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Abstract

The manipulation of a magnetic domain wall (DW) by a spin polarized current
in ferromagnetic nanowires has attracted tremendous interest during the last
years due to the fundamental questions it raises in the fields of spin dependent
transport phenomena and magnetization dynamics but also due to promising
applications, such as DW based magnetic memory concepts and logic devices.
We comprehensively review recent developments in the field of geometrically
confined domain walls and in particular current induced DW dynamics. We
focus on the influence of the magnetic and electronic transport properties of the
materials that have been shown to play a key role on the spin transfer effect in
DWs. After considering the different DW structures in ferromagnetic nanowires,
the theory of magnetization dynamics induced by a spin polarized current is pre-
sented. We first discuss the different current induced torques and their origin
in the light of recent theories based on simple s-d exchange model and beyond.
This leads to a modified Landau-Lifshitz-Gilbert equation of motion where the
different spin transfer torques are included and we discuss their influence on

the DW dynamics on the basis of simple 1D models and recent micromagnetic
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simulations studies. Experimental results illustrating the effects of spin transfer
in different ferromagnetic materials and geometries constitute the body of the
review. The case of soft in-plane magnetizted nanowires is described first, as it
is the most widely studied class of ferromagnetic materials in this field. By di-
rect imaging we show how confined domain walls in nanowires can be displaced
using currents in in-plane soft magnetic materials and that using short pulses,
fast velocities can be attained. While a spin polarized current can trigger DW
depinning or displacement, it can also lead to a modification of the DW struc-
ture, which is described in detail as it allows one to deduce information on they
underlying spin torque terms. High perpendicular anisotropymaterials charac-
terized by narrow wide domain walls have raised considerable interest. These
materials characterized by only nm wide DWs combined several key advantages
over soft magnetic materials such as higher non-adiabatic effects leading to lower
critical current densities and high domain wall velocity. We review recent ex-
perimental results obtained in this class of materials and discuss the important

implications they entail on the nature of the spin torque in DWs.

1. Introduction

The physics of surfaces, interfaces and nanostructures has become one of
the main areas of research, due to the trend in science and technology towards
miniaturisation of physical systems into the nano-scale. From the scientific
viewpoint, such systems pose a whole new set of problems, both theoretical and
experimental. Fundamentally, novel properties emerge in magnetic elements as
the lateral structure dimensions become comparable to or smaller than certain
characteristic length scales, such as spin diffusion length, carrier mean free path,
magnetic exchange length, domain wall width, etc. The effects of the governing
energy terms determine the interplay between the relevant physical length scales
and the sizes of the structured materials.

But not only from a basic physics point of view, have magnetic nanostruc-

tures moved into the research focus, but they have also been at the heart of a



multitude of devices ranging from sensing applications to data storage. Prob-
ably the best known storage device is the magnetic disc drive [1], which was
pioneered in the 1950s by IBM with the RAMAC and since then the storage
density has seen a gigantic exponential increase. While hard drives continue to
excel in the high capacity market, they entail nonetheless disadvantages, which
have led to other memory concepts replacing them for applications, such as
lower density mobile storage. A well-known example are MRAMs where the
information is stored in the magnetization direction of a magnetic nanoelement.
Novel storage class memory devices have also been put forward such as the
magnetic shift register [2-5], based on nanoscale magnetic wires with domains
delineated by domain walls representing the bits.

While the existence of domains in bulk materials and in continuous films
could often be attributed to defects (at least for soft magnetic materials), the
situation is radically different when structures are patterned into nanoscale el-
ements. Here a magnetization configuration that constitutes the lowest energy
state is often a multidomain state with domain walls, since the dipolar inter-
action (stray field) leads to the magnetization being parallel to the element
edges, which then results in a spatially inhomogeneous magnetization distrib-
ution (domains). These domains and domain walls occur, when the geometry
changes from the bulk to the nanoscale, since then the magnetic properties of
ferromagnetic elements start to be governed by the element geometry and not
only by the intrinsic materials properties. Such behaviour and in particular
the magnetization configurations and reversal in small magnetic elements have
been reviewed in detail for instance in Refs. [6, 7]. Such a strong dependence
on the geometry allows one then to tailor the magnetization configuration and
spin switching by appropriately engineering the geometry. The magnetization
configuration that constitutes the lowest energy state in a small magnetic struc-
ture can for instance be set to a multidomain state with domain walls, since
the dipolar interaction (stray field) leads to the magnetization being parallel to
the element edges. This results in a very reproducible and controllable spatially

inhomogeneous magnetization distribution (domain configuration) [7].



The presence of useful spin structures is though not sufficient, since one
needs to manipulate these. Conventionally this is done by applying magnetic
fields and different reversal modes can be triggered [7]. Field-induced switch-
ing though exhibits poor scaling as the necessary current densities to generate
the switching fields increase with decreasing design rule of the structure size.
An alternative approach that has recently become available is to employ spin-
polarized currents to manipulate the magnetization. This approach is not only
exciting from the point of view of applications, but entails significant novel
physics, which has only recently started to be explored. Its principle is based
on the spin transfer effect which occurs when the direction of the current spin
polarisation traversing a media is not aligned with the local magnetization. The
exchange interaction then leads to a transfer of the current spin angular momen-
tum to the magnetization which thus feels a torque. This torque can generate
dynamical states of magnetization and in particular reverse its direction. The
spin transfer effect was thus shown to be able to reverse the soft layer of a giant-
magnetoresistive multi-layer structure [8] or excite steady precession state [9].
As recently demonstrated, spin-transfer effects can also be used to displace a
magnetic domain wall by injecting current, which is at the heart of this re-
view. This effect shows potential for novel memory and logic devices based on
domain-wall propagation as it could simplify designs by eliminating magnetic
field-generating circuits. While field-induced domain-wall motion is well estab-
lished, current-induced domain-wall motion is now starting to be more and more
understood and the field is now sufficiently mature to warrant a review from an
experimental point of view. An excellent review on the theory has been provided
by Tatara et al. [10]. We have structured the review as follows. In section 2
we explain and discuss the domain wall spin structures present in soft magnetic
materials with in-plane magnetization (2.1) and high anisotropy materials with
out-of-plane magnetized layers (2.2). In section 3 the theory of the spin transfer
torque effect leading to domain wall motion is presented. Section 4 deals with
experimental observations starting with a brief description of the techniques em-

ployed. Then the main results for experimental observations of current-induced



domain wall motion are summarized for both in-plane and out-of-plane magne-
tized materials. Particular emphasis is given to the determination of the spin

torque terms from these measurements. The review is concluded by a summary.

2. Magnetic domain walls in nanowires

Domain walls, which constitute the boundary between domains, have been
intensively researched in the past, though with a focus on the domain wall types
that occur in the bulk or in continuous films. The most prominent examples are
the Bloch and the Néel wall types, which occur in continuous thin films [11-13].
A thorough overview of such domain walls is given in Ref. [6]. While previously
relatively low resolution imaging has been used to image the wall position, the
advent of high resolution imaging techniques has opened up the possibility to
image the actual domain wall spin structure on the nanoscale. In addition to
imaging the relaxed spin structure, the dynamics on the picosecond timescale
can be imaged. In this section the domain walls and related spin structures
are reviewed firstly for the case of soft magnetic materials then in out-of-plane

magnetized materials with a strong perpendicular anisotropy.

2.1. Domain Wall Spin Structures in Soft Magnetic Materials

In this section, the domain walls spin structures in soft magnetic materials
are reviewed. After a brief summary of the techniques employed for the fabri-
cation of the nanostructures, the actual wall spin structures are discussed and

their dependence on the geometry is explained.

2.1.1. Techniques

For all these investigations, high quality magnetic nanostructures have to
be fabricated. The prevailing geometries to study head-to-head domain walls
are straight and zig-zag wires, U-shaped, L-shaped and half-ring elements as
well as full rings. Ring elements have proven to be a useful geometry for the
investigation of domain walls since due to the high element symmetry, walls
can be easily created and positioned by applying an external uniform magnetic

field [14, 15]. Ferromagnetic rings can be in the flux closure vortex state or in



the onion state, where they exhibit 180° head-to-head and tail-to-tail domain
walls [14, 16]. In order to make sure that the domain walls exhibit the same
behaviour in straight parts of the structure as in the curved parts, the radius
of the curvature should be much larger than the width, since otherwise the wall
can be pinned by the variation in the geometry [17].

In order to make the structures, a range of fabrication methods is avail-
able and details as well as reviews can be found in [16, 18-20]. In particular
for techniques based on x-ray transmission, the structures have to be defined
on membranes, which entails certain complications as discussed in [19]. With
the advent of advanced nano-lithography [21], which allows one to fabricate
well-defined nanoscale magnetic wires, such nanostructures have become read-
ily available. The samples are often prepared using electron beam lithography
including deposition of materials combinations, such as permalloy/Au by mole-
cular beam epitaxy, Pt/Co/Pt multilayers by sputtering, etc. using a naturally
oxidized Si wafer as the substrate and a double lift-off process [21] or post-
deposition etching for the pattern transfer (for details of different processes, see
various articles in Ref. [22]).

To study domain walls and their dynamics, different methods are employed
as detailed later in 4.1. Direct imaging of spin structures can be carried
out using scanning probe techniques (magnetic force microscopy (MFM), spin-
polarized scanning tunneling microscopy, scanning hall microscopy, etc.), magneto-
optical techniques (MOKE), electron microscopy and in particular synchrotron
- based microscopy techniques. Introductory overviews and more detailed de-

scriptions of the techniques can be found in various articles in [22].

2.1.2. Domain Wall Types and Wall Phase Diagrams

Theory of head-to-head domain wall spin structures. To understand theoreti-
cally the domain wall types and their spin structures in nanostructured soft
magnetic materials, we need to briefly consider the energy terms that lead to
the wall formation. The wall spin structure is a result of the energy minimiza-

tion (to be more precise the minimization of the appropriate thermodynamic



potential, which is usually the Landau Free Energy (though often entropy effects
are neglected and only the internal energy is considered) [7, 23]). Without any
externally applied fields and since we neglect anisotropies, the two governing
energy terms are the exchange energy, which is at the heart of ferromagnetism,
and the stray field energy due to the dipolar interaction of the spins. Qual-
itatively this means that if the exchange dominates, the wall should be very
wide, so that there is only a small angle between adjacent spins resulting in a
small exchange energy. If the stray field energy dominates, the spins try to stay

parallel to the structure edge as much as possible, resulting in a narrower wall.
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Figure 1: (Color online) (a) Schematic depiction of a magnetic wire with two domains pointing
in opposite directions (red and blue arrows) and a domain wall (dotted line) separating the
domains. The length of the wire is along the x-direction, the width W along the y-direction
and the thickness t along the z-direction. Top view (x-y plane) of the spin structure of a
transverse head-to-head domain wall (b) and a vortex head-to-head domain wall (c).

To go beyond such qualitative considerations, numerical calculations are nec-
essary to ascertain the spin structures that constitute local energy minima (sta-
ble wall structures). For the case of domain walls in wires, such micromagnetic
simulations [24-26] were carried out by McMichael and Donahue in 1997 [27].
Two wall spin structures were predicted to occur: transverse walls (TW, see
Fig. 1 (b)) and vortex walls (VW, see Fig. 1 (c)). In the case of the transverse

wall, the spins rotate in the plane of the structure (Fig. 1 (b)). The vortex wall



exhibits a very different spin structure. Here the spins curl around the vortex
core, where the magnetization is pointing out of the plane (Fig. 1 (c)) [28-30].
This yields a fourfold energetically degenerate state where the in-plane magne-
tization can crul clockwise or counter-clockwise and the out-of-plane vortex core
points up or down. The energies of the two wall types vary with geometry and
material and can be calculated from the simulations. More instructive though
is an analytical calculation of the energies of the two wall types as a function of
geometry, as carried out by McMichael and Donahue [27]. They assumed that
as a first approximation, the difference in stray field energies between the two
wall types is effectively the stray field of the transverse component in the TW,
which is less present in the VW. They calculate this stray field energy difference
to be
1 2,2
AEstrayfield = —glLoMst w, (1)

with M the saturation magnetization, t the thickness and W the width of the
structure [27]. For the difference in exchange energies they assume that it is
given by the vortex in the VW, which yields
AE,, =~ 2t Aln -0 (2)
T'min
with A the exchange constant, t the thickness, rya.x the outer radius of the
vortex, which is assumed to be half the strip width and rp;, the inner radius
of the vortex, which is given by the vortex core radius §. From this we can
now deduce a ”phase diagram” where the energetically favourable wall type
is determined as a function of the geometry (width, thickness). In particular
to obtain the phase boundary, which delineates the region where one wall is
favoured or the other, the sum of the energy differences is set to zero (both wall
types have the same energy). Neglecting the weak logarithmic dependence this
yields Wt ~ const, with the constant depending on the material. This means
that in a width vs. thickness diagram the phase boundary is a hyperbola.
These calculations were later refined by Nakatani and Thiaville [31] and

they found, in addition to symmetric transverse walls, tilted transverse walls



that constitute the energy minimum in a small range of geometries and such
tilted transverse walls were actually observed experimentally [32].

These micromagnetic simulations were carried out in the OK limit, but the
influence of thermal excitations on the wall spin structure has also been inves-

tigated theoretically [33, 34].

Ezxperimental determination of head-to-head domain wall spin structures.

Spin structures in NiggFeyy (Permalloy) Here the main properties of
head-to-head domain walls are presented, while a more extensive discussion can
be found in [17]. To study the domain wall types experimentally [35, 36], arrays
of 5 x 5 polycrystalline Co and Permalloy (NiggFeag) rings with different thick-
nesses and widths were fabricated as described in [20, 37]. For the investigation
of the phase diagram, the edge-to-edge spacing between adjacent rings was more
than twice the diameter to prevent dipolar interactions which might otherwise
influence the domain wall type (see [17, 38] for a study of interacting domain
walls). To determine the spin structure of the domain walls as a function of
the ring geometry, the samples were first saturated with an external field and
then after the field is reduced to zero, the resulting domain wall spin structure

is imaged.

Figure 2: (from [36]) Spin structure of (a) a vortex and (b) a transverse wall simulated using
OOMMEF. PEEM images of (c¢) 30 nm thick and 530 nm wide (outer diameter D = 2.7 yum), (d)
10 nm thick and 260 nm wide (D =1.64 pm), and (e) 3nm thick and 730 nm wide (D =10 pum)
Permalloy rings in the onion state. The gray scale indicates the direction of the magnetic
contrast.
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In Fig. 2, we present PEEM images of (¢) a thick and wide Permalloy ring, (d)
a thin and narrow ring, and (e) an ultrathin ring measured at room temperature.
The contrast of the images is explained in (a) and (b). The domain wall type was
systematically determined from PEEM images for more than 50 combinations
of ring thickness and width for both Permalloy and Co and the quantitative
phase diagrams shown in Figs. 3 (a) and (¢) were extracted (a similar phase
diagram was also obtained in Ref. [39]). The phase diagrams exhibit two phase
boundaries indicated by solid lines between vortex walls (thick and wide rings,
squares), transverse walls (thin and narrow rings, discs), and again vortex walls

for ultrathin rings.
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Figure 3: (Color online) (partly from [35, 36]) Experimental phase diagrams for head-to-head
domain walls in (a) Permalloy and (c) Co rings at room temperature. Black squares indicate
vortex walls and red discs transverse walls. The phase boundaries are shown as solid lines.
(b,d) Comparison of the upper experimental phase boundary (solid lines) with results from
calculations (dotted lines) and micromagnetic simulations (dashed lines).

We discuss first the upper boundary shown in Figs. 3 (a,c). This phase
boundary was investigated theoretically by McMichael and Donahue as de-
scribed above [27]. The theoretical phase boundary (dotted lines) is shifted

11



to lower thickness and smaller width compared to the experimental boundary
(solid lines in Figs. 3 (b,d)). This discrepancy can be understood by taking
into account the following: The calculations [27] compare total energies and
therefore determine the wall type with the absolute minimum energy as being
favorable. In the experiment, the wall type was investigated after saturation of
the ring in a magnetic field and relaxing the field to zero. During relaxation, first
a transverse wall is formed reversibly [40]. For the formation of a vortex wall,
an energy barrier has to be overcome to nucleate the vortex core, which leads
to a hysteretic behaviour of the wall formation. So the observed spin structure
does not necessarily constitute the absolute minimum energy, but transverse
walls can be observed for combinations of thickness and width where they con-
stitute local energy minima even if a vortex wall has a lower energy for this
geometry. Next we have simulated the experiment by calculating the domain
wall spin structure after reducing an externally applied field stepwise using the
OOMMEF code [41] (for Permalloy: Mg=800 x 10> A/m, A=1.3 x 107! J/m;
for Co: My =1424 x 103 A/m, A=3.3 x 10711 J/m; for both: damping constant
a=0.01, cell size 2-5nm). The simulated boundary (dashed line) is shifted
to higher thickness and larger width compared to the experiment. This can
be attributed to the fact that thermal excitations help to overcome the energy
barrier between transverse and vortex walls in the case of the room tempera-
ture experiment, while they are not taken into account in the 0K simulation.
Thus we can expect that for temperatures above room temperature the upper
experimental phase boundary is shifted to lower thickness and approaches the
theoretical phase boundary. In other words, transverse walls formed at room
temperature change to vortex walls with rising temperature.

In addition to studying domain wall spin structures in Permalloy and Co, we
have also used XMCD-PEEM to image domain walls in amorphous CoFeB [42].
Here we find that due to the reduced saturation magnetization, transverse walls
prevail for all the geometries studied (up to 1500 nm width and 20 nm thick-
ness) [42].

Transverse and vortex walls have also been imaged using TXM [43] and
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vortex cores have been imaged by STXM [44, 45] and electron holography [29]

in 3d metal structures with similar geometries to those we discussed here.

Further head-to-head domain wall types. The description in the context of the
phase diagrams presented here is limited to a certain geometry regime and
to soft materials with no or low magnetocrystalline anisotropy. In structures
with material specific anisotropies and in elements that are significantly wider
than a1 um, we observe more complicated domain wall spin structures such as

distorted transverse walls and these are discussed in detail in [17, 46, 47].

(a) (d)

Figure 4: ((a-f) from [48], (g,h) courtesy of G. Meier taken at the XM-1 microscope at the
Advanced Light Source in Berkeley) Further domain wall types in a 1 pm wide and 28 nm
thick Permalloy wire. The magnetization direction is given by the grey scale bar: (a) Single
vortex wall (VW type) located next to a kink in the wire; (b) Double vortex wall with two
parallel vortices and an antivortex in between (2P type); (¢) Micromagnetic simulation of such
a 2P wall, visualizing the spin structure; (d) Double vortex wall with two anti-parallel vortices
(2AP type); (e) Extended vortex wall; (f) Triple vortex wall with three parallel vortices and
2 anti-vortices (3P). In (g) and (h) TXM images of domain walls in 960 nm wide and 80 nm
thick permalloy wires are shown. The spin structure of the 2P type in (g) agrees well with
the PEEM image in (d) while (h) shows a more complicated multi-vortex wall type.
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Complex wall types in permalloy In general, in wider structures, the
influence of shape anisotropy is reduced and thus more complicated spin struc-
tures can constitute local energy minima and become observable. To classify
these wall types, the notion explained in Fig. 4 was suggested [48, 49] and will
be used here. Apart from the simple single vortex wall (Fig. 4 (a)), more com-
plicated wall spin structures including several vortices with the same sense of
rotation (parallel P) or opposite sense of rotation (antiparallel AP) are found
(Fig. 4 (b-f)). One of the reasons that such spin structures are stable in very
thick structures is the magnetic stray field that is present for single transverse
or vortex walls due to magnetic (pseudo-)charges at the edge of the structure
as discussed in detail in [49]. Observation of the double vortex wall with anti-
parallel vortices (2AP) was also reported using magnetic force microscopy [50]
and transmission electron microscopy techniques [51]. In Fig. 4 (g), a trans-
mission x-ray microscopy image of a 2AP wall is shown, and comparison to the
XMCD-PEEM image in (d) shows nice agreement (the wall exhibits inverted
contrast to that in (d)) [43]. To show that even more complicated spin struc-
tures can be stable in thick wires, we present in (h) a domain wall spin structure

with an even higher number of (anti-)vortices.

Domain wall spin structures in Fe30, (Magnetite) The performance
of devices based on current-induced domain wall dynamics depends on the spin
polarization of the current. This means that it can be enhanced using ferro-
magnetic materials exhibiting a high degree of spin polarization. Of particular
interest are so-called half-metallic ferromagnets, compounds that are metallic
for one spin component while insulating for the other spin component, thus lead-
ing to 100% spin polarization at the Fermi energy. In this context magnetite
is a promising material combining a high Curie temperature T¢o =851K with a
high spin polarization of up to -80% at room temperature [52].

Another key difference between the soft magnetic permalloy and the mag-
netite is the fact that magnetite exhibits an intrinsic cubic magnetocrystalline

anisotropy [53, 54], while permalloy has no significant magnetocrystalline anisotropy.
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(b)

Figure 5: (from [53]) (a) High resolution XMCD-PEEM image of a FezO4 ring (D=10 um,
nominal width W=1135 nm) at zero-field. 90° DWs are visible in the image (marked with
A). A tail-to-tail zig-zag DW (marked with B) as well as a head-to-head zig-zag DW at the
opposite side of the ring are also present. Black and white contrasts correspond to the magne-
tization pointing to the left and right, respectively. (b) Simulated magnetization orientation
obtained from the micromagnetic calculation for the FezO4 ring (D=5 pm, W=1135 nm) in
the remanent state after saturation.

Furthermore previously polycrystalline permalloy has been used, where all mag-
netocrystalline anisotropies are averaged out anyway.

After lithographically defining various ring and wire structures in magnetite
films (the details of the fabrication process are given in [53]), the spin structure
is imaged using XMCD-PEEM. The image in Fig. 5 shows (a) a Fe3O,4 ring
structure (D=10 pm, nominal width W=1135 nm) initially magnetized along
one of the magnetocrystalline hard axes (the [001] direction) is compared with
a simulated magnetization configuration obtained from micromagnetic calcula-
tions (b). The black (white) contrast in the XMCD-PEEM image (Fig. 5 (a))
reflects the horizontal component of the in-plane magnetization direction point-
ing to the left (right). The main difference to the magnetization configurations
of polycrystalline 3d metal rings is that here the in-plane magnetization deviates
from the direction given by the shape of the structure. Instead of following the
ring perimeter, the magnetization is divided into four domains. Within each of
the domains, the magnetization points along one of the in-plane magnetocrys-
talline easy axes. In the neighboring segments of the ring, the magnetization

vectors are perpendicular to each other, causing two 90° DWs at the right and
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the left side of the ring (marked with A). The configuration resembles the onion
state magnetic configuration observed in 3d metal rings [17]. In this state the
Fe3O,4 ring structure contains characteristic head-to-head and tail-to-tail DWs;,
indicated by the change from black to white (and vice versa) at the top and
bottom of the ring (the position of the tail-to-tail DW at the top is marked
with B). In contrast to the transverse or vortex DWs observed in permalloy, the
head-to-head (tail-to-tail) DWs in Fe3O,4 exhibit a zig-zag shape (see e.g. the
tail-to-tail DW marked with B). In order to understand the remanent magnetic
states observed in Fe3O, rings, micromagnetic simulations of the equilibrium
state at remanence are performed as shown in (b). The gray scale for the
magnetization directions is chosen to be identical with the XMCD-PEEM im-
age contrast in (a). The micromagnetic simulation reproduces the four domain
structure measured by XMCD-PEEM extremely well, exhibiting two 90° DWs
and two zig-zag DWs. The four domain structure is a consequence of the strong
fourfold in-plane magnetocrystalline anisotropy of Fe3O4(100) films as further
detailed in Ref. [53].
2.2. Domain Wall Spin Structures in out-of-plane magnetized nanowires
2.2.1. Materials

Whereas most of CIDM experiments in in-plane magnetized materials were
carried out in permalloy nanowires, a large variety of out-of-plane magnetized
materials have been investigated these last years. A first family of materials
are ultrathin film with a strong surface uniaxial perpendicular anisotropy, such
as (Pt/Co), [65-58], (CoFeB/Pt), [59], Pt/Co/AlOx [60], (CoFe/Pt),, [61] or
(Co/Ni),, multilayers [62, 63]. A second family of materials are thicker mag-
netic film with a volume out-of-plane magnetocrystalline anisotropy. Such films
are sputtered alloys such as CogzCriiPtog (8 nm) [64] and ThzgFessCora (30-
60 nm) [65] or epitaxial thin films of StTRuO3 (37,5 nm) grown by electron beam
evaporation [66] or high chemically ordered L10 FePt grown by molecular beam
epitaxy [67]. Magnetic spin valves composed of one magnetically free layer
separated from a magnetically fixed layer by a non-magnetic spacer have also

been considered [67-70]. In most materials, the uniaxial anisotropy easy axis
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is perpendicular to the film plane and the anisotropy K is larger than the de-
magnetizing energy density Ko = poM32/2 so that the magnetization is oriented
perpendicularly to the film plane. For ultra-thin magnetic films, the thicknesses
are generally smaller than the exchange length or the DW width so that the
magnetization can be considered as being uniform across the film [71, 72] and
DWs exhibit a nearly perfect Bloch or Néel spin structure (see Fig. 6(a-b)). In
ultra-thin films with surface anisotropy, the effective anisotropy K.rr = K — Ky
is typically of the order of several 10° J/m? resulting in a DW width A of of the
order of 5 nm. However, epitaxial layer, such as SrRuO3 and FePt films have
a much stronger uniaxial magnetocrystalline anisotropy with A of the order of
1 nm. Finally, except for StTRuO3 with a Curie temperature of 150 K, these ma-
terials are metallic and ferromagnetic with out-of-plane magnetization at room
temperatures. CIDM has also been investigated in the diluted magnetic semi-
conductor (Ga,Mn)As with a perpendicular magnetization and a typical Curie

temperature around 100 K [73-76].

Figure 6: (a-b) Schematic representation of a Bloch (¢ = 0) (a) and a Néel (¢p = 7/2) DW
(b). (c) DW with a non zero internal angle .
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2.2.2. Domain wall spin structure

The equilibrium DW configuration (Bloch or Néel) depends on the demag-
netizing energy in the DW. One can define an effective out-of-plane anisotropy
Kepp = K—N,poM?2/2 and a DW demagnetizing energy density Kq = poM2(N,—
N,.)/2, where N, Ny and N, are the demagnetizing factors in the DW. K, rep-
resents the magnetostatic energy difference between a Bloch and a Néel DW.
The DW energy o and the DW width parameter A depends on the internal
in-plane angle ¢ (see Fig. 6(b))) as [77]:

0 = 4/ AR(¢) (3)

A= VA/K(¥) (4)

K= Kepp + Kqsin®(y) (5)
(6)

For K, positive (resp. mnegative), o is minimum for ¢» = 0 or ¢ = 7 (resp
¢ = £m/2) and thus the equilibrium DW configuration is a Bloch DW (resp.
Néel DW). In an extended thin film, N, < 1, so that a Bloch DW is expected
and A = \/A/(K — N,uu9M2/2). In a nanowire geometry, K, depends on the

dimensions of the nanowire and is expected to decrease as its width and the
thickness decreases [78]. For a thin nanowire of thickness ¢ and width w, the
DW volume can be modeled as an ellipse and the demagnetizing factors can
be approximated as N, ~ t/(t + 7A) and N, ~ t/(t + w) [79, 80]. In most
experiments, the wire width (typically between 70 nm and 500 nm) is large
compared to the DW width so that N, > N, and a Bloch DW is generally
prevailing.

The simple Bloch DW structure is predicted for single ultra-thin magnetic
layers but films composed of several magnetic layers separated by an ultrathin
spacer may exhibit more complex DW structure. The strong magnetostatic
and/or exchange coupling between the layers favors a composite DW composed
of one DW in the respective layers but the exact structure of such a DW has been

little investigated so far. Recently, by combining magnetic force and ballistic
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electron emission microscopies, Bellec et al. identified two superposed Néel
walls with opposite polarities in Co(1.6 nm)/Au(5.0 nm)/Co(1.4 nm)/Au(5.0
nm) multilayer instead of a standard Bloch DW structure in the two layers [81].
The DWs structure in magnetic spin valves may also be more complex than
expected. It was shown recently that in a Co/Cu/NiFe spin valve with a head-
to-head DW in the NiFe layer, a quasi DW appears in the magnetically “fixed”
Co layer due to the magnetostatic interaction between the layers [82]. Such
quasi-static DW affects the DW profile in the NiFe layer as well as its dynamics.
The effect of such coupling in spin valves with out-of-plane magnetized layers

remains to be studied.

3. Theory of current-induced Domain Wall Motion (CIDM)

The idea that the transfer of spin from conduction electrons moving across
a spin texture of a DW can be used to manipulate the DW was first introduced
by Berger at the end of the seventies [83]. When a current, which is naturally
polarized in a metallic ferromagnet crosses the DW, the exchange interaction
aligns the conduction electron spin polarization direction along the direction
of the local magnetization. As the exchange interaction conserves the total
spin, this angular momentum has to be transferred to the local magnetization,
which is equivalent to a torque acting on the magnetization resulting in a DW
displacement in the direction of the electron flow. As this effect is independent
of the film thickness, it dominates for thin films over the hydrodynamic drag
effect that originates from the Lorentz force [84].

The interaction between a spin polarized current and a magnetic DW strongly
depends on the relation between the DW width and the length scale describing
the transfer of spin angular momentum, i.e. the Fermi wavelength or the Larmor
precession length depending on the model and the assumptions used, which is
typically a few nm in 3d metals [85-89]. Two limits can be distinguished. When
the DW width is very wide, the conduction electron spins adiabatically follow

the local magnetization. In the case of a narrow DW, nonadiabatic effects might
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occur. These two limits are discussed in the following.

3.1. Current induced torques
In the absence of spin relaxation, the spin transfer torque density 757 can
be expressed as a function of the spin current density Js [86]. For a 1D system

with the spin current flowing along the x-direction this reads:

. o,
TST=— — az (7)

Eq. 7 is a continuity equation for the spin current that expresses the conserva-
tion of the total spin of the conduction electron and of the local magnetization.

Note that here the vector js denotes the spin direction and the current
distribution is assumed to be homogeneous along the x-direction. The adiabatic
limit assumes that the spin polarization is aligned along the direction of the local
magnetization due to the exchange interaction, so 175: —Js m with m the unit
magnetization vector and J; = | Z |. Js can be written as a function of the spin
polarization P and current density J as J; = JPh/2e with e the conduction
electron charge. This leads to

— _JPhdm

TS % ¥

As pointed by Xiao et al. [86], although the current spin polarization is
aligned along the local magnetization, the local out-of-equilibrium spin density
gad, also called spin accumulation, is on the contrary slightly tilted and has
a component transverse to the magnetization. In a simple s-d model where
the torque is represented as the effective field due to s through the exchange
interaction Jgg, this transverse component is responsible for the spin transfer
torque with 7,4 = —Jsq § X gad where S is the localized d electron spin. Note

that s 4q is actually perpendicular to 9 m /0x.

1For more details, see the extensive review on microscopic theories applied to current-driven
DW motion published by Tatara et al. [90].
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The torque ?ST can also be converted into a time derivative of the unit

magnetization 7 by multiplying Eq. 8 by —v/Ms = —gup/(hMs):

om om
(m) T ©)
ST

With u = JPgup/2e My, up the Bohr magneton and My is the saturation mag-
netization. wu is generally called the spin drift velocity and is actually the max-
imum velocity that the DW can reach when the conduction electron spin mo-
ments are fully converted into DW displacement.

Indeed, in the adiabatic limit, every electron passing through a DW under-
goes a change of angular momentum of & and thus adds a magnetic moment of
2up to the DW [91]. Thus the change of magnetic moment in the wire due to

an electric current during a time At is

2P,UBJAAt

c (10)

5mcu’rrent =

where A is the cross-sectional area of the wire.

If angular momentum is fully converted into a DW displacement Al , this
leads to a change of magnetic moment in the wire reading ém = 2MgAlA where
Mg is the saturation magnetization. By balancing these two contributions, the
velocity of the DW is obtained,

_AL_ Pug
_At_eMS

v J=u (11)

Since theories developed to describe spin transfer torque in the adiabatic
limit were not able to reproduce experimental results, it was suggested that the
effect of spin transfer was more complicated and that nonadiabatic contributions
are present. The corresponding nonadiabatic torque was first introduced by
Zhang et al. [92] and Thiaville et al. [93] and is characterized by a dimensionless

parameter (3

aa? — B x [(E -v) 7?1} (12)
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This torque is perpendicular to the adiabatic torque and although its amplitude
is expected to be small in typical 3d metals with wide DWs (G, &~ 0.01), it
significantly alters the dynamics of the DW and in particular can determine
the critical current density and the terminal velocity of the DW. Two different
contributions have been identified for this torque. The first one is due to the
spin relaxation in the DW, (85, ) [85, 89, 90, 92-96]. Such spin relaxation can
occur through spin-flip scattering events with impurities, phonon, etc. where
the spin is not conserved due to the spin-orbit interaction. This process can be
accounted for by an additional term on the right hand side of Eq. 7 describing
the spin flip rate, I’ [97], which thus tilts the direction of the spin torque. Note
that this torque is present even for a wide DW in the full adiabatic limit.
Several authors have carried out calculations to extract the value of (.
In a phenomenological approach, Zhang et Li [92] approximated I' as —5/7,;
where 7 ¢ is the spin relaxation time and & the spin accumulation. This leads to
an additional transverse spin accumulation along 0 m /Ox which, through the
exchange interaction, exerts a torque of the form of Eq. 12 where 3 = £/(1+£2)
with § = 7ey/7s5 and 7., = h/Jsq. Using a different approach based on a
phenomenological argument, i.e. Galilean invariance implying a DW velocity
identical to the carrier drift velocity, it was predicted that Bs. = a with «
the Gilbert damping parameter [98]. Although it could be the case in certain
limiting cases, in general, any magnetic disorder or spin-orbit interaction would
break the Galilean invariance leading to s, # «a. Fully microscopic calculations
of Bsr and « in the s-d model were performed by Kohno et al. [99] using Green’s
function formalism in which spin relaxation effects are treated consistently and
quantum mechanically indicating that Bs. # « and this was supported by the
theory derived by Duine et al. using the functional Keldysh formalism [100].
Similarly, Tserkovnyak et al. [95, 96] found that (s, & « but, in general, 8s, # «
due to the effect of multiband or deviation from weak ferromagnetism.
Recently, the role of spin orbit coupling on § was studied by several au-
thors [97, 101-104] who considered the effect of spin-orbit coupling due to im-
purities [97] but also the intrinsic spin-orbit coupling of the lattice [101-103].
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In a rough scheme, spin-orbit coupling leads to additional spin relaxation to
the lattice and a resulting spin mistracking in the DW which enhances the
non-adiabatic torque. Actually, strong non-adiabaticity was predicted in sys-
tems with high intrinsic spin-orbit coupling, such as in 2D electron gas with a
Rashba spin-orbit interaction or (Ga,Mn)As [101, 102, 104].Garate et al. [102]
calculated the parameters a and (s taking into account intrinsic spin-orbit
coupling. They underline that the nonadiabatic STT that « can be seen as a
correction to the Gilbert damping in the presence of an electric current; the
nonadiabatic spin transfer torque are both dissipative due to the fact that both
originate from the same microscopic processes.

A second contribution to  is a pure nonadiabatic contribution occurring
when the gradient of magnetization is too large for the current spin polariza-
tion to follow the local magnetization direction (described by the nonadiabatic-
ity parameter due to nonadiabatic transport (,,). The effect of nonadiabatic
transport on the DW torque and dynamics was studied by several authors and
is expected to occur only for very narrow DWs. Viret et al. [89, 105] and Xiao et
al. [86] showed that nonadiabaticity leads to a non-local oscillatory torque due
to the fast precession of conduction electron spins around the exchange field.
Ohe et al. [106] arrived at similar conclusions from full quantum mechanical
calculation as well as Thorwart et al. [107]. This non-oscillatory torque was
shown to lead to a distortion of the DW spin structure and can modify its dy-
namics, resulting for example in an oscillatory DW velocity [106], as well as DW
depinning. Tatara et al. [85, 108] underlined that this oscillating torque on each
spin is indeed summed up to a force Fy; when looked at collectively. F,; can
be seen as the force exerted by the conduction electrons by momentum transfer
when reflected by the fast DW texture. In a ballistic transport assumption,
Fe = eNgpyj is expressed as a function of the DW resistivity p,, with N, the
total number of electrons in the and 3,, = %};AQ where n is the electron
density and A the DW width [94].

Different characteristic lengths A, for the occurrence of nonadiabatic trans-

port have been proposed depending on the authors and the assumption. Tatara [85]
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identified A, to the Fermi wavelength in the ballistic limit and Xiao et al. [86]
arrived to a similar conclusion in a different formalism. Viret [89, 105] identified
Ana to the Larmor precession length A\j, = vph/Jsq with vp the Fermi velocity
and Jsq, the s-d exchange, which is the distance travelled on average by an
electron during one precession period. In a diffusive limit, Ban and Tatara [88]
arrived to a similar conclusion but with A\;, = \/m with D the diffusion
constant.

3.2. Theoretical analysis using a one dimensional model and micromagnetic
stmulations

8.2.1. The Landau-Lifshitz- Gilbert equation of magnetization dynamics includ-
ing the effects of spin-polarized currents

The phenomenological LLG equation under current and taking into account
both adiabatic and nonadiabatic torques was introduced by Zhang et al. [92]
and Thiaville et al. [93] and reads:

8—> - — — 6_’ — . — — — . —
a—;n:%uonm—f—amxa—T—(u-V)m—i—ﬁ[mx(u-v)m} (13)

where v = g|up|/h is the gyromagnetic ratio. The first two terms correspond
to the well-known Landau-Lifshitz-Gilbert equation describing the magnetiza-
tion dynamics in a magnetic field where « is the so-called Gilbert damping
parameter [109, 110]. The effect of the current is represented by the last two
terms. The third term is the adiabatic spin-transfer torque where u is given by
equation (11), the fourth term is the previously introduced nonadiabatic torque

described by the parameter (.

3.2.2. One dimensional model

This equation can be written in a simple analytical form by assuming a
constant DW profile [111]. The DW dynamics can then be described by two
independent variables, the DW position ¢ and its conjugate momentum, the DW
magnetization angle ¢ as shown in Fig. 7 [111-113]. The 1D model equations
of motion read [93, 114-117]:
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Figure 7: Schematic representation of (a) a wire with in plane easy axis containing a transverse
wall and (b) a wire with out-of-plane easy axis containing a Bloch wall. Definition of the
variables used in the 1D model for a transverse wall (c¢) and a Bloch wall (d) where g is the
position of the center of mass of the wall and v is the tilt angle of the DW’s magnetization.

. aq _ pu
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A ah = 5 sin 24 + A (15)

where Hj, is the restoring field for the DW transverse orientation, H is
the external magnetic field applied along the easy axis, and A(y)) = (A/(Ky +
K sin?1)))1/? is the DW width with K being the uniaxial longitudinal anisotropy
and K = pugM H}/2 is the transverse anisotropy mainly due to magnetostatic
effects [80]. Vpip is the pinning potential that may depend on ¢. As reported
by Bruno [118], equation 14 is only valid for slowly varying Vj;, compared to
the DW width. Otherwise, the pinning potential can lead to a modification of
the DW width. One can note that the nonadiabatic torque enters the equation
14 with an analytical form similar to an external field H; with poH; = Bu/A~.
Despite its simplicity, the 1D model provides a qualitative understanding of DW

motion in a nanowire even for rather complicated spin structures such as vortex
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walls [117].
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Figure 8: (a) Time evolution of the position ¢ and the angle ¥ obtained for the same parame-
ters as described below (8=0) and for two different values of u. (b) Average DW velocity as
a function of u calculated using the 1D model for 8 = 0, a = 0.02, Hxg = 1600 Oe, Mg = 800
emu.cm™3, and A = 50 nm.

This simple 1D model can be used to deduce the critical current and the
DW velocity when the motion is driven by current (see Fig. 8) in the absence
of pinning (perfect wire with no roughness).

For 8 = 0, there is a threshold current value below which there is no steady
DW motion. Below the threshold current, after a small displacement of the wall
during the application of the current, the DW relaxes back to its initial position
as soon as the current is suppressed. As noted by Zhang et al., the initial DW
velocity is equal to u [92]. In this regime, the angular momentum transferred
by the conduction electrons to the DW is completely absorbed by the angle .

Above a critical velocity u., the DW starts moving. This threshold can easily
be calculated by finding the stationary solutions of equation 14, solving 1/) =0,
G =0, and sin 2¢) = 1, resulting in u. = yugHrA/2 [119].

This threshold value corresponds to the onset of a periodic DW transfor-
mation associated with an increase of 1 similar to the one observed above the
Walker breakdown in the case of field-driven DW motion [120]. For u > u,, the
domain wall velocity oscillates periodically with a non-zero average value [119]
(Fig. 8(b)) :

<v>=Y____¢ (16)
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The introduction of the § term strongly modifies the dynamics of the DW
(Fig. 8(b)). The nonadiabatic torque acts as a magnetic field that can sustain a
steady state DW motion resulting in the disappearance of the intrinsic threshold
current even for very small values of 3, the real threshold current for DW motion
being only determined by extrinsic pinning. The DW velocity in the steady state

regime increases linearly as vyinq = fu/c up to a critical velocity [92, 94, 119]

o
ww = e (17)

Above uy, the average DW velocity drops (8 > «) or increases (8 < «)
because the DW structure undergoes periodic transformations similarly to the
field-driven case above the Walker threshold. Since the nonadiabatic torque
behaves as a nonuniform magnetic field, it controls the final velocity of the DW.

For very large u, the average final DW velocity converges towards:

- 1;‘7(1 +aB) (18)

<

Only in the case of 8 = «, the DW propagates without distortion, in agree-
ment with the Galilean invariance principle [98].

In the presence of pinning, the determination of the critical current is more
complex. Using the 1D model, Tatara et al. [94, 121] identifies three different

regimes depending on the pinning strength.

e In the weak pinning regime, the critical current density required to depin
the DW depends on the magnitude of 3. When [ is negligible but finite,
the depinning is due to the adiabatic torque. In that case, the DW escapes
from its pinning site due to an effective kinetic energy supplied by the
spin transfer. Note that this holds only for current pulses that are short
compared to the relaxation time of the DW in the potential well so that the
kinetic energy is not dissipated by Gilbert damping. The critical current
density varies as Jc(l) o \/E with H), the pinning field. For a larger 3, the
depinning is governed by the nonadiabatic torque and depinning occurs

when the force exerted by the nonadiabatic torque exceeds the pinning
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force. The critical current is then Jéz) o« H,/B3. Therefore, the larger [,

the smaller J,§2) .

e In the intermediate pinning case, JC(Q) can become higher than the intrinsic
critical current density associated with the adiabatic torque Jc(?’). If pin-
ning is not too strong, depinning occurs for Jc(.g) independent on pinning

and depends only on the adiabatic torque.

e Finally, for very strong pinning such that H, > Hj/a with Hy the DW
demagnetizing field, the DW stays pinned in the potential well for J = JC(?’)
and the DW angle v oscillates continuously. Depinning then occurs for a

higher value of the current density Jc(4) with Jc(4) o< Hp,.

Thiaville et al. theoretically investigated the non steady-state displacement
of magnetic DW in a nanostrip submitted to a time-dependent spin-polarized
current [114]. The authors related the position to the DW magnetization angle.
In the framework of purely adiabatic spin transfer, in the absence of applied
magnetic field and neglecting pinning, equation 14 can be written as:
oq _
A
With A7 the Thiele domain wall width.

b+ 0 (19)

This equation simply shows that any modification of the angle v results in
a displacement of the DW. Therefore, for a vortex to transverse wall conver-
sion, this results in a displacement of dq = Prdy.Ar/(wa) with P the vortex
core polarity, dy. the variation of its position along the wire width w. This
displacement can be as large as 3.9 um for A = 50 nm and « = 0.02. As this
transformation can be triggered by a single pulse of 1 ns, care has to be taken
when extracting DW velocities for such short current pulses from quasi-static

measurements [122].

3.2.8. Micromagnetic simulations
While the 1D model has proven very powerful to qualitatively understand

current induced DW experiments, the assumption of a rigid DW can be limiting.
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For instance, the details of the transformation between different domain wall
types are not described in the 1D model. For instance the Walker breakdown
current density necessary for a vortex to transverse domain wall transformation
can be different from the one necessary for the reverse transverse to vortex do-
main wall transformation. Micromagnetic simulations allow one to model such
effects as well as the influence of dc [123], ac [124] and pulsed [114] current on
realistic DW structure as well as the influence of the shape anisotropy on the
threshold current for DW motion [125]. Moreover, roughness [116, 119, 124, 126]
and artificial pinning [127, 128] such as notch can easily be implemented. It was
also demonstrated that trapped DW can be used as an effective microwave
source which can be useful in information storage or telecommunication appli-
cations [129-131]. In the following, we review recent developpment in micro-
magnetic simulation firstly in soft in-plane magnetized nanowires and secondly

in out-of-plane magnetized nanowires with narrow Bloch DWs.

Soft in-plane magnetized nanowires. Thiaville et al. calculated the DW velocity
as a function of the velocity u and for different values of 3 [93] in the case of a
perfect wire and for different edge roughnesses (Fig. 9). For a perfect wire, the
results are in good agreement with the results of the 1D model (Fig. 8.b). The
steady DW motion gives way to precessional motion above the Walker threshold.
The oscillation in the DW velocity is related to a periodic transformation of
the DW. In the case of in plane magnetized materials, the precession of the
DW occurs through the crossing of the wire width by an antivortex or vortex,
similarly to the field-driven case [115, 119, 126]. The addition of edge roughness
leads to extrinsic pinning which has to be overcome before the wall can move,
thus resulting in a critical velocity uP™™ even for 3 # 0. Moreover, for a rough

wire, the velocity is reduced compared to the perfect-case relation v = (G/a)u.
Recently, the effects of disorder on DW propagation was studied by micro-

magnetic simulations [132]. In this study, the authors simulate the displacement

of a vortex wall along a magnetic stripe while disorder is modelled as a fluctua-
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Figure 9: Average velocity of a transverse DW as a function of the velocity u and for different
values of 8 computed by micromagnetics in the case of a wire with a 120 x 5nm? cross-section.
The used parameters are: Mg = 8 x 10°A/m, A = 10~''J/m, K = 0, and o = 0.02 .The
shaded area represents the experimentally available range of u. Open circles denote vortices
nucleation. (a) Perfect wire and (b) wire with rough edges (mean grain size D = 10nm). The
dashed line display a fitted relation with an 25 m/s offset. From Ref. [93]

tion in the saturation magnetization of the ferromagnetic layer. The presence of
disorder results in an increase of energy dissipated by the vortex core through
spin waves emission which are associated with the motion of the core in areas
of strong disorder. However, the main contribution to energy dissipation comes
from the area around the DW itself pointing towards the increase in the excite-
ment of internal degrees of freedom of the DW. It is shown that the disorder
increases or decreases the DW wall velocity depending on the applied field or
current compared to the corresponding Walker threshold. The main results in-
dicate that disorder affects DW dynamics in a way that can be interpreted as
a modification of the effective damping parameter. Therefore, the extraction
of fundamental parameters such as the damping parameter o from DW motion

experiments requires precautions.

Out-of-plane magnetized material. The recent interest in out-of-plane magne-
tized materials has stimulated the modeling and the micromagnetic simulation
of the CIDM in these materials.. Although the main dynamical features are
generally well described by the 1D model, simulations also reveal important
additional features arising from the thin Bloch DW structure and the different
magnetic properties of these materials [78, 133-138].
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Domain wall propagation In a perfect nanowire, i.e no edge roughness
or local pinning of the DW due to defects, micromagnetic studies [135, 137-139)
show that the main features of the current or field induced propagation of a
Bloch DW in an out-of-plane magnetized nanowires, such as the dependence of
the DW velocity with the applied field and/or current, is generally well described
by the simple 1D model. In the 1D model, the current density Jy for Walker

precession can be expressed as:

HW = Osz/Q (20)
euoM s Hiy A«
JW — Nohipk Fea] (21)

with Hp = 2Kg4/poMs the in-plane transverse DW demagnetizing field (see
also section 3). Micromagnetic simulations underline that Jy and Hy depend
directly on the wire width and thickness [133-135] which actually results from
the dependence of Hj, on the wire geometry. Szambolics et al. though revealed
a small discrepancy (10 %) between the prediction of the 1D model and the
micromagnetic simulation for Hyy. This can be explained by the small non-
invariance of the DW magnetization along the wire width leading to different
magnetostatic field in the middle and on the sides of the wires [139)].

It is well known that in out-of-plane magnetized materials with narrow DWs,
the DW dynamics is strongly sensitive to local defects in the films leading to a
local DW pinning. Garcia-Sanchez et al. [138] and Szambolics et al. [140] studied
the effect of the polycristalline nature of the film by introducing a random
anisotropy distribution. The authors observe that such a distribution alters
the DW shape during its propagation which is no more straight as well as its
internal structure by locally twisting the DW internal angle v so that it loses
its Bloch or Néel nature. This affects the DW dynamics and in particular
the periodic DW transformation in the Walker regime where the characteristic
periodic velocity disappears. The effect of disorder is particularly important
at low current density where the DW propagation is actually a succession of

pinning/depinning events separated by a more or less steady DW propagation.
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Dependence of J. on the wire geometry. Several authors [78, 133-138] studied
the depinning of a DW induced by a current pulse from a geometrical pinning
sites such as a notch in the nanowire or a local change of the anisotropy in the
wire.

Using both 1D model and micromagnetic simulation, Jung et al. [78] showed
that for narrow (typically below 100 nm) and thin (< 10 nm) nanowires, the
critical current density J. does not depend on the pinning strength nor on the
nonadiabaticity factor 8 and reaches a minimal value for a certain geometry
(width-thickness) of the wire. For this critical geometry, the demagnetizing en-
ergy K, changes sign and the DW switches from a Bloch to a Néel structure.
The intrinsic critical current associated with the adiabatic torque proportional
to K4 thus becomes very low (J. < 10! A/m?) (in an ideal geometry it would
vanish as the anisotropy barrier goes to zero as also for round wires with shape
anisotropy [141]) and controls the depinning process. As a consequence, the
nonadiabatic spin torque term ( and extrinsic pinning effect play a little role on
the depinning. The geometry for minimal J. is obtained for thick enough and
very narrow wires: for a 10 nm thick film, Jung et al. [78] found the critical cur-
rent density to be minimal for w ~ 70 nm, with the exact dimensions depending
critically on the magnetic parameters. In most nanowire geometry considered
experimentally so far, theminimal J. was not attained and J. is expected to
decrease as the wire width and thickness decrease [134-136]. Such scaling law
would be of high interest for application to magnetic memories as it means that
it is possible to decrease the critical current density while maintening a high
DW pinning force (bit stability). One can note however that in these works, the
authors generally considered a relatively low value of 8 (0.02) compared to the
one that were measured experimentally in out-of-plane magnetized materials
(from 0.1 up to 1) (see next section), so that the effect of nonadiabaticity may

actually be underestimated.

Domain wall oscillator The possibility to combine low intrinsic critical

current density and high pinning forces can also be exploited to generate new
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steady dynamical states. Above the intrinsic current density, the DW enters
a precession regime with a periodic change of the internal DW structure from
Bloch to Néel associated with an oscillation of the internal angle ¥ with time
(the so-called Walker regime). If the pinning is not too high, this leads to
DW depinning followed by DW propagation with a velocity oscillating in time
[142, 143]. However, if the pinning is strong enough, the DW stays pinned
in the potential well while its internal structure steadily oscillates [144, 145].
This situation actually corresponds to the high pinning case of Tatara et al. [85]
(see discussion above), with a pinning field H, larger than Hy/«a, with Hy the
DW demagnetizing field. Out-of-plane magnetized nanowires are well suited
to obtain small Hy/« as they are generally characterized by high values of «
(typically higher than 0.1 in (Co/Pt),, multilayers [146]) and a very low value
of Hjy can be obtained by playing on the wire geometry. Bisig et al. have
demonstrated the validity of this idea by using micromagnetic simulations [145].
The authors considered a Bloch DW pinned in a 16 nm wide notch patterned in
a 7 nm thick wire. The magnetic parameters used are those typical of (Co/Pt),
multilayers and only the effect of the adiabatic torque is taken into account (8 =
0). This geometry corresponds actually to a minimal value of Hy, and a critical
current density of J, = 1.34 x 10** A/m?2. Micromagnetic simulations show that
for J > J., the DW stays pinned in the potential well and periodically oscillates
between a Bloch and a Néel structure. The average frequency < 1/) > scales
approximately linearly with the spin current drift velocity uw = JPug/eM; (see
Fig. 10) in agreement with a simple 1D model that predicts < ¥ >= —u/aA.
This simple concept of localized DW steady-state oscillator opens an interesting
way for current controlled tunable nanoscale microwave oscillators that can work

at zero external magnetic field.

8.8. Thermally activated domain wall motion

So far, we have considered the current induced domain wall dynamics at
zero Kelvin. However, experiments are carried out at finite temperatures and

most often at room temperature. In addition, Joule heating can lead to ad-
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Figure 10: (From Ref. [145]) (a) Schematic illustration of the geometrically confined structure.
The arrows represent the magnetization configuration inside the structure, which can be either
a Bloch or a Néel domain wall. (b) Domain wall oscillation frequency f as a function of the
injected spin current drift velocity u for constant o = (0.15,0.25). (A) The domain wall profile
is symmetric under rotation for low current density je = 1.79 x 101 A/m2. (B) At a high
current density je = 1.34 x 1012 A/m?2, the domain wall shows asymmetric oscillations, this
leads to a nonharmonic behavior.

ditional significant temperature increase of the nanowire during the current
injection [55, 147, 148]. The inclusion of thermal effects is particularly relevant
for current/magnetic field values that are smaller than the zero K critical values
as the thermal energy helps the DW to overcome the DW pinning potential.
They are also expected to play an important role for temperatures close to the
Curie temperature [149], which may occur due to the Joule heating effect when
injecting a high current density.

The inclusion of thermal effects on the current induced domain wall dy-
namics was studied by numerous authors [128, 149-159]. Thermal activation
is generally included by adding to the Landau-Lifschitz Gilbert equation a sto-

chastic Gaussian distributed magnetic field [160] Hr with zero mean value and
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correlations

< Hrpi(t, v )Hp;(t', 1) >= ’Yoqusé”é(T )it —t') (22)

. Duine et al. [156] derived from Eq. 22 modified equations of the 1D model
where stochastic Gaussian distributed forces 1, and 7, are included to account

for the effect of the temperature:

Loy OV
q ; v OVeyy
2 _ - 24

n; are characterized by the correlation < 7;(t)n;(t') >= (2akpT"y)/(MsA)d(t—
t')0; ;. The effect of the current, external field H and demagnetizing field Hy, is

included in an effective potential (per surface unit):

. 2M, u
Versr = poHrg M A sin? ¢ + Tsuw —2M,q(uoH + %) (25)
One can note that the adiabatic torque only changes the potential V. along
the ¢ axis whereas the nonadiabatic torque affects the potential along the ¢ axis

as does H.

3.3.1. Thermally activated DW depinning

Kim et al. [158] and Lucassen et al. [155] used these equations to study the
effect of the thermal activation on the DW depinning. Kim et al. consider a
general pinning potential Vj;,(¢) with a width 6X. From the Fokker-Planck
equation related to the Langevin equation 23, they obtained a mean depinning

time that follows an Arrhenius law over a single energy barrier:

T To

- [—Eb(J)]

—=— T (26)

with 1/7 the attempt frequency. The current dependent energy barrier is

Ey(I) = Eyg — ol 4+ o'I? (27)
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where o = ﬁP% ‘STX and ¢’ depends on the local curvature on the top and bottom
of the potential barrier. E g is the potential barrier height in the absence of
current and depends on the external magnetic field H. Importantly, only the
nonadiabatic torque modifies the potential barrier. Under usual conditions, the
dominant contribution is expected to come from the linear term whereas the
quadratic current contribution can become important for small applied fields
and for fields close to the switching field. By calculating the energy barrier
AV associated with Vs for a pinning potential V,(¢q) = aq® + bg*, Lucassen et
al. [161] found an Arrhenius law with AV scaling as (uoH + fu/A%), so that
the nonadiabatic torque acts similarly to an effective field in this case.
Micromagnetic simulations of the thermally activated depinning of a Bloch
DW was studied by Garcia-Sanchez et al. [138]. The pinning site was composed
of a small defect in the wire with lower anisotropy and they included the effect
of thermal activation by adding a Gaussian distributed thermal field (T=300 K)
(See Eq. 22). The simulation reproduce qualitatively the prediction of Kim et al.
with a potential barrier for depinning Ey,(H, I) decreasing linearly with H and I
and o proportional to 8. Current acts thus on the pinning energy barrier similar
to an external effective magnetic field Hey = el and this is due to the effect of
the nonadiabatic torque. The proportionality factor is found relatively close (by
about 10%) to the one expected in the 1D model but o7 is significantly different
from the one expected in Kim’s theory (a factor 5). This may be explained by
the assumption in this theory of a pinning that is homogeneous along the wire

width, which does not hold in this case.

3.8.2. Thermally activated DW propagation

Thermal activation also affects the DW propagation. Using micromagnetic
simulations, Martinez et al. [153] have shown that when the driving force, either
field or current, is below the deterministic propagation threshold, thermal acti-
vation leads to non-zero velocities. On the contrary, when the driving force is
larger than the pinning force, thermal perturbations have a negligible effect on

the DW velocity. In the thermally activated regime, the DW velocity is found
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to depend exponentially on the external force. Tatara et al. [150] and Duine et
al. [155, 156] also studied the effect of thermal activation using the 1D model. In
the pure adiabatic case, DW propagation is obtained at current density smaller
than the zero current critical current density due thermally activated jump of
the DW angle ¥ over the demagnetizing energy barrier. However, this process
affects the DW propagation only in systems with a small DW demagnetizing
energy such as in the magnetic semi-conductor (Ga,Mn)As and has little effect
for metallic systems. Lucassen et al. also considered Eq. (23) with 8 # 0 in the
presence of disorder in Ref. [155].

Schieback et al. [149] tackled the problem differently. Instead of a modified
LLG equation (22), they included thermal effects through a Landau-Lifschitz
Bloch (LLB) equation [162] where the magnetization modulus is not assumed
to be constant and is temperature dependent. Hence, besides the usual pre-
cession and relaxation, the LLB equation contains another term which con-
trols the longitudinal relaxation. Under this assumption, they obtain a strong
temperature dependence of the critical current for the Walker breakdown (see
Fig. 11(a)), which can strongly modify the current induced domain wall motion

(see Fig. 11(b)).
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Figure 11: (a) Walker breakdown velocity as a function of T'/T¢ (T is the Curie temperature)
for several value of 3 in the case of Gilbert damping (8¢ ) or Landau-Lifschitz damping (8r1,).
The damping parameter is o = 0.02 for Gilbert damping. (b) Average domain wall velocity
as a function of the spin drift velocity for several value of T/T., B¢ = 0.025 and o = 0.02.
From Ref. [149].
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3.3.3. Domain wall creep

At very low field and/or current, the DW internal structure is strongly af-
fected by the local disorder and the simple 1D model does not apply. In this
regime, the DW propagation process is similar to an interface in a disordered
medium and results from the competition between the elastic energy of the DW
that tends to make to keep the domain line straight and the disorder which
tends to roughen it. The dynamics of a DW driven by an external magnetic

field H in this regime was shown to follow a law of the form [163, 164]:

v =uv(H.)exp {— k[;CT (%)n] (28)

with H < H, the critical field associated with the pinning force. Here U, is
a constant describing the pinning energy and 7 a constant characteristic of the
disorder and of the dimensionality of the system, equal to 1/4 in ferromagnetic
metals.

To describe the DW dynamics in the presence of current in this regime,
Duine et al. [154, 155] extended Eq .25 to the case of a DW line described by
the coordinate ¢(y, t) and ¢ (y, t), which depends on the y coordinate transverse
the wire axis. By considering extrinsic pinning, they obtained a velocity scaling

as:

€el Jc fe
] - Ze 2
o o~ (J> (20)

where €,; is the elestic energy and pu. the critical exponent.

The main results of there calculations was that the exponent characterizing
the creep regime strongly depends on the presence of a dissipative spin transfer
torque. In ferromagnetic metals, u. is found equal to 1/4 for 8 # 0 as is in the
case of field driven DW motion, once again underpinning the fact that the §

term acts on the DW in the same fashin an applied magnetic field.
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4. Experimental observation of current-induced Domain Wall Motion

We now explore CIDM experimentally. Different techniques can be ex-
ploited for the measurements including magnetotransport, imaging by magnetic
microscopy techniques and others which are briefly presented below. For an
overview of techniques see for instance various chapters in Refs. [71, 165, 166].
For the experimental results we separate the systems into in-plane magnetized
materials (for instance Permalloy) and out-of-plane magnetized materials (for
instance Co/Pt multilayers) that exhibit distinctly different domain wall struc-

tures.

4.1. Characterization and measurement methods

In this section, we introduce some of the experimental techniques that are
commonly used for detection and characterization of DW motion in magnetic
nanowires. The choice of the technique to be used depends on the DWs proper-
ties that one wants to study. For instance, anisotropic magnetoresistance mea-
surements (AMR) are more suited to detect the presence of the DWs in a certain
section of the wire, while giant magnetoresistance (GMR) or magneto-optical
Kerr effect (MOKE) measurements can be used to detect the DW position.
Magnetic microscopy techniques allow for the characterization of the DW struc-
ture with the possibility to study the DW dynamics by using a stroboscopic
approach.

4.1.1. FElectrical measurements

Electrical characterization of the interaction between a spin polarized current
and a magnetic DWs provides an easy and fast approach to carring out in-depth
and systematic studies. The AMR and GMR effects are usually used to probe
the magnetic properties of materials with in-plane anisotropy while the use of
the extraordinary Hall effect (EHE) is favored for systems with out-of-plane
anisotropy. While GMR and EHE measurements can provide information on

the DW position, AMR can only probe the presence of the DW.
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Anisotropic magnetoresistance. The AMR effect which is generally observed in
ferromagnetic metals, arises from the anisotropy of scattering produced by spin-
orbit interaction [167, 168]. A stronger scattering applies for electrons flowing
parallel to the local magnetization, leading to a larger resistivity p; compared
to electron flowing perpendicularly to the magnetization resulting in a lower
resistivity p, . The material resistivity finally depends on the angle 8 between
the magnetization and the direction of the current flow in the material and is

given by:

p(0) = p1 + (p) — p1) cos®(6) (30)

This effect can reach few percents in some alloys based on Fe, Co, and Ni
[169]. In the study of current induced DW motion, AMR measurements have
been mostly used to study NiFe nanowires which show an AMR signal of about
1%.

3d ferromagnets exhibit very low intrinsic DW resistance (0.1 to 1% of the
resistivity) [170], so that the magnetoresistance of a nanowire is dominated
by AMR and its resistance is maximum if the magnetic moments are parallel
(or antiparallel) to the current flow. The presence of a DW involves a local
variation of the magnetization direction with some magnetic moments having a
component perpendicular to the current direction resulting in a lowering of the
resistance.

In spite of the rather small magnitude of its signal, AMR measurements
have been successfully used, not only to detect a DW [171, 172] but also to
discriminate between different DW spin structures [173] since they all possess a
different component of the magnetization perpendicular to the current direction.
The major limitation of this technique is that the resistance of the magnetic
nanowire only depends on the presence or absence of a DW independently on
its position between the probing contacts. Therefore, static AMR measurements
cannot provide any information about the position and the displacement of the

DW. However, time resolved measurements of AMR have been used to study the
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dynamics of DW propagation in Py nanowires and the periodic transformation
of its internal structure [174, 175]. In order to obtain a reasonable signal to
noise ratio in dynamic measurements, this technique requires one to average

over a large number of measurements.

Giant magnetoresistance. GMR is usually observed in multilayer structures
in which ferromagnetic layers are separated by a thin metallic non magnetic
spacer[176, 177]. While the GMR effect was first observed in samples with
a large number of repetitions of (Fe/Cr), bilayers with = 30,35,40, a big
steps towards applications was achieved with the development of spin-valves
structures [178]. In these structures, one ferromagnetic layer is used as a free
layer. Its magnetization is easily reversed by a small magnetic field. The other
ferromagnetic layer acts as a reference layer, i.e. its magnetization remains
unchanged under a small magnetic field due to a larger coercive field or the
use of an induced uniaxial anisotropy. Spin-valves have been used to charac-
terized DW propagation either with a current flowing in the plane of the layer
[67-70, 179-187] or perpendicular to the plane of the layer [188, 189].

Typical GMR effects in these experiments are much larger (few %) than the
AMR signal coming from the only presence of a DW in a single nanowire. The
resistance level in such a system is directly proportional to the amount of re-
versed magnetization in the free layer. Therefore, the GMR is directly sensitive
to the position of the DW along the nanowire making spin-valves structures
very attractive for studying DW motion.

The main drawbacks in the use of spin-valves structure for studying current
induced DW motion lie in the presence of the additional layers, i.e. the reference
and spacer layers. Indeed, the current distribution in such a multilayer is usually
not uniform due to the different materials resistivities. This can lead to the
creation of Oersted field which might influence the DW dynamics [190, 191].
Moreover, magnetostatic interactions between the free and reference layer can
result in local pinning of the DW wall affecting its motion. Finally, Thomas et

al. have shown that a high critical current density required to depin the DW
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from a notch in a spin-valve structure can lead to a large temperature increase
resulting in a perturbation of the reference layer magnetization. In such case,
the resistance level is no longer a good measurement of the DW position and
makes the interpretation difficult.

However, the spin-valve structures can also be an asset for realizing spin-
tronic applications based on CIDM if pinning can be controlled. Indeed, Pizzini
et al. [187] and Bonne et al. [189] have shown that very high DW velocity can
be observed in such structures possibly due to the presence of current flowing
perpendicularly to the layers and the Oersted field effect[191]. These perpendic-
ular currents also lead to a reduction of the critical current which can be lower

than 107 A.cm—2.

Hall effect. The extraordinary Hall effect (EHE) is usually used to characterize
DW motion in magnetic systems with perpendicular anisotropy [55, 6870, 164,
192, 193]. Such measurements require the sample to be patterned into a Hall
cross geometry. Detection of DW displacements smaller than 1 nm can be
achieved due to the large EHE signals [60]. One drawback of this technique lies
in the need for lateral contacts which modify the current distribution and the
geometrical pinning at the Hall cross restricting its use to depinning or small

displacement experiments.

4.1.2. Magnetic microscopy techniques

While magnetoresistance measurements can be used to differentiate between
different DW structures, their exact spin configuration can only be obtained
from magnetic imaging techniques. The different techniques commonly ap-
plied to characterize magnetic DW include Kerr microscopy, magnetic force
microscopy (MFM), Lorentz microscopy, scanning electron microscopy with po-
larization analysis (SEMPA), scanning transmission X-ray microscopy (STXM),
and photoemission electron microscopy (PEEM). For magnetic imaging, the
last two techniques are used combined with X-ray magnetic circular dichroism
(XMCD) which characterizes the dependence of the absorption coefficient of a

magnetic material on the helicity of circularly polarized X-rays.
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MFM has been widely used to characterize CIDM in magnetic nanowires
with in-plane [91, 147] and out-of-plane [194-196] anisotropy. The main asset
of the MFM technique lies in its easy and fast implementation together with
a high resolution of down to 10 nm depending on the details of the system.
The principle of MFM measurement is based on the interaction between the tip
magnetization and stray fields coming from a nonuniform distribution of the
magnetization in the probed sample. This interaction results in a force which
alters the deflection of the magnetic tip as it is scanned over the sample. A large
MFM signal is expected when a large gradient of the sample magnetization is
present, making this technique especially adapted for DW imaging. However,
one of the main drawbacks of MFM is that the electromagnetic force acting on
the magnetic tip is reciprocal. Therefore, scanning the magnetic tip can affect
a DW resulting in a modification of its spin structure or even a displacement of
the wall.

Electron microscopy techniques are particularly well suited for mapping the
spin structure of a magnetic nanostructures since they provide high resolution
with the advantage of being largely non-invasive. Transmission electron micro-
scope can be used to perform Lorentz microscopy [197] or electron Holography
[198]. These two techniques take advantage of the fact that the high energy elec-
trons which are accelerated to energies of few 100 of KeV have both particle and
wave like properties. In the Lorentz mode, when the high energy electrons are
passing through the magnetic induction in the sample, they are deflected due to
the Lorentz force like any charged particles submitted to a magnetic field. Elec-
tron holography is based on the interference of coherent electron waves which
produces an interference pattern which is then processed to access information
of the sample magnetization. Both techniques have been recently used to study
the structure and pinning of DWs at constriction [199, 200] and the structure
variation of a DW in a NiFe nanowires with different antinotches [201].

The main limitation of these techniques is that they require the nanostruc-
ture to be fabricated on a thin membrane to allow the electron to go through

the all sample. Besides the complication in the fabrication process, this results
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in a reduction of the substrate heat dissipation which can lead to an impor-
tant temperature rise when injecting current in the nanowire due to the Joule
heating effect. For the high current density needed for CIDM, the temperature
can easily reach the Curie temperature of the magnetic materials resulting in
uncontrolled domain nucleation [202, 203].

On the contrary, SEMPA relies on the fact that secondary electrons emitted
from a magnetic sample in a scanning electron microscope have a spin polariza-
tion reflecting the net spin density in the material. SEMPA has been successfully
used to image DW structure in nanoscale constrictions with a lateral resolution
of ~ 20 nm [204]. Moreover, the DW displacement induced by current as well as
transformations of the spin structure precluding any propagation were clearly
observed [205, 206]. Like other electron microscopy based technique, SEMPA
is very surface sensitive and requires the surface of the magnetic sample to be
accessible and clean. It is furthermore not compatible with the presence of large
applied magnetic fields, which triggers the precession of secondary electron spins
leading to the loss of the signal.

A very powerful set of techniques to study magnetization and in particular
confined spin structures such as domain walls is based on synchrotron radiation.
Recently synchrotron x-ray sources have become available that provide highly
intense and collimated X rays of variable well-defined polarization and energy.
In 1987 the X-ray magnetic circular dichroism (XMCD) effect was discovered
by Schtz et al. [207] opening a new field to study the magnetic characteristic of
solids by various techniques. These effects occur when the x-ray energy is tuned
to an energy close to an inner-shell absorption edge and depend on the polar-
ization of the symmetry selected empty density of states (DOS). A quantitative
determination of local magnetic spin and orbital moments can even be obtained
from the sum rules and using the element-specificity this can be done for the var-
ious materials involved. The sensitivity of the XMCD - based approach is very
good, since the magnetic contribution to the absorption and scattering cross
sections can be up to 50% at the transition metal Lo 3 edges and the rare-earth

(RE) My 5 edges. The contrast mechanism by XMCD has been combined with
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a variety of microscopy techniques yielding some of the most powerful magnetic
microscopes in the world. The techniques used most extensively for the mea-
surements in this review are x-ray magnetic circular dichroism photoemission
electron microscopy (XMCD-PEEM) [208, 209], transmission x-ray microscopy
(TXM) [210] and scanning transmission x-ray microscopy (STXM) [211]. PEEM
is based on secondary electrons, which are emitted after irradiation with mono-
chromatic X rays from a synchrotron and these electrons are imaged by an
electron microscope. The lateral resolution is determined by the electron optics
(including aberration correction) and for magnetic applications is currently of
the order of 30-100 nm. This method is inherently surface-sensitive and has the
advantage that samples on bulk substrates can be studied. Since low-energy
electrons are emitted in this technique, the application of external magnetic
fields in the PEEM is difficult. Furthermore a high voltage needs to be applied
between the sample and the microscope lenses, which complicates the measure-
ments for instance when samples have to be contacted for electrical current
injection. To obtain spatial resolution in X-ray microscopy techniques where
only photons are involved, Fresnel zone plates [212] are used to focus the x-ray
beam. This has the advantage that external fields can be applied as no elec-
trons are involved. Both types of microscopes (TXM and STXM) used for the
measurements presented here operate in the transmission mode so that samples
have to be fabricated on x-ray transparent membranes. The resolution is given
by the width of the outermost ring of the zone plate (15-25 nm). For full-field
TXM, the micro zone plate images the sample onto an X-ray-sensitive CCD
camera. In STXM, micro zone plates focus the beam onto the sample mounted
on a scanning stage and the transmitted intensity is monitored by a photomul-
tiplier tube or an avalanche photodiode and the image is obtained by scanning
the sample. Further approaches are such as lensless imaging with coherent
X-ray scattering [213] are now being used, as these techniques are compatible
with future x-ray sources, such as x-ray free electron lasers. In addition to the
element-specificity and the high spatial resolution, one can also use the time-

structure of the synchrotron to obtain a temporal resolution [214]. One uses
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a pump-probe scheme where a pump pulse (for instance triggering a magnetic
field pulse) is followed by n successive X-ray flashes [215]. The time resolution
is given by the width of the x-ray pulses, which are usually 50-100 ps and can
be as low as a few ps in special operation modes (low-alpha mode at BESSY

for instance).

4.1.3. Optical measurement techniques

Magneto-optical Kerr effect (MOKE) is a very well established technique to
study magnetism in thin solid film [71, 216] and it has been successfully adapted
to investigate DW motion in a magnetic sub-micron sized wires [217]. Many ex-
periments on DW propagation have been reported using MOKE magnetometry
[218-226] or microscopy [56, 194, 227]. While the laser spot size on the sample
is diffraction limited, MOKE microscopy has allowed for imaging of nanostruc-
tures as small as 30 nm [228]. Moreover, time-resolved experiments using a
time-of-flight measurement technique have been carried out to characterize DW
propagation in NiFe nanostrips [229]. This technique has allowed the Walker
field to be measured in NiFe as well as the periodical transformation of the DW
[223]. This technique based on a stroboscopic scheme averaging over a large
number of measurements does not allow observation of stochastic events. This
problem has been circumvented by Mohrke et al. who developed a single shot
Kerr magnetometer allowing for real-time measurements [226].

With this impressive range of techniques, one can find a technique ideally
suited for virtually every measurement envisaged.

4.2. Current-induced Domain Wall Motion in in-plane magnetized soft magnetic
wires

We now explore CIDM experimentally. First we focus on soft magnetic ma-
terials, where the first experimental observations were reported and where in
general the largest number of experiments have been carried out. The mate-
rial most frequently employed is permalloy (NigoFeqgp). It has virtually zero
magnetostriction and magnetocrystalline anisotropy making it very soft with

low propagation fields for domain walls. Other related materials have also been
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used, such as CoFeB, which is amorphous and therefore exhibits no grain bound-
aries, which could act as pinning sites for Domain Walls. Other 3d metals and
alloys, for instance polycrystaline Ni, Fe, Co or CoFe are expected to behave

similarly albeit with more pinning.

4.2.1. Quasi-static measurements of current-induced Domain Wall displacement

We will here first treat quasi-static measurements of the displacement of
head-to-head or tail-to-tail domain walls in soft magnetic permalloy (NiggFea)
wires. By quasi-static we mean that the domain wall position is determined
before and after the injection of a current pulse in a wire. Due to the static na-
ture of the measurement, one can only determine average domain wall speeds by
dividing the displacement by the pulse length. This is the most commonly used
measurement scheme, as it is technically less demanding than dynamic mea-
surements and faster than inherently slow imaging techniques, such as magnetic

force microscopy.
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Figure 12: Photoemission electron microscopy images and corresponding micromagnetic sim-
ulations of (a) a vortex head-to-head domain wall and (c) a transverse wall. The shades of
grey and the arrows indicate the magnetization directions. (b) shows the displacement of a
vortex wall by current injection in a 28 nm thick, 1 pm wide permalloy wire. The grey scale
bar shows the magnetic contrast direction for all the images. (d) shows the displacement of a
transverse wall in a 7 nm thick and 500 nm wide wire. In both cases the wall spin structure
stays the same after the displacement.

As discussed in section 2, two domain wall types are generally found in these
wires as shown in Fig. 12. In (a), a Photoemission Electron Microscopy [208]
image of a vortex head-to-head wall is shown together with a micromagnetic

simulation where the spin structure is visualized together with the resulting
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contrast of the image. In (c), a transverse wall is shown, which occurs in thinner
and narrower structures (for details of the geometry-dependence of the wall spin
structure see Ref. [165]). An example of experimentally observed domain wall
displacements is shown in Fig. 12 (b), (d). Here we see in (b) that a vortex
head-to-head domain wall is displaced by a current pulse with a high current
density of 10*? A/m? in the electron flow direction. In (d) we present the motion
of a transverse domain wall.

Using ultra-short pulses with very fast risetimes (< 100 ps) we have recently
imaged very fast domain wall motion with velocities > 100 m/s [230]. To create
these DWs prior to the current injections, an external magnetic field is applied
in a direction perpendicular to the wire. After reducing the field, this results in
the domain wall being positioned in the center of the wire. An x-ray magnetic
circular dichroism photoemission electron microscopy (XPEEM) image of the
initial configuration is presented in Fig. 13 (a) (top wire). To visualize the spin
structure, the inset in the lower left shows a micromagnetic simulation of a VW
confined in a wire with the same contrast. Once the initial configuration is
imaged, single current pulses are injected into the structure. The result of a
series of injections is presented in Fig. 13. Current pulses were injected between
adjacent images (from top to bottom). After five injections, the DW is displaced
by about 2 um. Fig. 13 (b) presents line scans showing the displacement and the
transformation of the DW. We see that the right side of the DW continuously
moves in the electrons direction.

After the third current pulse, the left side does not move and it seems to be
somehow pinned. The DW is therefore stretched, which results in an increase
of the stray field energy. If this energy increase becomes larger than the energy
required for a vortex core nucleation, it is energetically more favorable to trans-
form to a double VW by vortex core nucleation. The new DW structure again
displaces under current injection similar to the simple VW without changing any
more its spin structure. The average displacement per current pulse is 400 nm.
With the measured pulse length of 3 ns this results in an average DW velocity

of v = 130 m/s, which is much larger than for long currents pulses (> 10us)
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Figure 13: (From [230]) (a) Photoemission electron microscopy image series of a Py wire
(1000 nm wide, 40 nm thick with a 2 nm Au capping) containing a VW. The top image
shows the configuration after the initialization by a short vertical field pulse. The inset in the
lower left shows a micromagnetic simulation of a VW to help visualizing the DW structure.
The XPEEM images were taken with vertical contrast (see gray scale bar at the right) and
the simulation was adapted to this contrast. Current pulses were injected between adjacent
images (from top to bottom). After five injections the DW is displaced by 2 pm, thus about
400 nm on average per current pulse. After the third pulse DW transformed to a double VW
that continues moving. (b) Intensity line scans along the yellow curve indicated by the yellow
line in (a).

shown in Fig. 12. The fast wall motion as also observed by others for pulses
with short risetimes [231] can be explained by the combination of adiabatic and
nonadiabatic torque that act initially before the adiabatic torque is balanced
by the anisotropy [232]. So by using pulses with fast risetimes, that are shorter

than the relaxation (damping) time for the domain walls, a large torque can
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develop that aids depinning [232] and can lead to fast wall displacement in the
viscous regime.

Experimentally current-induced wall motion of these domain walls has been
studied by a large number of groups using various techniques (for an overview see

citing papers and references in [91, 117, 165, 170, 175, 183, 206, 231, 233, 234]).

4.2.2. Dynamic measurements of current-induced Domain Wall displacement
Dynamic measurements of the velocity have been carried out by Hayashi et

al. for the case of a domain wall which is dynamically generated [234].

4.2.8. Determining the spin torque terms

One of the key pieces of information is the size of the two spin torque terms.
While the adiabatic term is reasonably well understood and the parameters
entering into the size are reasonably well-known (the diffusive spin polarization
P might be the most difficult one), the non-adiabatic term with its parameter 3
is highly debated and reliable measurements are needed to obtain a theoretical

understanding of the origin (spin relaxation, non-adiabatic transport, etc.).

Domain Wall transformations. Starting with a domain wall at rest, wall mo-
tion as seen in Fig. 12 [91, 206] has been observed by a number of groups
and for sufficiently high current densities, periodic wall transformations have
been imaged [206, 233]. From these observations of transformations one could
deduce that the nonadiabaticity parameter # does not equal the damping con-
stant « [233]. While this is valuable information, the observation of periodic
transformations does not yield the absolute value of 5. For this one would need
to dynamically measure the distances in between transformations and even then
this method would require a good knowledge of the current density and as edge
roughness influences the transformation process this might not be extremely

accurate.

Depinning Field Measurements. The simplest method to obtain an idea for the
value of the non-adiabaticity constant 3 is to measure the field necessary to depin

a domain wall from a pinning site as a function of the applied current. Assuming
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that the domain wall can be described by the one dimensional model laid out in
the theory chapter (to what extent this holds in wide and complex domain walls
in in-plane magnetized materials is debatable, while this is probably more valid
in high anisotropy materials as discussed in the next chapter), the efficiency of
the depinning is a direct measure for 3. An example are the measurements in

[235], where an efficiency corresponding to a value of 3 of 0.1 was found.

Thermally activated Domain Wall motion. A more quantitative measurement
of  [236] has recently shown that for wide transverse domain walls where the
magnetization gradients are small, 3 is of the order of « thus pointing to spin re-
laxation as the dominating contribution to 3, which arises from the same impu-
rities that lead to viscous damping. For vortex walls a significantly larger value
of § was found and this can be attributed to nonadiabatic transport across the
vortex core where particularly high magnetization gradients occur [236]. This
means that there is a distinct dependence of the torque terms on the magne-
tization configuration and thus the torques can be tailored by appropriately

engineering the spin structures.

Vortex core displacement. A very robust measurement scheme for 3 was recently
explored in disc structures with a vortex configuration. The direction of the

vortex core displacement is a direct measure for 3.

o1



4.8. Current-induced Domain Wall Motion in out-of-plane magnetized magnetic
wires

Most experimental studies on current induced domain wall motion were car-
ried out in soft-magnetic nanowires made of permalloy. This well known material
has the advantage of a domain wall less sensitive to pinning due to the large DW
width (~ 100 nm) and the long exchange length as well as the potentially high
spin polarization in these materials. Experiments have however underlined seri-
ous limitations concerning the use of this material for the study of CIDM: high
critical current densities leading to strong Joule heating, complex domain wall
structures with uncontrolled domain wall transformation leading to unreliable
and stochastic DW displacements (see for instance Fig. 13 (a)) [206, 237] [238],
and domain nucleation induced by current injection [203]. This limits the pos-
sibilities for a fundamental understanding of the spin transfer effect in magnetic
DWs but is also a serious issue for possible applications based on CIDM. Since
2005, a growing number of experiments were carried out on spin transfer in out-
of-plane magnetized materials with a large perpendicular magnetic anisotropy.
This class of materials combines several advantages over soft in-plane magne-
tized materials: narrow domain walls typically below 10 nm with a simpler and
more rigid internal Bloch/Néel DW structure; expected higher nonadiabaticity
effects due to the higher magnetization gradients and high spin-orbit coupling
leading to lower critical current densities and higher velocities; a large variety
in the magnetic and transport properties of the available materials that allows
one to study the dependence of spin transfer effect on these parameters. For the
prospect of high density magnetic memories based on CIDM, these advantages
combined with a small DW width, i.e small size of the magnetic bit, makes these
materials very attractive. This section is devoted to the review of recent works
on CIDM in out-of-plane magnetized magnetic nanowires. After a short intro-
duction on the field induced DW dynamics in these materials, we will review
recent experimental works about CIDM in these materials and discuss their im-
plication on the physics of spin transfer in DWs. In the following, we will restrict

the discussion to metallic out-of-plane magnetized ferromagnetic materials and
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will only address shortly the special case of diluted magnetic semiconductors.
The interested reader can find more detailed informations about this last topic
in Ref. [239-241].
4.3.1. Magnetic field induced domain wall dynamics in out-of-plane magnetized
materials

Understanding the dynamics of a DW under an external magnetic field in
out-of-plane magnetized materials is important to study the current induced
domain wall dynamics. It allows in particular to introduce some important

aspects of the DW dynamics in these materials.

DW propagation. In a perfect magnetic material without pinning, different
propagation regimes of the DW are predicted from the Landau-Lifschitz Gilbert
equation when applying an external magnetic field H along the anisotropy easy
axis. For low magnetic field, the dynamics is characterized by a domain wall
velocity v that scales linearly with H: v = pH with 4 = yA/a, the DW mo-
bility. In this regime, the velocity attains a steady value after a transitional
regime. This law holds as long as H is smaller than the Walker field Hyy.
Above this threshold field, the Walker breakdown occurs and the mean velocity
drops sharply. In this regime, the velocity oscillates at a frequency that depends
on H. For higher value of H, the mean velocity < v > starts again to increase
with H with a reduced mobility u = vyA/(a + a~1). This text book behavior
has been clearly identified in permalloy nanowires with a Walker breakdown
field around a few Oe [223, 237].

In out-of-plane magnetized materials, the high anisotropy and the small do-
main wall width make the DW very sensitive to intrinsic local pinning sites that
often match the DW width [242]. In a magnetic film, such pinning may arise
from nanoscale defects such as atomic step, grain boundaries, surface roughness,
local variation of the thickness/composition, variation in stress [243] ...leading
to random fluctuations of the anisotropy [244] or of the exchange interaction.
Such pinning strongly affects the DW dynamics for small external magnetic

field, which is then thermally activated and characterized by discrete jumps be-
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tween metastable states that are separated by the typical length scale between
pinning sites (a few tens of nanometers).

In a out-of-plane magnetized Pt/Co(0.6 nm)/Pt thin films, three different
regimes have been identified depending on the amplitude of the magnetic field H
applied along the anisotropy easy axis relative to the critical field H, [163, 164,
245]. At low magnetic field (H < H.), the domain wall velocity is described by

_kiT <I§>1/41 (31)

where U, is a constant describing the pinning energy and vy. For 0.8 H, < H <

a creep law:

v = Vg eXp

H,, the dynamics is in the thermally activated regime that can be described by

the Arrhenius law :

2MSVB(HC _H)> (32)

v=1viexp | —

1 €Xp < kpT
where Vp is the activation volume. In both thermally activated regimes, the
DW velocity is very low, much smaller than 1 m/s. For H > H,, the viscous

regime is recovered with a velocity proportional to H :
v=p(H - H,) (33)

with p the mobility of the DW. The amplitude of the critical field depends on the
magnetic properties of the material and on the amplitude of the pinning. In high
anisotropy Pt/Co/Pt multilayer, H,. usually reaches several tens of mT [163,
246]. Such values can be higher than the Walker field preventing the observation
of the steady high mobility viscous regime [246].

The reduction of the lateral dimensions in nanowires affects the DW dynam-
ics in different ways. In the viscous regime, the lateral confinement decreases
the in-plane DW demagnetizing field Hy and consequently the Walker field. Mi-
cromagnetic simulations carried out by Szambolics et al. [139] thus revealed a
60 % decrease of the Walker field in 120 nm wide nanowires with perpendicular
anisotropy compared to the extended case.

The edge roughness introduced by the lithographic process will also locally
change the energy of the DW and thus lead to additional DW pinning. This
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can strongly affect the DW dynamics in sub-micron nanowires in particular
in the thermally activated regime. Cayssol et al. [164] thus observed a strong
decrease of the DW velocity in the creep regime in Pt/Co(1 nm)/Pt multilayer
nanowires when the wire width wg is decreased. This can be modeled by a
renormalized critical field which is simply the sum of the critical field due to
the quenched disorder and a topologically induced field due to the modulation
of the DW length which scales as 1/wp. A similar behavior was observed by
Kim et al. [247] in Pt/CoFe(0.3 nm)/Pt nanowires but a deviation from the
common creep law was revealed at very low field (< 10 Oe) for narrow wires
(wo < 500 nm). This deviation actually occurs when wy becomes comparable to
the length of a DW segment that thermally jumps over the quenched disorder
potential collectively L.y,. In this regime, the collective DW segment length

becomes wy instead of L., and the DW can be described as a 1D object.

DW pinning. Being able to pin a DW on a given pinning site in a nanowire is
a prerequisite for the study of current induced DW dynamics. Local pinning
sites in out-of-plane magnetized materials can be obtained in a nanowire by
using lithographically defined geometrical pinning sites [60, 66-68, 192], local
change of the layer thickness [64, 248], holes or trenches created using an AFM
tip [249], local decrease of the anisotropy using ion irradiation [250, 251] or local
exchange bias with an antiferromagnetic layer [136]. Geometrical pinning sites
are the most used and obtained by changing locally the width and shape of the
nanowire using for example a constriction [67] or a Hall cross [60, 66, 68, 192].
Pinning arises in this site from several contributions. First, the pinning due
to the geometry that tends to pin the domain wall on the position where his
length is minimal. When applying a magnetic field, the elasticity of the 1D
DW line however can lead to a distortion of the DW shape due to the compe-
tition between the wall energy (minimum DW length) and the Zeeman energy
(maximum reversed area). In a Hall cross geometry, the DW was thus shown
to expend in a bubble shape when driven by an external magnetic field [192].

Beyond this defined geometrical pinning field, the DW experiences pinning due
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to the natural defects in the films which can be of the same order of magnitude
or even dominates [55, 68, 193, 246]as well as pinning due to the edge rough-
ness or lithographic defects. All these contributions make the precise control of
the position and shape of the DW in the pinning sites difficult in out-of-plane
magnetized materials.

Experimentally, time resolved DW depinning experiments from natural de-
fects [193] or a Hall cross [67, 192] generally show a depinning time distribution
following an exponential law consistent with thermally activated process over a
2

single energy barrier

Néel [252] law:

. The mean depinning time 7(H) follows an Arrhenius-

1/7(H) = 1/70 exp(—Ey(H) /kT) (34)

with 1/7p the attempt frequency. The potential barrier for depinning Fy,(H) is
found to decrease linearly with the applied field [67, 68, 192, 193]. Note that this
dependence may however depend on the exact nature of the pinning site.Indeed,
other forms have been predicted: for example, Gaunt [253, 254] predicted a
linear scaling with H for “weak” DW pinning, where the wall breaks away
cooperatively from many pinning sites when depinned. In the “strong” pinning
case, where the wall breaks away from an individual pinning site, E,(H) is
expected to scale as (1 — H/HOI/Q)?’/2 with Hp a constant. A similar scaling
law was calculated by Kim et al. [158] for a point like defect induced by a local

reduction in the uniaxial anisotropy or a local hard axis pinning field.

4.3.2.  Ezxperimental considerations

Due to the particular geometry of the wires and the magnetization direction,
other effects beyond the spin torque effect can occur when injecting current in
out-of-plane magnetized nanowires. This means that particular cares is neces-

sary to separate these effects when interpreting the data.

2More complex laws involving linear combination of exponential laws were also found [67,
193] which can be described a Markov process that involved two possible DW configurations
possibly due to small deformations of the wall (depinning in two times), or to domain wall
chirality (presence of a small in-plane component, presence or absence of a vertical Bloch
line,...) [67, 193].
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Joule heating. For a given current density, the heating amplitude depends on
the material and the geometry of the wire as well as on the metallic contacts and
the nature of the substrate where heat is dissipated [255, 256]. In typical CIDM
experiment, heating can reach up to several hundreds of K for high current den-
sities (~ 10*1-10'2 A/m? depending on experiments) [55, 58, 147, 148, 186, 255—
257]. In out-of-plane magnetized materials with strong DW pinning, the DW
dynamics is in a thermally activated regime over a large range of current and
field where it is controlled by the pinning potential landscape in the nanowire.
In this regime, the DW dynamics is particularly sensitive to the temperature in-
crease due to Joule heating that helps the DW to overcome the pinning energy
barrier. Joule heating thus strongly affects the DW motion and will tend to
decrease the critical current for depinning and enhance the DW velocity in this
regime. This is particularly true in the case of current induced DW motion or
depinning experiments in the presence of an external magnetic field that lowers
the pinning energy barrier [55, 67]. Boulle et al. [55] showed that the strong
decrease of the DW depinning field observed when injecting current pulses can
be mostly attributed to the effect of the Joule heating and a smaller part to
spin torque effects. Burrowes et al. [67] also observed in time resolved depin-
ning experiment in the presence of an external magnetic field that changes of a
few tens of kelvins due to Joule heating can mask the effects of spin-transfer.
A possible way to exclude the influence of Joule heating properly is to measure
the CIDM at several external temperatures such that the nanowire temperature
stays always the same for different amplitudes of the current as was done in
Ref. [55, 76, 148, 194]. The effect of the temperature rise can also be accounted
for by measuring the current dependence of the wire temperature and using an
Arrhenius activation law to normalize the data at a fictive constant temper-
ature [57] or by including a current dependent temperature in the activation
law [56].

Another consequence of Joule heating is that the temperature rise can reach
the Curie temperature and thus leads to uncontrolled domain nucleation [58,

258]. This is particularly problematic in ultra-thin magnetic film where the
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Curie temperature can reach a relatively low value (T, ~ 400 — 500 K) [246]
compared to permalloy (7. ~ 850 K) and thus prevents the study of CIDM at
high current densities and/or long current pulses. This also makes the search
for low DW pinning material difficult as it is often associated with a decrease
of the Curie temperature, as is the case for example when irradiating ultra-thin
magnetic films with ion [58, 259-261].

Even if Joule heating can not be suppressed, its amplitude can be signif-
icantly reduced by using magnetic materials with small resistivity, thin films,
and choosing a substrate with high thermal conductivity [255, 256], such as Si
or diamond [262]. Another approach is to cover the wire with a high thermal
conductivity but electrically insulating layer to play the role of a heat sink, such

as an AIN capping [55].

Oersted field effect/Domain wall drag. The concentric Oersted field can play
a significant role for the magnetization dynamics in out-of-plane magnetized
nanowire. Fig. 14 shows the simulated distribution of the out-of-plane compo-
nent of the Oersted field in a nanowire [59] characterized by a rapid increase of
the field amplitude as one approaches the wire edges. Actually, the maximum
Oersted field on the sides H, depends on the width w and the thickness t of
the wire and can be approximated as H, = Jt(3 + 2In(w/t))/4m for a thin
conductor (¢t < w) [194] and is thus larger for wide and thick nanowires. For a
typical 200 nm wide 5 nm thick wire, the resulting Oersted field is about 5 mT
for J =1 x 10'2 A/m2. Although the net force on the complete DW is zero,
such an Oersted field can bend the DW at the edges and lead to an asymmetric
DW motion [194]. Experimentally, the influence of the Oersted field on the DW
depinning and propagation can be identified by comparing the DW dynamics
for domain configurations with opposite magnetization [263].

In wide nanowires in soft out-of-plane magnetized materials, the Oersted field
can also have some unexpected effects on the domain configuration. Figure 15(a)
shows a magnetic image of a DW in a 2 pym wide nanowire patterned in out-

of-plane magnetized Pt/CoFeB(0.6 nm)/Pt. This comparably soft material is
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Figure 14: (From Ref. [59]) Cross-section of a wire with the calculated distribution. The
current (10*2 A/m? flows homogeneously in the wire in the -z direction. The wire dimensions
are 5.6 nmx2um (x and y are plotted at different scales). The out-of-plane component of the
Oersted field Hy is plotted in color. (b) Hy as a function of the lateral position x in the wire.

characterized by a relatively low coercive field (~ mT). When injecting a high
current density in the nanowire (~ 10'2 A /m?), a new domain structure appears
with two domains with opposite magnetization separated by a DW aligned along
the wire (see Fig. 15(b)). The appearance of this domain structure is attributed
to the combined effect of the Oersted field and the reduction of the magnetostatic
energy (closure of flux line). Interestingly, when injecting successive current
pulses of opposite polarities, the magnetization in the DW can be reversed back
and forth by the sole effect of the Oersted field (see Fig. 15(c-d). This underlines
the high Oersted field generated in these wide wires, which was estimated to
reach 8 mT on the edges for J =1 x 10'2 A/m?.

A second electromagnetic effect is the domain wall drag [264]. The change of
sign of the anomalous Hall voltage around the DW leads to an additional current
that circulates around DW and induces a magnetic field B, that can lead to do-
main wall motion. For t < w, Viret et al. found H, ~ 7J tan(6,)t In(w/t) /272
where 6, is the Hall angle. In 50 nm thick and a few 100 nm wides Fe wires,
Viret et al. [265] found this effect to actually dominate over spin transfer. On
the contrary, in nm thick multilayer films, such as in (Pt/Co),, the effective
magnetic field is very weak and can generally be neglected [55].

4.3.3. Experiments to determine the spin torque terms in out-of-plane magne-
tized wires

A large number of experiments on current induced domain wall motion in

out-of-plane magnetized structures were devoted to the characterization of the
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Figure 15: (From Ref. [59]) XPEEM magnetic images of a 2 um wide Pt/CoFeB/ Pt wire.
A white contrast corresponds to the magnetization pointed up and a black contrast to the
magnetization pointing down. (a) A DW is shown in the wire. (b) After the injection of a
current pulse J = 1.0 x 1012 A/m2 for 25 us, direction indicated by the arrows in the wire,
the original DW structure disappears and a long DW parallel to the wire is created. When
the current direction is reversed, the magnetization in the domain also reverses ((c) and (d)).

highly debated nonadiabatic torque. Most of these experiments were carried
out in the presence of an external magnetic field in addition to the injected
current. Indeed, the effect of the nonadiabatic torque on the DW dynamics is
predicted to be equivalent to an external magnetic field [138, 155, 266] so that
the relative changes induced by the current in the field induced DW dynamics
allows one to characterize nonadiabatic effects. Most experiments presented in
this section considered long time scale (injection of long pulse/DC current) and
the current/magnetic field values are lower than the zero temperature critical
values associated with pinning so that experiment can generally be described
in a thermally activated picture where the dynamics is dominated by pinning.
These experiments thus probe how current and field affect the pinning potentials

felt by the DW.

Variation of the depinning field with current injection. In most experiments [55,
68, 136, 263, 267], the depinning field Hg., strongly decreases as current is
injected and for sufficiently high current densities a linear dependence is found.
Importantly, the slope € = o AHgep/AJ of the curve Hgep(J), generally called
“efficiency”, is much higher compared to what is observed in permalloy [55, 148].

As an example, we have studied the variation of the depinning field when in-
jecting 50 us current pulses in an out-of-plane magnetized (Pt/Co(0.6 nm))s/Pt

Hall cross with 540 nm lateral dimensions at several temperatures. At con-
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stant cryostat temperature, a strong decrease of the depinning field is ob-
served for both current polarities when injecting current densities higher than
4 x 101 A/m? although the depinning field is always higher for one current po-
larity compared to the other one (See Fig. 16(a)). From the slope of the curve
for T¢ryo = 130 K, one obtains a high efficiency ¢ ~ 1013 T.m?/A. However,
the weak dependence of the depinning field on the current polarity clearly sug-
gests an important contribution of the temperature rise due to Joule heating,

that was measured to be about 200 K for the maximum injected current.
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Figure 16: Depinning field as a function of |J| for (a) a constant cryostat temperature of
Teryo = 130K (squares) and Teryo = 250 K (circles) and (b) a constant sample temperature
of Tsgmpte = 250 K (up triangles) and Tygimpre = 300 K(down triangles).In (b), the black
lines are a linear fit of the data.

To extract the spin torque contribution, we carried out the same depinning

experiment but at a constant sample temperature by playing on the external
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temperature and the amplitude of the injected current. Figure 16(b) shows
the resulting depinning field vs current density curve for two different sam-
ple temperatures of Tsqmpre = 250 K and Tygmpie = 300 K. We observe now a
clearly different behavior: the depinning field decreases linearly for one current
polarity (current helps the DW depinning) whereas it is approximately constant
or slightly increases for the other current polarity (current hinders DW depin-
ning). From the slope of the current polarity for negative current that helps the
depinning, one can derive a real efficiency € = 2.5+ 1.15 x 1074 T.m?/A for
Tsampte = 250 K and € = 6 £ 4.5 x 10715 T.m? /A for Tsampie = 300 K. To an-
alyze the results, we carried out simulations of the DW dynamics using the 1D
model with thermal activation (see section 3). We assume a pinning potential
Vpin(q) such that Vj;, is quadratic with the position ¢ in the potential well and
constant outside. Our simulations show that only the nonadiabatic torque can
change the depinning field. Actually, the adiabatic torque tilts the domain wall
internal angle ¥ but does not change the equilibrium position of the DW in the
potential well due to the damping. On the contrary, the nonadiabatic torque
modifies the potential profile as well as the DW position and thus acts on the
pinning energy barrier. In the 1D model, the nonadiabatic torque acts on the

DW as an effective field pgH; = el with [266]
e = BPh/(2eMsA) (35)

From the experimental efficiency, one obtains g = 1.45 4+ 0.7 from the
T=250 K experiment and § = 0.35 £ 0.26 from the T=300 K experiments to
be compared to the damping parameter o ~ 0.15 in our film. Note that these
values are rough estimations as the spin polarization is not known and assumed
to be similar to the one in Co (P = 0.46). This value is however in the range
of the spin polarizations extracted by Cormier et al. [58] in Pt/Co(0.5 nm)/Pt
from CIP GMR data (P =~ 0.35) and by Aziz et al. [250] by DW resistance
measurement (P ~ 0.7). Finally, the model does not explain the difference in
the efficiency between both temperatures.

We also carried out complementary experiments at constant cryostat tem-
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perature (T" = 100 K) to characterize the contribution of the Oersted field in
the DW depinning. This is done by comparing the depinning field for opposite
domain configuration around the DW. We find a negligible contribution of the
Oersted field much smaller than that of the nonadiabatic torque [263].
Finally, Fukami et al. [136] observed in narrow (70-200 nm) (Co(0.3 nm)/Ni(0.6 nm))4 5

that the critical current density does not depend on the external magnetic field.
This can be explained by a depinning which is driven by the adiabatic torque
in these narrow wires. Indeed, as discussed in section 3.2.3 and 4.3.4, the crit-
ical current associated with the adiabatic torque can be lower than the one
associated with the nonadiabatic torque for narrow wire due to the small de-

magnetizing field.

Time resolved depinning experiment. Ravelosona et al. [67-70, 268] carried out
time resolved depinning experiment in the s range under constant current and
external magnetic field in spin valve with a (Co/Pt), (Co/Ni), or FePt free layer.
DW was pinned in a geometrical pinning sites or on natural pinning sites and
depinning was monitored on the nm scale using the extraordinary Hall effect
(EHE) [68, 69, 268] or 100 nm scale using GMR [67].

All experiments show the mean depinning time In 7 scales linearly with the
current with 7 the mean depinning time. This combined with magnetic field
induced depinning experiments suggest an Arrhenius activation law over a single

energy barrier Fj:
Ey(H,I) =2poM,V(H, —H)+ ol (36)

where V is the activation volume and H), the depinning field.

These results are consistent with Kim’s et al. [158] theory of thermally ac-
tivated current induced DW depinning (see section 3.3) that predicts a linear
variation of AE,(I) = ol. Using Eq .(27) for the expression of o, Burrowes et
al. deduced = 0.022+0.002 in CoNi and 5 = 0.06+0.03 in FePt, similar to the
value of the Gilbert damping constant, ccon; = 0.0324+0.006 and apepr ~ 0.1.
As the DW width in FePt (1 nm) is much smaller than in Co/Ni(10 nm), the
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authors conclude that 8 ~ « in general, independent of the DW width. A
value 8 ~ 0.015 can be also be estimated from similar experiments in Co/Pt et
al. [68, 155].

Importantly, very different values of 3 are obtained from the efficiency de-
rived from the variation of the depinning field with the injected current. Indeed,
from the current/field equivalence obtained in the 1D model, one gets a 3 value

about one order of magnitude higher than the 8 estimated from the value of o.

Small DW displacement. Miron et al. [60] studied the quasi-static nm scale dis-
placement of a pinned DW induced by the combined effect of a low frequency
(10 Hz) current I and field excitation. The DW was placed in the center of a
100 nm wide double Hall cross geometry so that sub-nm scale displacement was
detected using the EHE. The authors observed that the application of a small
AC field H leads to a shift Al of the EHE signal vs I curve with Al o« H
and thus current acts on the DW similarly to an effective magnetic field. From
Al an efficiency e = 8 x 10~ T.m?/A is measured in a Pt/Co(0.6 nm)/AlOx
multilayer which leads to § ~ 1.9 using Eq. 35 and P = 0.6. The same exper-
iment carried out on Pt/Co/Pt multilayer leads to € < 2 x 1071°T.m? /A and
[ < 0.017. The authors attribute this difference to the presence of a Rashba
spin-orbit coupling (RSO). Actually, RSO is expected in two-dimensional (2D)
systems with broken inversion symmetry as in Pt/Co/Al;O3. The RSO leads
to a strong effective magnetic field on the conduction electron, whose directions
depends on their k vector. As conduction electrons have different k vector on
the Fermi surface, this leads to additional spin relaxation and thus enhances (.
The presence of a Rashba field in this structure was proved later on by domain

nucleation experiments [269].

Current-induced DW creep under external magnetic field . Several authors stud-
ied the influence of a small DC current on the well characterized thermally ac-
tivated DW creep driven by an external magnetic field [56, 57, 70]. Alvarez et
al. and Lee et al. thus observed that when injecting a current density of a few

1019 A/m?2, the DW moves in the same direction as the one imposed by the
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external field and the DW velocity is enhanced or decreased depending on the
current polarity, in agreement with a spin transfer effect.

Lee et al. [57] studied the DW creep in Pt/Co(0.3 nm)/Pt nanowires over
more than 4 orders of magnitude in velocity. The authors observed that the
injection of a small current density (~ 10*° A/m?) in the wire leads to the same
dependence of the velocity v with the magnetic field but shifted horizontally by
a quantity AH(J) = eJ + nvH.J?. Current acts thus on the DW in the creep
regime similarly to an effective field AH (J). The authors measure an efficiency
€ =164 x107 Tm?/A equivalent to 8 ~ 0.38 for P = 1. The origin of the
term in J? still remains to be understood.

Similarly, Alvarez et al. [56] studied the DW creep in Pt/[Co(0.5 nm)/Pt(1 nm)],
5 pm wide wire in the presence of both an external magnetic field and current.
Although the measured velocity range is small (about an order of magnitude),
the authors show that the dependence of the velocity with the current and mag-
netic field is consistent with a standard creep law where the external field H is
replaced by an effective field Hors = H +€J with € = 3.6+ 0.6 x 10~ ** Tm?/A.
Using a spin polarization of 0.7 in Co/Pt measured from DW resistance mea-

surement, this leads using Eq. 35 to 6 = 0.7 £ 0.1.

Discussion. Table 1 summarizes the results obtained from current induced do-
main wall motion in the presence of an external magnetic field. The first col-
umn lists the different values of the experimental efficiency. Note that many
experiments consider magnetic multilayer with a complicated structure and the
authors generally assume that the current flow is homogeneous. However, the
actual current density within the different layers depends on their relative re-
sistivity and thickness as well as the spin-dependant resistances at the interface
and this may lead to significant deviation compared to the simple homoge-
neous case [58]. The third column lists the author best estimates of 8 from
their experimental data. ( is estimated from a current/ field equivalence using
Eq. 35 [55-57, 60, 66] or from the linear variation with current of the pinning
barrier energy [67, 158]. Note that 8 is directly proportional to the current
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Type

. e(107 o(107 17 ) A
Material T.mz/A) J/A) Jél Bmin « (nm) zip Ref
Cu/Co(0.5)/Pt 17 15 7.6 10 I [68]
Pt/Co(0.6)/Pt < 0.2 < 0.017™M 0.029 4.2 Di [60]
Pt/Co(0.3nm)/Pt 1.6+ 0.1 0.34 453  Cr [57]
Pt/[Co(0.6)/Pt]5 0.6+0.45 0.35+0.26  0.16 0.15 6.3 D [55]
Pt/[Co(0.6)/Pt]3® 2.5+1.15 1.45+0.7 0.67 0.15 6.3 D [55]
Pt/[Co(0.5)/Pt]2 3.6+ 0.6 0.74+0.1 0.49 4@ Cr [56]
Pt/Co/AlOx 8 1.9 1.16 0.5 4.2 Di [60]
(Co/Ni)4/Co/Pd (SV) L5 0.94 0022 021 0.032 10 LD 67)
SrRuO3 100 0.48 1 D [66]
FePt (SV) 30 2.37 0.06 £0.03 0.9 0.1 1 I, D [67]

Table 1: Summary of results from CIDM in the presence of an external magnetic field. Type
of experiment : D: Dependence of the depinning magnetic field with the injected current; I
: Dependence of the depinning time with the injected current; Di : Displacement of the DW
with the injected current and external magnetic field. Cr : Dependence of the DW velocity on
current and field in the thermally activated creep regime. (1): This best estimate value was
corrected compared to the published one to take into account different definitions of e and
B. (2): Rough estimation assuming typical parameter for the material. (3) From Ref. [55],
Tsample = 250 K. (4) From Ref. [55], Taqmpie = 300 K.

spin polarization P, which is subject to large uncertainty. Furthermore, the
two different methods can lead to very different estimates of § in the same
material [67]. In addition, when (3 is extracted from e and (Eq. 35), the cur-
rent /external field equivalence is assumed as well as the 1D approximation. In
the 1D model, current should act similar to an effective field through the nonadi-
abatic torque for pinning potential V. sy that depends only on the DW position
g even in the thermally activated regime [155]. One can note however that this
may not hold if Vs, depends on ¢ (for example for asymmetric notches as was
shown in permalloy [270]) as the adiabatic torque may also affect the pinning
barrier. Beyond the 1D model, the deformation of the DW line may also affect
€ and this may depends on the nature of the pinning. To take into account the
first two biases, we also computed § from the efficiency € using the current/field
equivalence (Eq. 35) and assuming P = 1. This value (,,;, corresponds actually

to a lower bound for § derived from the current/field equivalence.

Table 1 shows a large dispersion of € and [3,,;, for different materials and ex-

periments. A striking example is the large difference for € and 3 for Pt/Co(0.3 nm) /Pt
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in Ref. [57] and Pt/Co(0.6 nm)/Pt for Ref. [60]. Besides the variation in the
spin polarization for the different materials, this suggests that 3 depends also
strongly on the exact material composition and structure. Despite this large
scattering, one can however identify three groups depending on the efficiency.
A first one, composed of [Co/Pt],, and [Co/Ni],, where, except for Ref. [68] and
Ref. [60] with extreme values, € is of the order of 107!* T.m?/A. A second one,
composed of STRuO3 and FePt with narrow DW walls and a much higher ef-
ficiency. A third group is composed Pt/Co/AlO, with intermediate value of e
and high value of 3.

Interestingly, despite large variations in €, §,,;, typically ranges between 0.2
and 1, which is much higher than the values of 8 estimated from measurements
in permalloy. There is currently no consensus to explain such a high nonadia-
baticity in these materials and this remains an open question. One can however
invoke several different approaches for an explanation. One relies on the high
spin orbit coupling in these materials with strong uniaxial anisotropy. Actually,
strong nonadiabaticity was predicted in systems with high intrinsic spin-orbit
coupling, such as in 2D magnetic gas with a Rashba spin-orbit interaction or
(Ga,Mn)As [101, 102, 104]. This scheme seems to support the enhancement
of the nonadiabaticity observed in Pt/Co/AlyO3 where a strong Rashba spin-
orbit coupling was recently identified [269]. Momentum transfer expected for
narrow DW is another possibility. However, this mechanism is expected to be
relevant for DWs with widths of the order of the Fermi wavelength (~ 1 nm) or
the Larmor precession length (a few nm) [85, 86] which is not completely the
case for standard out-of-plane magnetized multilayers with larger DW widths
(~ 5 —10 nm). The condition seems to hold though in FePt and SrRuOgs

with very narrow DW (~ 1 nm),3.

Furthermore, there seems to be no clear
correlation between the measured [3,,;, and « and in general, (§,,;,, which is
a minimum boundary for 3, is higher than «. However, one should consider

that except for Ref. [60], the value of o were obtained from FMR or magnetic

3although the role of scattering may have to be considered [88].
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relaxation experiments on thin film which might differ from the one extracted
from DW velocity measurements and effectively felt by the DW. For example,
Adam et al. [76] in (Ga,Mn)As measured a damping parameter about 1 order of
magnitude higher using the dependence of the DW velocity with the magnetic
field as compared to the one obtained by ferromagnetic resonance. Actually,
recent theories predict an enhancement of the damping parameter in the case
of narrow DW [271] or due to the disorder [132].

Finally, several authors mentioned an intrinsic link between DW resistance
and nonadiabatic effects [85, 101, 272, 273]. Using experimental value of 3 for
[Co/Pt]s multilayer (Ref. [55]) and StRuO3 (Ref. [66]), one can actually deduce
a DW resistivity from Tatara’s theory of momentum transfer which is compa-
rable to the one that was measured in these materials [250, 274]. This theory
holds however for very narrow DWs and in the ballistic limit, but Tserkovnyak et
al. [273] found a similar correspondence between 5 and the DW resistance with-
out these restrictions from more generally thermodynamic arguments. Simi-
larly, Nguyen et al. [101, 104] proposed a mechanism for high nonadiabaticity in
(Ga,Mn)As directly related to carrier scattering at the DW. Indeed, they showed
that strong intrinsic spin orbit coupling in this material can cause significant
carrier reflection at the domain wall and thus high domain wall resistance even
in the adiabatic limit when the wall is much thicker than the Fermi wavelength.
When the carriers scatter off the domain wall, their momentum changes, and
through the spin-orbit coupling, their spin also changes. The reflected spins
thus do not follow the magnetization of the domain wall and thereby cause a
large nonadiabatic torque. Similarly, Berger et al. [272] associated with the dif-
ferent existing theory of nonadiabatic effect, a theory of DW resistance. A more
systematic experimental study of 8 and the DW resistance in the same sample

is needed to clarify this point.

4.83.4. Current induced domain wall motion at zero external field
Several groups reported CIDM at zero external magnetic field in out-of-plane

magnetized materials.
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Material JC(1011 e* (10714 Vonin Displa- Pulse H, Wire

Direction Ref

A/m?) T.m?/A) (m/s) cement length (mT) width(nm)
Co/(Ni/Co)4 5 3,6 ~ 50 2.6 pm 50 ns 18 70-160
(Co/Ni)s/Co 39 5 20 200 nm  100ns 15 70-200
(Co/Ni)4/Co 5-11 3 20 200 nm 100 ns 15 70-200
(Co/Ni)4/Co/Pd quasi
SV 8 1,9 e 15 200
(CoFe(0.5nm/Pt)s 14.3 49 15 750 nm 20 ns ~ 70 230
Pt/Co/AlOx 10 1 0.6 500mm 290 o 100
Cog3Cr11 Ptag 10 5 0.048 400 nm 82 pus 50 280
SrRuO; 0.1 100 0.4 ~1pm  100ms 10 500
ThsoFessCots oy 920 ~0.01  ~pm 100 ps  100-220 8000
s .
Pt/Co(0.3nm)/Pt  0.83-1.8 }8_4' 30 st 190-490

-e

[63, 64]
[136]
[136]

(67]
(61]
[258]

[64]
[66]

[65]

[57]

M6_ 9
-e

Table 2: Summary of DW depinning experiment at zero external field. Direction stands
for a current induced DW displacement in the direction of the electron flow, and “e” in the
direction of the current.

Critical current. We list in Table 2 the critical current densities .J. at zero
external magnetic field. . J. is defined as the smallest current density for
which a DW motion is observed. It thus depends on the detection technique,
in particular on the smallest DW displacement that can be detected as well as
on the length of the current pulse as the DW must have time to propagate over
this smallest distance. To illustrate this bias, we list the minimum DW velocity
Umin generally obtained by dividing the DW displacement by the length of the
pulse.The efficiency ¢* = J./H, where H, is the pinning field is also listed to
compare results with different pinning.

Despite large scattering in the data, one can identify different groups of
material. A first group composed of multilayers with ultrathin magnetic films
with similar order of magnitude for the efficiency (~ 5x 10714 T.m?2/A). Due to
variation in the pinning in the different film, this leads to J. ranging between 3
and 15 x 10'* A/m?. Another group is composed of STRuO3 and ThFeCo with
much higher efficiency and much lower critical current density in the 10*° A /m?
range. Although different materials are considered, the data in the first group
of materials suggest an approximate scaling of the current density with H,.
Several authors studied in more details the dependence of J. on H,, in the same

material. Ravelosona et al. [69] and Li et al. [275] reported in 0.2-1 pm wide
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Pt/Co wire and 8 pum wide ThFeCo nanowire an approximately linear scaling
of J, with the pinning field which is consistent with a depinning controlled by
the nonadiabatic torque. However, a different scaling was reported in narrow
(70-240 nm wide) (Co/Ni)y 5 wire [62, 136, 276] where the critical current was
found to be independent of pinning nor on the external field. Fukami et al. [136]
and Tanigawa et al. [62] also studied the dependence of J. on the wire width w
in similar samples. They observe that for w ranging between 70 and 200 nm, the
critical current density decreases as w decreases. These observations are more
consistent with a depinning process driven by the adiabatic torque expected for

narrow wires and not by the nonadiabatic torque (see section 3.2.3).

Domain wall propagation. Several authors studied the dependence of the DW
velocity with current density [57, 63, 258, 277, 278]. As observed for field-
induced domain wall motion, upon increasing J, one successively observes a
slow creep regime where DW motion is controlled by wall pinning and thermal
activation and a flow regime with high DW velocity and a linear variation of
the DW velocity. In between, an intermediate regime with a higher slope v(J)

is observed, which may be identified as a thermally activated depinning regime.

Flow regime The flow regime was observed by Koyama et al. [63, 278]

2 and

in [Co/Ni]y5 nanowires for high current density above 8 x 10! A.m
Moore and Miron et al. [258, 277] in Pt/Co/AlOx nanowires for J > 2 x
10*2 A/m?2. In (Co/Ni) nanowires, the velocity is found to increase by about
40 m.s71/10% A.m~2 and a maximum velocity of 60 m/s was reported for
J = 1.3 x 10" A/m?. In Pt/Co/AlOx nanowires, the velocity is found to
increase by 120 m.s~1/10'> A.m~2 and a maximum velocity of 400 m/s is ob-
tained for J = 3.5 x 102 A/m?. Importantly, by comparing this slope to the one
measured from the v(H) curve, the authors deduce an equivalence field/current
identical to the one obtained from the quasi-static measurements. This clearly

indicates that the nonadiabatic torque is the driving force for the DW motion

in this regime and that the DW motion is in a steady flow regime. The authors
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also propose that the strong transverse in-plane Rashba field identified in this
structure [269] may play an important role in the DW motion by stabilizing
the DW structure and preventing the occurrence of the Walker breakdown (the
angle v is frozen). As a consequence, the DW stays in a high mobility regime

with v = uf/a up to very high current density.

Domain wall creep Moore et al. [258] and Lee et al. [57] studied the
DW creep respectively in Pt/Co(0.6 nm)/AlOx and Pt/Co(0.3 nm)/Pt at very
low current density. They show that the v(J) curve can be fitted with a creep
law with In(v) o J~" with n = 1/4. This exponent is the same as the one
obtained in the field driven case which suggests that current acts as an effective
field on the DW as is expected from the effect of the nonadiabatic torque [155].
However, as underlined by Lee et al., other exponents (1/3, 1/2, -1/2) give also

reasonable fits so that there is a high uncertainty on the value of 7.

Direction of DW propagation Most authors observe that the DW moves
in the direction of the electron flow (see table 2, column “direction”). However,
Moore et al. [258] and Lee et al. [57] observed respectively in Pt/Co(0.6 nm)/Al2O3
and Pt/Co(0.3 nm)/Pt a DW motion in the direction opposite to the electron
flow. In this studies, the nonadiabatic torque was identified to be the main
driving force on the domain wall motion and thus this may be explained by a
negative current spin polarization or a negative 3 value in this material. Neg-
ative [ values were recently predicted by Garate et al. [102] in high spin orbit
coupling. This result also indicates the strong dependence of nonadiabatic ef-
fects and polarization on the exact structure of the material, as for example,
Kim et al. [61] observed a DW motion in a direction opposite to the electron

flow in a similar structure [CoFe(0.5nm/Pt]s.

4.83.5. Current induced domain wall motion in diluted semi-conductor
We briefly summarize in this section the results obtain by Ohno’s group and
Ferré’s group in the diluted magnetic semionductor (Ga,Mn)As. This semicon-

ductor is an alloy of Mn and GaAs that exhibits carrier-induced ferromagnetism
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with a Curie temperature typically around 100 K. The considered composition is
characterized by a perpendicular magnetic anisotropy resulting in a Bloch DW
structure with A ~ 5 nm. In this material, the DW motion was demonstrated
for very low current density (~ 105 A/m?) which can be accounted for to the
low saturation magnetization as well as the high current spin polarization. In
addition, the DW moves in the direction of the current which can be explained
by the antiferromagnetic p-d exchange coupling between the hole carriers and
localized Mn spins. Yamanouchi et al. [194] and Adam et al. [76] studied the
DW velocity as a function of J. They observe a curve v(J) qualitatively similar
to what is found in out-of-plane magnetized ferromagnetic metals with a creep
regime at very low current density and a flow regime with a velocity proportional
to J at higher current density (see Fig. 17).

Yamanouchi et al. [75] studied the current and magnetic field H induced
DW velocity at very low current density in the creep regime over more than
5 orders of magnitude in J. They show that v follows a creep law with In(v)
proportional to J~ with n; = 0.33 & 0.06, whereas In(v) is proportional to
H~" with ngy = 1.2+ 0.1. As a consequence, current and field acts differently
on the DW in the creep regime which seems to exclude the nonadiabatic to be
the driven force on the DW. The authors show that that these exponents can
be explained by a simple model which consider the sole effect of the adiabatic
torque on the DW line.

In the flow regime, Yamanouchi et al. [194] found that the slope of v(J) can
be explained by the sole effect of the adiabatic torque and thus may correspond
to a precessional regime above the Walker breakdown, although they don’t ex-
clude a contribution from the nonadiabatic torque. To clarify the nature of the
flow regime, Adam et al. [76] considered a domain defined by two DWs and add
a small external magnetic field H. From the expansion velocity of the domain
with H during the current injection, they identify the DW propagation to occur
in the steady regime and not in the precession regime. The DW propagation is
thus driven by the nonadiabatic torque and they estimate 0.17 < 8 < 0.36. This
value is of the order of the Gilbert damping apy = 0.25 + 0.05 deduced from
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the dependence of the DW velocity with H. Note that a much lower value of «
is obtain from FMR experiment (appr = 0.01). These results seems in agree-
ment with recent theory which predict high values of 3 (0.2-1) in (Ga,Mn)As,
due to the strong intrinsic spin-orbit coupling in this material [101, 102, 104].

g
R

25

T T T T T T T T

—
-
=

20 |

I'=104 K

3
& ## 1

v (m's)

Wall velocity,

0 2 4 6 8 10
Current density, ./ (10° A/m?)

Figure 17: DW Velocity as a function of the current density in (Gag.93Mng.o7As (50 nm)
for different sample temperatures. One can identify three regimes. At low current density
(J < Jgep), the creep regime with very slow DW motion. At high current density (J > Jy,
the flow regime with v oc J. For Jgep < J < Jyi, the intermediate depinning regime. From
Ref. [76]

5. Conclusions

In conclusion we have reviewed the physics of domain wall motion induced
by spin transfer when spin-polarized currents flow across a domain wall. We
first discuss the domain wall spin structures most commonly found in thin wires
(also called strips). For in-plane magnetized soft materials, the complex domain
wall types occurring and the dependence of the spin structure on the wire geom-
etry are presented and the more conventional domain wall types in out-of-plane
magnetized materials are discussed.

We then continue with the theory of the underlying spin torque effect that
occurs when spin-polarized conduction electrons interact with the magnetization
in a conducting magnetic material. The spatial variation on the magnetization

leads to a change of the conduction electron spin direction, which leads to a

73



transfer of angular momentum (spin transfer) and depending on the mechanism
an adiabatic or a non-adiabatic torque is exerted on the magnetization. The de-
tails of the influence of these two torques on the domain wall displacement and
spin structure changes are discussed first for the zero K case and then at finite
temperatures where also creep motion of domain walls occurs. Experimentally
in soft in-plane magnetized nanowires, such currents allow for domain wall dis-
placement due to the spin transfer torque effect and in this case all walls (for
instance head-to-head and tail-to-tail walls) move in the direction of the electron
flow. The exact details of the wall motion depend on the interplay of the acting
torques (adiabatic and non-adiabatic spin torque terms) with the intrinsic and
shape anisotropies. For sufficiently high current densities, the torques lead to
a deformation and even a transformation of the domain wall spin structures
(Walker breakdown), which can significantly influence the wall propagation and
its velocity. In soft in-plane magnetized wires this leads to transformations be-
tween different domain wall types, such as transverse and vortex domain walls.
To determine the acting torques quantitatively and in particular measure the
non-adiabaticity parameter, various schemes have been put forward, which are
being discussed with respect to the results obtained and their robustness.

For out-of-plane magnetized wires with narrow Bloch DWs, recent exper-
iments have shown that the current acts on the DW dynamics similarly to a
strong external field which clearly suggests a strong nonadiabatic effect in such
materials. Due to the strong pinning in these materials, most experiments were
carried out in the thermally activated regime and probed actually the deforma-
tion of the pinning barrier by current. It was found that the current-induced spin
torque effects nonetheless can be described as an effective field and this equiva-
lence was found to hold also in the viscous flow propagation regime where very
high DW velocity were obtained (up to 400 m/s) [279]. From this current-field
equivalence, values of the non-adiabaticity are found that are much larger than
for in-plane magnetized wires. The origin of this enhancement has currently
not been clearly identified but may be related to the high-spin orbit coupling in

these materials.
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While there are still a number of open questions, as discussed in the previous
sections, the demonstration of the manipulation of DWs with current is not only
of high interest from a scientific point of view but they are also at the heart of a
multitude of devices recently proposed for data storage applications. The most
famous example is the race track memory, proposed by S.S.P Parkin [2, 238]
where a number of domain walls are shifted synchronously along a vertically
integrated wire by current pulses, with each domain wall carrying one bit (see
Fig. 18(a)). This device potentially combines the high density and low cost of the
hard disk approach with the reliability of solid state memory, due to the absence
of mechanically moving parts. A Magnetic Random Access Memory (MRAM)
architecture has also been proposed where the magnetic bit is written through
propagation of a DW in a narrow track (Fig. 18(b)) [136, 276, 280-282]. Despite
a more complex three terminal architecture compared with standard MRAM, a
low writing current is obtained even for relatively high current density due to
the small cross-section area of the track. Current smaller than 100 pA were thus
reported in (Co/Ni) multilayer, which is similar to the critical current obtained
in spin torque MRAM with perpendicular anisotropy [283]. In addition, this
design bypasses the reliability issue in spin torque MRAM due to damage of
the thin insulating barrier of the magnetic tunnel junction used in the magnetic

cell.

(a) , (b)
Magnetic track DW propagation Magnetic tunnel
\ DW > junction

010

Read / ™ Write o ——
head head

Figure 18: (a) Principle of the race track memory. (b) Cells of a MRAM based on CIDM.

The basic requirements for such devices are a nm-width DWs, and thus out-
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of-plane magnetized high anisotropy materials, and a DW velocity on the order
of 100 m/s for competitive areal density and operating speed. Sufficiently low
current density (~ 101 A/m?) is also needed for low write current and to avoid
a too high temperature rise when injecting current that could lead to informa-
tion losses. However, although very low critical current densities (down to the
5 x 1019 A/m?, see Table 2) were obtained, fast domain wall motion were only
observed so far at very high current density (> 10*2 A/m?). A first challenge is
thus to decrease the current density while maintaining fast motion. This may
be achieved by decreasing the intrinsic pinning in the materials but also by en-
gineering new materials with higher spin transfer efficiency and lower damping,
for example by playing on the spin-orbit coupling. The use of transverse mag-
netic field to pin the dynamical DW structure [279, 284-286] and prevent the
occurrence of the Walker breakdown with lower mobility seems also promising.
Furthermore, this provides an interesting way of controlling the DW structure
with the current polarity which may be exploited in devices [279, 286]. Another
promising route that was recently proposed is the injection of a spin polarized
current perpendicularly to the nanowire plane [189, 287-289] where high DW
velocities have been predicted at very low perpendicular current (up to 80 m/s
down for 10 pA) [288]. This was confirmed experimentally by Boone et al. [189]
who measured DW velocity up to 800 m/s at very low critical current den-
sity (9x10'° A/m?) in permalloy nanowires excited by spin-polarized current
applied perpendicular to the nanowire.

Another issue is the high intrinsic pinning in out-of-plane magnetized mate-
rials that can lead to unreliable displacements [258] and furthermore complicates
the exact control of the DW position in the track using artificial pinning sites.
Another challenge is thus to decrease the intrinsic pinning of the materials and
to engineer efficient pinning sites to control the DW position on the nm scale
and with a high pinning energy. A possible way may be found in the use of softer
compositions based on amorphous materials [59, 290] or epitaxial out-of-plane
magnetized material [291].

Although such promising devices motivated a large effort of research in this
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field these last years and despite CIDM was proposed more than 30 years
ago [83], the understanding of this effect still remains to a large extent in-
complete. A key questions deals with the exact nature of the current induced
torques and in particular the origin of the amplitude of the nonadiabatic torque.
As already stressed, recent experiments seems to indicate higher non-adiabatic
effect in out-of-plane materials, but it is currently hard to conclude on its exact
value and its origin as the measured 3 show very large variation depending on
the materials and the type of experiments. This may be related with to the fact
that the nonadiabatic torque often competes with parasitic effects such as the
Oersted field, the Joule heating and the uncontrolled material pinning so that
its contribution is hard to extract. Furthermore, even for the same experiments,
very different conclusions can be obtained depending on the analysis and the
models used to extract 8 (see for example section 4.3.5). A key point that has
mostly not been taken into account is a possible spatial dependence of 3. So far
0 has been assumed to be a materials dependent parameter but a dependence of
0 for instance on the magnetization gradients as suggested by some experiments
and some theoretical calculations would open up an additional path to optimiz-
ing the wall propagation. These considerations thus call for further experiments
and theoretical studies for a more precise determination of 8 and in particular
its physical origins.

Besides uncertainty in the measurements, many questions still remain open,

in particular on:

e Direction of the DW displacement. Why does the DW move opposite or

in the same direction of the electron flow depending on the material?

e Relation between B and the Gilbert damping. Several theories predict 3 to
be of the order of o but no experiments have clearly concluded about this
point in out-of-plane magnetized materials and a systematic comparison of
B and « in different materials is still lacking. Furthermore, different values
of a have been measured for moving DWs or from FMR measurement

which needs to be taken into account as « is potentially spin structure-
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dependent. Several theories [292, 293] also predicted significant deviation
from the Gilbert damping and in particular anisotropic damping, which

has not been considered so far.

e Relation between (3 and spin relaration. The higher ( in out-of-plane
magnetized could be associated with the high spin-orbit coupling in these
materials. More systematic measurements of 8 with varying spin-orbit

coupling are needed to obtain conclusive evidence for this.

e Relation of B and the DW resistivity. Several theories predicted a direct
link between ( [85, 101, 272, 273] and the DW resistivity but there is no

clear experimental proof of such a link.

o Link between current-induced domain wall motion and the spin-motive
force Rather than spin-polarized current leading to domain wall motion,
the inverse effect where moving domain walls lead to the generation of a
voltage can also occur. Recent experiments measured the voltage due to
a fast moving DW above the Walker breakdown in a NiFe nanowire [294].
Duine et al. predicted that high 3 leads to a significant voltage when a
DW is moving below the Walker [295].

Answering these fundamental questions would clearly provide important
steps towards the understanding of adiabatic and nonadiabatic effect occuring
in DW motion. One of the possible approaches to answering these and many of
the open questions is to try out various materials, where the electrical transport
varies compared to the usually used 3d metals and where effects such as spin-
orbit coupling are better controlled and understood. So this review would like
to encourage the community to take advantage of the large diversity of available
materials, which might hold the key to many of the open questions as well as
to the ideal material to make a device based on current-induced domain wall
motion a reality.
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