considerable obstacle for DW motion in the NiFe
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FIG. 10. (Color online) (a) Micromagnetic simulations showing
the effect of an anisotropy defect in the Co layer on the mobility of
a DW in the NiFe layer. Each sketch represents the top view of the
magnetization distribution in Co (bottom) and NiFe (middle and
top) layers under the application of a 4 mT magnetic field which
drives the DW, initially in the left part of the nanowire, toward the
defect. When the magnetization of the NiFe DW is in the same
direction as the stray field induced by the Co defect just underneath
(middle sketch) the DW is pinned at the defect position. When the
Co stray field and the NiFe DW magnetization directions are anti-
parallel (top sketch) the DW is pushed against the region above the
Co defect but cannot be moved across it. However, the DW is free
to move away from the defect. (b) High-resolution PEEM images of
a 200-nm-wide NiFe/Cu/Co nanowire. The Co images were ob-
tained after removing part of the NiFe layer. White arrows indicate
the positions of possible 360° DWs in the NiFe layer.

layer. To illustrate this, we performed micromagnetic simu-
lations in which a TW in the NiFe layer was driven toward
the defect under the application of a 4 mT external magnetic
field. If the orientation of the transverse component of the
stray field and the direction of the magnetization in the NiFe
DW are parallel, the DW gets pinned above the Co defect
[Fig. 10(a), middle]. In the case of antiparallel alignment
[Fig. 10(a), top], the DW cannot even sit atop the Co defect,
because of the high-energy cost associated to the dipolar in-
teraction. Thus, whatever the magnetization direction of the
DW, a field of 4 mT cannot drive a DW across the region
where the Co stray field is present. Similar effects are ex-
pected when the DW motion is induced by the electrical
current.

When applying current pulses to the NiFe/Cu/Co nano-
wires, interactions can take place between a DW pinned
above a Co defect and a free DW. On one hand, when two
DWs of the same chirality approach they can annihilate.*® In
that case, we expect to obtain a gray zone in our XMCD
images, at the position where one of the DWs was pinned.
On the other hand, if two DWs of opposite chirality approach
a 360° DW is formed.3® Possible 360° DWs can be seen in
the high-resolution PEEM images of Fig. 10(b). Because of
the limited resolution of the standard IS-PEEM used for the
study of DW dynamics, we cannot distinguish between a

FIG. 11. Reproducible back and forth motions of two DWs be-
tween pinning sites using 2.5 ns current pulses of opposite polarity
and a current density of 3.5X 10" A/m?.

simple magnetization tilt and such a 360° DW. However,
nucleationlike effects at the gray zones can be due to expan-
sion of such a DW.

III. DISCUSSION

Recent studies have shown that the depinning probability
of a DW from an artificial defect (like a notch!%323940 or a
bend*!) in nanowires is highly stochastic, both for field*>*+
and current’? pulses. The threshold current for DW depin-
ning depends on the shape of the pinning profile** and on the
temporal shape of the current pulse®’ and can be different for
dynamic and static pinning.*® Considerable domain-wall
pinning?>?347 can also be induced by natural defects, in
which case similar pinning barriers for different defects have
been reported.”? In our spin-valve nanowires, most DWs
were depinned within the range of current densities we ap-
plied. However, some DWs at particular positions in the
nanowire were impossible to move. As discussed above, the
most likely origin of this strong DW pinning is the dipolar
interaction between the magnetization of the NiFe layer and
the anisotropy defects in the Co layer.

Our results clearly indicate that DW pinning is the main
drawback for the use of spin-valvelike systems in DW
memory applications. Several solutions are now being stud-
ied to decrease the pinning. Switching to epitaxial systems
might be the solution for obtaining trilayers with fewer de-
fects. It can be foreseen that once pinning will be better
understood and controlled and reproducible DW motion will
be obtained, spin-valve devices could become a very valu-
able system for applications. This is demonstrated by the
reproducible back and forth motions between two pinning
sites that we could obtain many times using 2.5 ns current
pulses of opposite polarity and a relatively low-current den-
sity (3.5 10" A/m?) (Fig. 11).

Pinning-limited DW motion may explain ambiguous re-
sults reported in the literature for both NiFe and NiFe/Cu/Co
systems. When very long pulses are used,>' the DWs are
likely to move only during the first part of the pulse before
being pinned, leading to DW displacements not proportional
to the pulse length and underestimated DW velocities. Our
present study confirms that DW pinning during the pulse has
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to be taken into account before discussing the DW dynamics.

One of the obstacles for determining the DW velocity is
caused by nucleation and annihilation of domains, which we
observed particularly at high-current densities, thus increas-
ing or decreasing the apparent DW velocity. It was theoreti-
cally shown that large spin currents applied to a uniform
ferromagnet lead to a spin-wave instability resulting in
nucleation of magnetic domains.*® Current-induced domain
nucleation was also observed experimentally, by measure-
ments of giant magnetoresistance in SV nanowires*’ and by
Lorentz microscopy and electron holography.*® These studies
suggest that good heat dissipation through the substrate is
essential. Thomas et al.>’ showed that 9 ns pulses with a
current density of 5X10'" A/m? applied to spin-valve
nanowires deposited on SiO,-coated Si wafers were suffi-
cient to reach the Néel temperature of the antiferromagnetic
IrMn (~700 K) which they used for pinning of the hard
magnetic layer.

In our measurements, the shape of the current pulse was
recorded on an oscilloscope in order to check the effect of
current-induced heating on the nanowire resistance. Even for
the highest current density we applied, 4.2 X 10'" A/m? in
the NiFe layer (9.5X 10'' A/m? for homogeneous current
distribution), we did not observe any decrease in the current
amplitude due to heating for current pulses as short as 10 ns.

Recently, we used time-resolved XMCD-PEEM (Ref. 51)
to demonstrate that the Oersted field generated by the current
flowing in Cu and Co layers of a SV nanowire strongly af-
fects the NiFe magnetization direction during current pulses.
Clear changes in the XMCD contrast during the application
of a current pulse revealed that the NiFe magnetization tilts
by a relatively large angle in the direction transverse to the
nanowires. Even if the Oersted field is not specific to SV
nanowires,? its impact is increased in such devices because
of its opposite action on the Co and the NiFe magnetizations.
In particular, the dipolar interaction tends to amplify the op-
posite magnetization tilts initiated in NiFe and Co layers by
the Oersted field.

Besides its influence on the quasistatic magnetic configu-
ration in SV nanowires, we also clearly observed that the
Oersted field torque affects the magnetization dynamics, by
inducing a precession of the magnetization around the effec-
tive transverse field.>' This phenomenon might be respon-
sible for domain nucleation above a threshold current den-
sity. This nucleation is most likely to occur at locations
where a magnetization tilt in the transverse direction is al-
ready present before the current pulse, like at position B in
Fig. 2(c). In Ref. 19, a nonexplained reversal of the direction
of the DW motion was observed above a certain current
threshold value in SV nanowires similar to ours. Our results
suggest that this effect could possibly be explained by the
nucleation of a domain followed by DW motion in the direc-
tion of the electron flow, as proposed in Sec. II A. It is clear
that a direct observation of the domain structure and DW
motion using magnetic imaging can greatly help understand-
ing the results obtained using magnetoresistance measure-
ments.

An Oersted field might also modify the DW shape result-
ing in either a widening or a narrowing of the DW. If the DW
widens, depinning becomes easier and thus might explain the

PHYSICAL REVIEW B 81, 224418 (2010)

lower critical-current densities found for SV nanowires!’1°

with respect to single NiFe nanowires.!>!> The lowest cur-
rent density for which DW motion was observed in our de-
vices was 2X 10" A/m? for the 200-nm-wide nanowire.
This is 3—4X lower than those published for single NiFe
nanowires for similar thicknesses and widths of the NiFe
layer.> For thicker and wider NiFe layers, a decreasing trend
of critical-current density has been found.'? The actual de-
pinning current value is determined by the strength of the
individual pinning sites. In our experiments, once depinned,
the DWs are able to move at high velocities, showing that we
work well above the intrinsic critical density. However, be-
cause of the short-pulse length and spatial-resolution limita-
tions, DW motion at very low velocities could not be de-
tected.

In contrast to previous publications where very low values
of DW velocities (most probably influenced by the length of
the pulses) were reported for single NiFe nanowires,’! Ha-
yashi et al.'"> demonstrated a maximum DW velocity of 110
m/s in 200-nm-wide NiFe nanowires at zero field. This high
velocity was obtained for optimized nanowires in terms of
DW pinning.>* In SV nanowires, we find a maximum DW
velocity of about (700 =20) m/s induced by a 3 ns pulse of
a current density of 3.9 10" A/m? and more often veloci-
ties in the range of 600—650 m/s. We think that the Oersted
field may strongly influence the DW dynamics. Transverse
DWs with a magnetization parallel to the Oersted field
should be stabilized. This mechanism probably leads to a
shift or a suppression of the Walker breakdown and therefore
allows high velocities to be reached. This effect is equivalent
to that observed for field-induced DW motion, where Glathe
et al.> have shown that application of a transverse magnetic
field can considerably increase the longitudinal field for
which the Walker breakdown takes place. Micromagnetic
simulations including the Oersted field are under progress to
confirm this hypothesis. Another specificity of the SV nano-
wires is the existence of spin accumulation inside the Cu
spacer layer in the region of the DW that can give rise to a
spin current injected vertically into the DW. This additional
channel for the spin transfer from the current to the magnetic
moments inside the DW might improve the spin-transfer ef-
ficiency, as theoretically shown by Khvalkovskiy et al.?’ For
a planar polarizer (as in our case) they predict a linear de-
pendence of the DW velocity with the injected current den-
sity with velocities above 200 m/s for a current density of
2x 10" A/m?. Even if the comparison with our experi-
ments is not straightforward as we inject the current in the
film plane, this additional spin-transfer torque due to local-
spin accumulation can also contribute to the very large DW
velocities. Recently, Boone et al.?! have observed DW ve-
locities up to 800 m/s in the NiFe layer of a SV nanowire by
measuring the resonant excitation of a DW in a local pinning
potential by a vertical current injection (current density of
Je=9 X% 10" A/m?). This velocity value, obtained with the
current flowing entirely in the direction perpendicular to the
multilayer plane, is very close to our observations.

Finally, we discuss the decrease in the average DW veloc-
ity observed for current densities above 4 X 10! A/m?. This
decrease could be related to the increase in the total number
of DWs that are moving at high-current densities, as we have
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FIG. 12. Domain structures obtained: (a) before and (b) after the
application of a 10 ns pulse of a current density of 4.1
X 10" A/m?; (c) before and (d) after the application of a 5 ns
pulse of current density 3.1 10'" A/m2. The displacement in-
duced by the first stronger and wider pulse is shorter than that
induced by the subsequent shorter pulse of lower current density.
Positions of the DW are indicated by white arrows.

observed in our images. The increased depinning probability
of some strongly pinned DWs may give rise to shorter aver-
age DW displacements. This hypothesis is contradicted by
the observation that some DWs that are mobile at low-
current densities move over a substantially shorter distance
for current density above 4 X 10'" A/m?, as shown in Fig.
12. This suggests that the observed decrease in the DW ve-
locity above a certain current density is real and not an arti-
fact due to the measurement procedure or to pinning restric-
tions.

The impact of the Oersted field is again probably at the
origin of the drop in the DW velocity observed above a cer-
tain threshold current density. On one hand, the Oersted field
can stabilize the transverse walls, but on the other hand, it
induces precession of the DW during its motion which might
be a cause for the velocity drop above 4 X 10'"" A/m?. The
Oersted field also leads to a widening of the DW which
could result in a lower efficiency of the nonadiabatic com-
ponent of the spin torque and therefore lead to lower veloci-
ties.

PHYSICAL REVIEW B 81, 224418 (2010)

IV. CONCLUSION AND PERSPECTIVES

Using XMCD-PEEM microscopy, we have demonstrated
very high velocities for current-induced DW propagation in
NiFe/Cu/Co trilayered nanowires with maximum velocities
exceeding 600 m/s. These velocities are 4 to 5 times larger
than the maximum value reported for other in-plane aniso-
tropy systems.'> However, we also give clear evidence that
the DW motion is strongly hindered by the presence of a
large number of pinning sites.

The origin of this higher efficiency of the spin transfer in
SV nanowires is most probably manifold. On one hand, ver-
tical spin currents resulting from a local-spin accumulation
in the Cu spacer can provide an additional channel for the
spin transfer resulting in large DW velocities.?*?! On the
other hand, the exact role of the Oersted field has to be
investigated. For example, the Oersted field might increase
the depinning probability of a DW with a parallel magneti-
zation and stabilize the DW structure during its motion.
However, it can also induce DW widening which might be
responsible for a decrease in spin-torque efficiency at high-
current densities.

High DW velocities achievable at relatively low current
densities make spin-valve systems promising for spintronic
devices based on DW displacement. Such trilayers are natu-
rally much more complex than the generally used NiFe sys-
tems and for a successful optimization many different as-
pects, and, in particular, DW pinning, have to be addressed.
We have identified several potential pinning sources, among
which the dipolar interaction of the NiFe layer with Co an-
isotropy inhomogeneities is the most probable. This effect
remains to be suppressed or controlled in order to be able to
discover the full capabilities of the system and to employ it
in the future DW devices.
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