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Abstract

Magnetic domain walls in confined geometries have attracted much interest in
the last couple of years for a number of reasons. On the one hand, new physical
phenomena such as current-induced domain wall motion due to the highly
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debated nonadiabatic spin torque and novel spin—orbit torques have been inves-
tigated. On the other hand, the proposal of the racetrack memory concept as a
universal data storage device has stimulated much research. In such a device,
domain walls in magnetic nanowires are used as bits of information which can be
shifted, e.g., to locate them at the position of a read head, without the need to
move physically any material. The prospect of memory and logic devices has
spurred an intense research, in particular into different materials with promising
properties for domain walls and domain wall motion. The critical parameters to
be optimized are mainly domain wall lateral sizes, directly governing the
possible information density, and domain wall movement and pinning/depinning
processes that determine access time and energy consumption. The ability to
control and manipulate domain walls precisely opens up avenues to designing a
range of novel and highly competitive devices.

In this chapter, a review of the properties of magnetic domain walls in
nanowires and the possibilities to control and manipulate them is given. Precise
control and efficient manipulation of domain walls is the prerequisite for any
device. Different material classes and the resulting domain wall types are
reviewed. The basic operations that are necessary for a device, i.e., nucleation,
displacement, and detection of domain walls, are discussed for these material
classes. Examples of devices using magnetic domain walls are briefly reviewed,
including memory and logic applications. The first commercial nonvolatile
multiturn sensor product that is based on magnetic domain walls and combines
sensing and memory is described in more detail.

List of Abbreviations

1D, 2D, 3D One, two, or three dimensional

3d Elements from the first side group in the periodic table with
3D electron in the outer shell, from Sc to Zn, in magnetic
context usually Fe, Co, Ni (Mn, Cr), and their alloys

AMR Anisotropic magnetoresistance

ccw Counterclockwise

CFAS C02F6A10V4Si0_6

CIDWM Current-induced domain wall motion

CIP Current in-plane

CMOS Complementary metal oxide semiconductor
CPP Current perpendicular to plane

cw Clockwise

DC Direct current

DMI Dzyaloshinskii—Moriya interaction

DwW Domain wall

DWG Domain wall generator

EHE Extraordinary Hall effect

FTH Fourier transform holography (with X-rays)
GMR Giant magnetoresistance

IBM Industrial Business Machines Corporation



34 Domain Wall Memory Device 1389

IST-RAM
LLG
LSMO
MFM
MOKE
MR
MRAM
MTJ]

NEC
OOMMF
OST-RAM

PEEM
PL/FL/AL
PMA

Py
RAMAC

RF

SEM
SEMPA
STO
STT-RAM
STT
STXM
SW

TEY

TMR

W

VW
XMCD
XMCD-PEEM

In-plane spin-torque random access memory
Landau-Lifshitz—Gilbert equation

Lag 33810, 67MnO3

Magnetic force microscopy

Magneto-optical Kerr effect

Magnetoresistance

Magnetic random access memory

Magnetic tunnel junction

NEC Corporation

Object Oriented Micromagnetic Framework

Orthogonal (perpendicular) spin-torque random access
memory

Photoemission electron microscopy

Perpendicular magnetized layer, free layer, analyzing layer
Perpendicular magnetic anisotropy

Permalloy (Nig;Feo)

IBM 305 RAMAC (random access method of accounting and
control), first computer with a hard disk drive

Radio frequency

Scanning electron microscopy

Scanning electron microscopy with polarization analyzer
S1TiO;

Spin transfer torque magnetic random access memory
Spin transfer torque

Scanning transmission X-ray microscopy

Spin wave

Total electron yield

Tunnel magnetoresistance

Transverse domain wall

Vortex domain wall

X-ray magnetic circular dichroism

X-ray magnetic circular dichroism—photoemission electron
microscopy

Constants and Quantities (in the order of first occurrence)

p

Ho
A

D,d

($]

Heff

Hy

Hnuc]eatiom Hn
Hp

Domain wall mobility

Vacuum permeability

Exchange constant

Diameter

Electron charge

“Effective” magnetic field acting on m

Anisotropy field

Nucleation magnetic field for domain walls

Propagation magnetic field for domain walls, pinning field
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Hyw Walker breakdown field

Je Je Critical current density

K Magnetic anisotropy constant

Kq Magnetostatic energy difference between Bloch and Néel wall;

demagnetizing energy

Kt Effective anisotropy constant

m Magnetization vector

Mg Saturation magnetization

Nxvz Demagnetizing factors

P Spin polarization

RT Room temperature

t Thickness

Tec Curie temperature

u Effective velocity

w Width

o Damping constant

B Nonadiabatic

Yo Gyromagnetic ratio

0 Out-of-plane spin-canting angle

Aexs A Exchange length

Ast Spin-flip length
Introduction

In the past, magnetic nanostructures have been at the heart of a multitude of
devices ranging from sensing applications to data storage. Probably the best
known storage device is the magnetic disk drive [1], pioneered in the 1950s by
IBM with the RAMAC. Since then, storage density has seen a gigantic exponen-
tial increase. While hard drives continue to excel in the high-capacity market, they
nonetheless possess disadvantages that have led to other memory concepts
replacing them for certain applications, such as lower-density mobile storage.
One of the key problems is the mechanical motion of the media that poses
reliability questions and can lead to catastrophic failure in the case of mechanical
shock. Additionally the limit of random access speed in a hard disk drive due to
mechanical lag and rotation also constrains its use in some data center application.
Another successful form of magnetic memory is magnetic tape, with a huge
capacity but obvious limitations when it comes to random access [2]. Like the
disk drive, tape drives physically move the media (tape), leading to wear. Another
disadvantage that accompanies physical motion is large power consumption,
which in laptops leads to a significant portion of the power being used by the
hard drive. For many of the growing memory markets, in particular in mobile
applications (laptops, tablets, smartphones), low power combined with a solid-
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Fig. 1 (a) Schematic of a memory device based on a magnetic wire with domain walls. The colors
and the arrows indicate the domain magnetization direction, which in the figure is pointing
perpendicular to the nanowire. The domains with the magnetization pointing down (red) corre-
spond to a logical “0,” and magnetization pointing up (b/ue) corresponds to a “1.” (b) A simplified
memory based on a domain wall, which is moving between two positions thereby reversing the
alignment between the magnetization in the fixed layer (green) and the wire below from antipar-
allel to parallel. Here only one bit is stored, but a simplified operation by moving the domain wall
is possible without the need to “write” new domains or domain walls (From Ref. [3])

state technology is required. Different approaches have been suggested based on a
range of technologies, but for magnetic data storage, a paradigm shift away from
hard drives and tape is required.

One exciting approach recently proposed is based on magnetic nanowires with
magnetic domains acting as the bits (Fig. 1a). The interface between 2 domains
where magnetization points in opposite directions is called a magnetic domain wall,
in which the spins turn by 180° and the nanoscale spin structure depends on the
material and geometry. At first sight, the design looks similar to tape, but rather than
shifting the media along with the data as in the case of tape, here the data is shifted
within the media that stays physically fixed, leading to much faster achievable
access times and, in particular, eliminating all mechanical motion.

Moreover, the device only comprises one write or read element for potentially
tens to hundreds of bits, which can make it cost-effective. Furthermore, this
simplifies integration with the necessary semiconductor electronics that can
therefore be more compact and thus leads to higher storage densities compared
to magnetic random access memory [4]. Prominent suggestions for concrete
realizations of such a device are the racetrack device envisaged by S. S.
P. Parkin of IBM [5, 6]; the simplified 1-bit memory pursued, for instance, by
NEC (see Fig. 1b); and the shift register proposed by R. Cowburn [7]. To make
the device useful for memory storage, three key tasks have to be performed; the
data needs to be written, read, and selected, meaning that the bit to be read or
written needs to be addressed (for instance, by moving it to the read or write
element). The writing can be performed by using appropriately designed write
heads, such as strip lines that generate magnetic fields by currents to reverse
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the magnetization and thus “write” a bit. This can be compared to the well-
established writing of bits in magnetic hard drives, but alternative approaches
with better scaling such as spin-torque-induced reversal are also being studied.
The reading relies on the sensing of the domains or domain walls, very similar to
hard drives, so that the well-established magnetoresistive sensing, based on giant
magnetoresistance (GMR) read heads [1, 8] or tunneling magnetoresistance
(TMR) read heads [8], can be employed. However, it is the domain selection by
motion of the domains and domain walls that requires a novel approach and is
most challenging. It is essential that all domain walls can be shifted in the same
direction in a controlled way while reliably maintaining their relative spacings to
preserve data integrity. Thus, the dynamic behavior of geometrically confined
domain walls and their motion due to applied fields and induced current pulses
have become topics of growing interest in the last years due to the intricate
magnetic properties present in geometrically confined ferromagnetic structures
[3,9].

Therefore, in this chapter, we will treat these three basic operations required for
any magnetic domain wall-based memory device with a focus on the domain wall
displacement. Since many aspects concerning control and manipulation of the
domain walls are generic for any type of device based on domain walls, we give
a concise but reasonably comprehensive report on the different operations that form
the basis of a memory functionality — writing, addressing, and reading or, in other
words, creation, motion, and detection of domain walls — and we evaluate the
performance that has already been demonstrated with the prospect of a potential
device in mind. We focus on domain walls in nanowires as the geometrical
confinement allows well-defined spin structures, good control of nucleation and
movement, and high information densities as desired for devices.

This chapter starts with a first part which deals with the nature of magnetic
domain walls itself in static conditions. The spin structure of magnetic domain
walls and their properties are reviewed for different types of materials: conven-
tional in-plane magnetized 3d metals such as Permalloy (Py: Nig,Fe ), materials
with perpendicular magnetic anisotropy (PMA) such as Co/Pt multilayers, and
advanced complex materials with high spin polarization such as Heusler com-
pounds or magnetic oxides. Secondly, different approaches for controlling the
domain wall dynamics are reviewed, where the displacement due to spin transfer
torque (STT) resulting from a spin current (current-induced domain wall motion,
CIDWM) is emphasized as it is the most promising approach with good scaling
behavior. In particular, in PMA materials having very narrow domain walls, high
spin-torque efficiencies and fast domain wall velocities might be expected.

In the final section, an overview of existing and proposed devices based on
magnetic domain walls is given. Examples of emerging domain wall-based devices
including a field-controlled shift register and the nonvolatile multiturn sensors are
discussed, the latter being already commercially available. In another commercial
realization of a domain wall-based device, the bubble memory from the 1970s of the
last century is in its original form not very relevant anymore today because of the low
storage density.
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Domain Wall Spin Structures in Magnetic Nanowires

While magnetic domain walls are a general phenomenon which occurs, e.g., in
homogenous magnetic thin films and bulk samples, only using magnetic material in
confined geometries like nanowires or disks allows one to generate well-defined
spin structures. These spin structures, including magnetic domain walls or vortices,
can be tailored by the geometry as well as the choice of material.

In general, the spin structure in confined geometries is the result of an energy
minimization process (to be more precise the minimization of the appropriate
thermodynamic potential, which is usually the Landau free energy) [10, 11]. In
the most simple case, i.e., without any externally applied fields and for materials
without effective anisotropy (e.g., polycrystalline materials), the two important
energy terms are the exchange energy and the stray field energy. The material-
dependent exchange energy depends on the angle between neighboring spins and is
at the heart of ferromagnetism. The stray field energy is the energy related to the
magnetic field created outside the magnetic structure, resulting in domain formation
and the shape anisotropy of the structure. Additional contributions to the overall
anisotropy energy can arise, e.g., from interfaces (for instance, in PMA Co/Pt
multilayers) or from an intrinsic magnetocrystalline anisotropy in epitaxially
grown materials such as Fe;O4 or La,;35r;3:MnO; (LSMO). Already relatively
small additional contributions can have a decisive influence on the spin structure,
e.g., in both of the above cases, domain walls are observed [3, 12, 13], which are
very different from the ones observed in materials without magnetocrystalline or
interface anisotropy.

While typically the domain wall width is determined by material parameters, in
the case of soft magnetic materials with large intrinsic domain wall widths, also the
geometry and in particular geometrical constrictions can play a role in determining
the wall width [9]. It can range from hundreds of nanometers in soft magnetic
materials down to a few nanometers in high-anisotropy PMA material. Wall widths
have been previously studied for domain wall types other than head-to-head walls
theoretically [14] and experimentally [9, 15], and more information on domain
wall-related magnetic length scales can be also found in [16, 17].

The possible information density of a memory device is however limited, not
only by this width but also by the minimum distance above which the interaction of
two domain walls becomes negligible. Thus, a recent approach [18] to reduce the
domain (=bit) size in a magnetic nanowire is to use a stack of two ferromagnetic
layers which are coupled antiferromagnetically so that domain walls in the two
layers are aligned vertically above each other. In this case the stray field produced
by one domain wall is strongly reduced compared to one in a single ferromagnetic
layer, which implies less interaction between neighboring domain walls and thus
the possibility to place them closer to one another.

The domain wall width is also one key parameter for the interaction between
domain walls and spin-polarized currents, since it governs whether the interaction
occurs adiabatically (meaning that the conduction electron spins follow the mag-
netization direction adiabatically as they pass across the wall) or nonadiabatically
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(leading to scattering of the electrons and a mistracking of the spin direction
compared to the local magnetization direction in the wall).

Domain Walls in Low-Anisotropy Materials

Much of the pioneering work on confined spin structures, magnetic domain walls,
and domain wall motion was done using polycrystalline 3d metals, e.g.,
Py (Nig;Fejo) [9]. In such cases there are only two relevant energy terms — the
exchange energy and the stray field energy — as no significant magnetocrystalline
is present. In the absence of a magnetic field, a magnetic nanowire is then mainly,
i.e., apart from domain walls, magnetized along its direction due to the shape
anisotropy. Qualitatively this situation means that if the exchange contribution
dominates, the domain wall in a nanowire should be very wide, because then the
angle between adjacent spins is small, resulting in a small exchange energy term.
If the stray field energy dominates, the spins try to stay aligned parallel to the
structure edge as much as possible, resulting in a narrower wall.

To go beyond these qualitative considerations, numerical calculations are nec-
essary to ascertain the spin structures that constitute local energy minima (i.e.,
stable wall structures). For the case of domain walls in wires, such micromagnetic
simulations [19-21] were carried out by McMichael and Donahue in 1997
[22]. Two wall spin structures were predicted to occur: vortex walls (VW, see
Fig. 2a) and transverse walls (TW, see Fig. 2b). In the case of the TW, the spins
rotate in the plane of the structure. To reduce the energy further, the shape of the
wall is asymmetric along the vertical axis yielding a V-shaped wall (Fig. 2b). The
spins in the wall can either point in the up or down direction of the image in Fig. 2b
but stay always in-plane. The VW exhibits a very different spin structure with
varying in- and out-of-plane components. Here the spins curl clockwise or coun-
terclockwise around the vortex core, where the magnetization is pointing in either
out-of-plane direction (Fig. 2a) [25-27]. The energies of these two wall types vary
with geometry and material and can be calculated from the simulations. A “phase
diagram” can be deduced where the energetically favorable wall type is determined
as a function of the geometry (width, thickness). To obtain the phase boundary,
which delineates the region where one wall is favored over the other, the sum of the
energy differences is set to zero (both wall types have the same energy). It is found
that this phase boundary for a wire of width w and thickness ¢ has the form w¥t ~
const. The constant depends on the material, which means that in a width versus
thickness diagram, the phase boundary is a hyperbola below which a TW is
preferred. These calculations were later refined by Nakatani and Thiaville
[28]. They found, in addition to symmetric transverse walls, tilted transverse
walls that constitute the energy minimum in a small range of geometries; such
tilted transverse walls were actually observed experimentally [29].

A systematic experimental study of domain wall structures as a function of
geometry is described, for instance, in [9]. Arrays of magnetic rings (Py, Co)
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Fig. 2 (a), (b) Spin structure of a vortex (a) and a transverse (b) wall simulated using OOMMEF,
where arrows symbolize the direction and magnitude of the local in-plane magnetization. The
grayscale shows the corresponding contrast for an XMCD-PEEM image with vertical beam
direction. (c)—(e) XMCD-PEEM images of Permalloy rings in the onion state with different
geometries corresponding to the three regimes identified in Fig. 3: (¢) a 30 nm thick and 530 nm
wide ring (outer diameter D = 2.7 pm) with vortex walls, (d) a 10 nm thick and 260 nm wide ring
(D = 1.64 pm) showing transverse walls, and (e) a 3 nm thick and 730 nm wide ring (D = 10 pm)
again with vortex walls (From Ref. [24])

were imaged using photo electron emission microscopy with X-ray circular mag-
netic dichroism as magnetic contrast mechanism (XMCD-PEEM), revealing the
remanent domain wall spin structure after initial saturation. Some examples of
observed domain walls, VW and TW, are shown in Fig. 2, together with results of
micromagnetic simulations using the Object Oriented Micromagnetic Framework
(OOMMF) code [30]. The experimentally determined phase diagram (wall type as a
function of wire width and thickness) is shown in Fig. 3 for both Py and Co
materials. While a detailed discussion of these results is given in [9], a few
remarkable observations should be pointed out here: (i) the upper thickness bound-
ary for the existence of TWs at a given width is shifted to higher values in the
experiment than compared to calculations, an effect which is more pronounced in
Co than in Py. This observation can be understood to arise from the fact that in the
calculations global energy minima are determined, while experimentally a ring may
remain in a state corresponding to a local energy minimum when decreasing the
field after the initial magnetizing process. Furthermore, close to the boundary,
thermally activated transitions from a TW to a VW were observed.

(i1) In the low-thickness regime of the phase diagrams shown in Fig. 3, a second
phase boundary between 3 and 4 nm is found both for Permalloy and for
Co. Although not expected in terms of energetics, the occurrence of VW can be
explained by a spatial modulation of magnetic properties [31] such as the exchange
or the saturation magnetization, which could locally allow for a stronger twisting of
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Fig. 3 (a, ¢) 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 disks 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 according to [22] (dotted lines) and
micromagnetic simulations (dashed lines). The thermally activated wall transitions shown were
observed for the ring geometry marked with a red cross in (a) at 730 nm width and 7 nm thickness
(From Refs. [23] and [24])

adjacent spins. Also ripple domain formation, which is observed in the thinner
samples investigated (Fig. 2e), can be attributed to statistical variations in the
anisotropy of individual grains. The description in the context of the phase dia-
grams presented here is limited to a certain geometry regime. In structures that are
significantly wider than ~ 1 pm, other, more complicated domain wall spin
structures can be found [9]. In general, in wider structures, the influence of shape
anisotropy is reduced, and thus more complicated spin structures can constitute
local energy minima and become observable.



34 Domain Wall Memory Device 1397

Domain Walls in Advanced In-Plane Magnetized Materials

Recently domain walls in advanced materials have become a focus of research.
In particular, highly spin-polarized materials, such as half-metallic oxides or
Heusler compounds, are promising for spintronic applications. One important
difference to the polycrystalline 3d metals is that these complex materials need to
be grown crystallographically ordered (epitaxially or single crystalline) in order
to achieve their typical, desired properties. The crystallographic order gives rise to
material and growth-dependent magnetocrystalline anisotropies which influence
the magnetic domain walls and their dynamics.

Fe304

Among magnetic oxides, Fe;0,4 (magnetite) has received much interest due to its
combination of high Curie temperature, multiferroic properties [32], and half-
metallicity [33]. The high spin polarization lets one expect high spin transfer torque
effects, which are favorable for current-induced domain wall motion in nanowires.
Interestingly, for Fe;O, rings, very different domain wall structures from the simple
TW or VW described above were reported [13]. The Fe;O,4 films of this study,
(100)-oriented and 40-50 nm thick on MgO(100) substrates [34, 35], exhibit an
in-plane fourfold anisotropy which reflects the cubic anisotropy of the bulk mate-
rial, with an easy axis pointing along the [011] direction.

In Fig. 4a a high-resolution XMCD-PEEM image of a Fe;O, ring structure
(diameter D = 10 pm, nominal width w = 1.135 pm) which was initially magne-
tized by a magnetic field H along one of the magnetocrystalline hard axes (the [001]
direction) is shown. The black (white) contrast reflects the horizontal component of
the in-plane magnetization M. The main difference to the magnetization configu-
rations 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 magnetocrystalline
easy axes (the crystallographic directions are marked in the center of Fig. 4). In the
neighboring segments of the ring, the magnetization vectors are perpendicular to
each other, causing two straight 90° domain walls at the right and the left side of the
ring (marked with A). The configuration resembles the onion state magnetic
configuration observed in 3d metal rings [36], which is characterized by two points
where the magnetic flux is not closed but instead opposing direction meet. The
Fe;04 ring structure contains such characteristic head-to-head and tail-to-tail
domain walls, 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 domain wall at the top is
marked with B). In contrast to the transverse or vortex domain walls observed in
Permalloy [9, 22], the head-to-head (tail-to-tail) domain walls in Fe;O,4 exhibit a
zigzag shape (see, e.g., the tail-to-tail domain wall marked with B).

In order to understand the remanent magnetic states observed in Fe;Oy4 rings,
micromagnetic simulations of the equilibrium state at remanence were performed
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Fig. 4 (a) High-resolution XMCD-PEEM image of an Fe;0, ring (diameter D = 10 pm, nominal
width w = 1.135 pm) at zero-field. 90° domain walls are visible in the image (marked with A).
A tail-to-tail zigzag domain wall (marked with B) and a head-to-head zigzag domain wall at the
opposite side of the ring are also present. Black and white contrasts correspond to the magnetiza-
tion pointing to the left and right, respectively. (b) Simulated magnetization orientation obtained
from the micromagnetic calculation for the Fe;O4 ring (diameter D = 5 pm, w = 1.135 pm) in the
remanent state after saturation. The samples were initially magnetized with a field H along a hard
axis (the [001] direction), as indicated by the arrow in the upper left corner of each image. The
in-plane crystallographic directions are marked at the bottom of the figure (Partly from Ref. [13])

using the OOMMEF code [30]; results are shown in Fig. 4b. These simulations [13]
reproduce the four-domain structure measured by XMCD-PEEM extremely well,
exhibiting two 90° domain walls and two zigzag domain walls. The four-domain
ring structure is a consequence of the strong fourfold in-plane magnetocrystalline
anisotropy of the Fe;04(100) films as the magnetocrystalline anisotropy favors
alignment of the magnetization along the easy axes, i.e., along the in-plane (011)
crystallographic directions. The formation of the observed zigzag domain wall
structure is the result of the energetic compromise between the fourfold
magnetocrystalline anisotropy, the exchange, and dipolar coupling. In a ring struc-
ture, two neighboring domains meet at 90° due to the strong magnetocrystalline
anisotropy, and the separating domain wall develops a characteristic zigzag shape
to reduce the magnetic charge density compared with a straight wall, which would
have a larger magnetic charge concentration. Thus, as the zigzag angle increases,
the magnetic charge density decreases at the expense of the additional wall surface.

This strong influence of crystalline anisotropy and the relatively high resistivity
are disadvantageous for a possible device based on domain wall manipulation in
Fe;0,. For example, it would require that the nanowires were exactly aligned with
the crystallographic axes to achieve a reproducible domain wall spin structure. The
usual way of eliminating crystalline anisotropies in 3d metals by growing
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polycrystalline films at low temperature cannot be followed here as epitaxial
growth is needed to achieve good magnetic and transport properties.

Lay/3Sry,3Mn0;

Interestingly, La,/;3Sr;3MnO5; (LSMO) [37], another highly spin-polarized mag-
netic oxide exhibits only a weak anisotropy even if grown epitaxially. The influence
of the magnetocrystalline anisotropy is smaller so that spin structures can be defined
by geometrical confinement as shown in [12]. For small lateral dimensions, the
magnetic states fall into well-defined shape anisotropy-dominated flux closure
states, with uniformly magnetized domains and sharp domain walls, similar to
those found in NiFe and polycrystalline Co 3d metal materials [10]. This shows
that, at sufficiently small dimensions, the magnetostatic energy dominates the
micromagnetic configuration of the system and, in particular, that the strength of
the pinning sites is smaller than the magnetostatic energy leading to geometrically
confined domain walls. The fact that the epitaxial LSMO thin films are magneti-
cally soft down to the sub-micrometer scale is not an obvious result given the
presence of epitaxial strain, which tends to introduce strong pinning, and the
tendency of these complex oxides to phase segregate as previously reported [38].

Ring elements of LSMO were used as prototypical structures for the study of
domain walls [9]. They were found to be in the so-called onion states,
corresponding to the presence of two domains in a ring, separated by two domain
walls [12]. A total electron yield scanning transmission X-ray microscopy image
with XMCD magnetic contrast of a 15 nm thick LSMO ring, 650 nm in width, is
shown in Fig. 5a. For these particular ring dimensions, vortex domain walls (short
black and white arrows) separate the two domains of the onion state (long black
arrows). Figure 5b shows ring elements with widths ranging from 600 nm (II) up to
2.2 pm (II) for the 50 nm thick LSMO film; the rings favor the formation of vortex
walls, although double vortex walls are also observed, as in Fig. 5b (IV) (domain
wall to the right). The observed magnetic configurations can be reproduced well by
micromagnetic simulations [30], showing that the spin structure in LSMO can be
controlled by a suitable choice of the element geometry and that the relevant spin
structures, such as well-defined domain walls, can be selectively positioned and
controlled in this material, which is a key step to using this material in a device.

In conclusion, LSMO follows similar micromagnetic energetics as 3d ferromag-
netic elements [9, 10] and has thus the advantage of not only having well-controlled
spin structures but also the high spin polarization of a half-metal. Still, small
remaining anisotropy energies, for instance, from the growth process, can have
noticeable effects on the magnetic domain configuration [39]. Thus LSMO is a
promising candidate for both, the study of fundamental domain wall phenomena in
highly spin-polarized materials and for possible oxide spintronics, where robust and
well-determined spin configurations are key.

The magnetoresistance of domain walls in LSMO constrictions was measured
[40], and current-induced domain wall depinning in similar LSMO constriction was
reported by Ruotolo et al. [41]. Although recent results [42] on domain wall motion
in LSMO half rings by resistive detection at 4.2 K indicate a high spin transfer
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Binit

Fig. 5 Magnetic microscopy images of LSMO rings after magnetic saturation in direction of Bj;
at 300 K. (a) XMCD-TEY-STXM (total electron yield scanning transmission X-ray microscopy)
image of a 15 nm thick LSMO/STO ring, 620 nm in width and of a 1.2 pm diameter disk in the
center. An onion state is present in the ring, with vortex walls separating the two domains. The
central disk is in the vortex state. (b) XMCD-PEEM (photoemission electron microscopy) image
of 50 nm LSMO ring and disk elements. The bold black arrows indicate the orientation of the
saturation field applied in previous imaging for (a) and (b), and the small arrows show the
orientation of the LSMO crystallographic axes. The grayscale contrast corresponds to the hori-
zontal magnetization as shown in the scale (Adapted from Ref. [12])

torque efficiency in LSMO, measurements performed by direct XMCD-PEEM
imaging at room temperature indicate that changes in the magnetization configu-
ration are dominated by thermal activation due to current-induced heating under
these ambient conditions [43]. These heating effects, due to the relatively high
resistivity and low Curie temperature of LSMO (370 K) when compared to 3d
metals, set a limit to useable current densities and thus to practical application in a
device.

Heusler Compounds

Another class of materials with high spin polarization that has been attracting
significant interest for spintronics is Heusler alloys with the general formula
X5YZ, where X and Y are 3d metals and Z is a main group element. It was
shown that Co,MnSi is a half-metal with 100 % spin polarization even at room
temperature [44] and, for instance, the compound Co,FeAly 4Sip¢ (CFAS) has a
high spin polarization and is resistant to thermally activated changes of the mag-
netic domain configuration, which makes this material an interesting candidate for
future applications and experiments. For CFAS grown epitaxially on Cr-buffered
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Fig. 6 XMCD-PEEM images of the spin configuration in rings and curved wires with varying
width, initially magnetized along the [110] direction for (a) 15 nm and (b) 30 nm Co,FeAly 4Si ¢
films (300 K). The arrow in (a) points to a region in the ring element showing changes in the local
transverse magnetization component that resembles ripple domains in continuous films. Note the
different magnetic contrast directions in the bottom right panel highlighted by the grayscale bar
(Partly from Ref. [45])

MgO, the control of magnetic domain configurations, for e.g., clearly defined
domain wall structures, has been demonstrated [45], and further Heusler alloys
have been investigated [46].

We show as an example in Fig. 6 that the magnetic configurations of CFAS ring
elements after magnetic saturation consist of so-called onion states, with domain
walls that divide two quasi-uniform domains in each half of the ring [48]. A strong
tendency for ripple domains (which are usually associated with fluctuations in the
direction of the magnetic anisotropy [49]) is found in the wire and ring elements.
For narrow elements, domain wall structures are better defined, as illustrated in
Fig. 6, which are explained by the stronger influence of the shape anisotropy. While
transverse domain walls are dominant, vortex walls are also observed, showing that
both spin configurations are stable at room temperature [9]. The domain wall
structure in curved wires is found to be well defined, as shown in the bottom panels
of Fig. 6. The shape anisotropy leads to head-to-head and tail-to-tail spin configu-
rations at the wire bend, so that domain walls are formed, mostly transverse ones.

These results show that domain walls in Heusler alloys can be generated
reproducibly for elements with typical widths of a few hundred nanometers,
governed mostly by the shape anisotropy. The domain wall spin configuration
becomes more complicated for wider elements that are more strongly affected by
the magnetocrystalline anisotropy and magnetic ripple domains.

Domain Walls in Materials with Out-of-Plane Anisotropy
Soft in-plane magnetic materials such as Permalloy and LSMO have the advantage

of the domain walls being less sensitive to pinning due to the large domain wall
width (=100 nm) as well as the potentially high spin polarization in some of these
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materials. Experiments have however underlined serious limitations concerning the
use of current-induced domain wall motion (CIDWM) in this materials. High
critical current densities leading to strong Joule heating, complex domain wall
structures with uncontrolled domain wall transformation induced by current injec-
tion [50, 51] that leads to unreliable and stochastic domain wall displacements [6],
and domain nucleation induced by current injection [52]. These points limit the
possibilities for a fundamental understanding of the spin transfer effect in magnetic
domain walls but are also a serious issue for possible applications based on
CIDWM.

Out-of-plane magnetized materials with a large perpendicular magnetic anisot-
ropy (PMA) possess several advantages over soft in-plane magnetized materials:
narrow domain walls typically below 10 nm with a simpler and more rigid internal
Bloch/Néel domain wall structure, expected higher nonadiabaticity spin transfer
torque effects due to the higher magnetization gradients and high spin—orbit
coupling leading to lower critical current densities and higher domain wall veloc-
ities, and a large variety in the magnetic and transport properties of the available
materials that allow one to study the dependence of spin transfer effect on these
parameters. For the prospect of high-density magnetic memories based on
CIDWM, these advantages combined with a small domain wall width, i.e., the
small size of the magnetic bit, make these materials very attractive.

Out-of-plane magnetized materials considered for CIDWM experiments are
mostly metallic thin films characterized by a strong uniaxial anisotropy oriented
perpendicularly to the film plane. Two kinds of materials have been considered so
far: ultrathin materials (<1 nm) where the anisotropy originates from the interface,
such as in Pt/Co/Pt multilayers, and thicker (5—60 nm) materials with a
magnetocrystalline anisotropy that originates in the crystalline structure of the
bulk. Due to the high anisotropy, the domain wall width is very small and typically
ranges between 1 and 10 nm. For ultrathin magnetic films, the thicknesses are
generally smaller than the exchange length or the domain wall width so that the
magnetization can be considered as being uniform across the film [53, 54] and the
domain walls exhibit a nearly perfect Bloch or Néel spin structure (see Fig. 7a-b).
Domain walls with nonzero internal angles (Fig. 7c) can arise, for instance, during
motion of a Bloch or Néel wall so that there can be a continuous transition from one
wall type to another. In a nanowire geometry, the lowest energy (i.e., equilibrium)
domain wall configuration (Bloch or Néel type) depends on the geometry of the
sample [3, 56], which results in different demagnetizing factors for the domain
wall. For typical wire geometries considered here, Bloch walls are usually the
energetically favorable spin structure.

Operation of Magnetic Domain Wall Devices

In this section we discuss the status and progress concerning domain wall nucle-
ation, displacement, and detection in nanowires as required for a memory device.
These operations correspond to basic memory functions “writing,” “addressing,”
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Fig. 7 (a-b) Schematic representation of a Bloch (a) and a Néel domain wall (b) in a PMA
nanowire. (¢) Domain wall with a nonzero internal angle. (d) XMCD-PEEM image of a domain
wall in a 2 pm wide Pt/CoFeB/ Pt wire (From Ref. [3] and partly from Ref. [55])

and “reading.” For a competitive device, all of these actions will need to be
performed in an exact, reliable, and also fast and energy-efficient way. The one
operation for which this appears most difficult at the present stage, at least in the
context of the prototypical racetrack memory concept, is the addressing, which in
this case is usually performed by current-induced domain wall displacement.
However for other device types like shift registers and nonvolatile multiturn
counters as discussed in the final section, field-controlled displacement schemes
are used.

Nucleation of Magnetic Domain Walls

Similar to the displacement issue, also for the domain wall nucleation in nanowires,
two main approaches exist, which either use a variable magnetic field or the spin
transfer torque (STT) from an injected current. For the latter, a spin-polarized
current needs to be injected into the nanowire, for instance, through a magnetic
tunnel junction (MTJ) arrangement on top of it, where the nanowire acts as the free
layer of the MTJ. For scaling reasons, a competitive device that uses a large number
of domain walls to represent bits of information will most likely be based on spin-
torque-based writing of domains and domain walls.
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Global Magnetic Field and Nucleation Pads for In-Plane Materials
Previous experiments for fundamental studies of domain walls in in-plane magne-
tized materials mostly relied on large nucleation pads to generate a domain wall at
one side of a wire structure. This approach uses a magnetic field that is sufficiently
strong to reverse the magnetization in a larger pad but not strong enough to change
the direction of magnetization in an attached nanowire, due to the geometry
dependence of magnetic (shape) anisotropy and reversal field. Thus a domain
wall at the connection point between the pad and the wire can be created by
selectively reversing the magnetization of the pad only. This scheme is used, for
instance, in the spiral multiturn sensors discussed in section “Non-volatile
Multiturn Sensors.” However, a global writing method and the requirement of big
pads attached to the wires are not compatible with the needs of a potential mass
storage device like the proposed racetrack memory.

Local Oersted Fields for PMA Nanowires

For materials with out-of-plane magnetization (PMA), a different approach to
nucleate domain walls has to be pursued. A suitable method is to use the Oersted
magnetic field created by a current in a dedicated, perpendicular (“write”) wire to
locally switch the magnetization of an underlying PMA nanowire, hereby creating a
domain wall. The conceptual geometry is one of the simulations in Fig. 8a, where
the arrangement is shown from the side. The magnetic nanowire is represented by
the thick horizontal line with the perpendicular magnetization pointing either up or
down. The write wire is represented by an open square, with the current flowing out
of the drawing plane. The current generates a circular Oersted field around the write
wire, whose direction and strength are indicated by arrows. It can be seen that at the
left and right edge of the write wire, strong field components in direction of the
PMA easy axis are generated by the current. This configuration is realized, for
instance, in the structure shown (from top) in the magneto-optical Kerr effect
(MOKE) microscopy image in Fig. 9.

This method to create domain walls has been successfully used in experiments:
Ueda et al. fabricated Co/Ni multilayer magnetic wires with Au/Ti bars across as
write wires. By injecting current pulses with a high current density of 1 x 10'?
A/m? through the Au wire, they succeeded to nucleate a domain wall within the
Co/Ni wire, which can be detected by a Hall bar that is also crossing the magnetic
wire at close distance. In the same configuration current-induced domain wall
motion can be observed as well [57]. Ohshima et al. used XMCD-PEEM to
image the magnetic configuration of a Co/Ni multilayer with perpendicular mag-
netic anisotropy. Their work also shows that a locally created Oersted field is
sufficient to nucleate single domain walls within simple nanowires [58]. Multiple
creations of domain wall (injection of one domain wall after another) have been
reported by Chiba et al. who also used Co/Ni multilayer wires [59].

To evaluate the scaling behavior of this approach, the local Oersted field is
calculated in simulations as shown in Fig. 8. The dimensions, width and height, of
the write wire (the small rectangle) are varied between 20 and 100 nm on top of a
magnetic wire (long stripe) with a fixed height of 10 nm and a length of 2 pm.
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Fig. 8 (a) Simulation of a homogenous current density creating a circular magnetic field.
The current density is perpendicular to the small square upon a 10 nm thin wire. The width and
height of the current line (small square) is varied between 20 and 100 nm. (b) Component of the
magnetic field which is perpendicular to the wire plane in (a) as a function of the position along the
wire. The width of the current line is varied between 20 and 100 nm

A fixed current density along the write wire, i.e., perpendicular to the plane, of 1 X
10" A/m?is assumed, which is a reasonable density that is compatible with reliable
operation. The arrows indicate the direction and strength of the Oersted field, while
the color indicates the component of the magnetic field which is perpendicular to
the magnetic wire, i.e., along its PMA axis. This magnetic field component as a
function of its position along the magnetic wire is shown as line scan through the
middle, along the wire in Fig. 8b.

Thus, for novel low coercive out-of-plane materials, a sufficiently high magnetic
field for magnetization reversal is expected in the surrounding of the current line
and a localized nucleation of a single domain wall in an out-of-plane magnetized
wire would be possible. Materials such as CoNi and CoFeB-based structures with
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Fig. 9 (a) Magnetization reversal of CoFeB-MgO wires imaged by magneto-optical Kerr
microscopy. As a result of a nucleation field H, higher than the propagation field H,, the entire
wire reverses rapidly at H,,.. (b) The use of a local Oersted field generated by a current flowing in an
electrode across the wire allows the control of domain wall nucleation. Inset: SEM image of a
nanowire structure (Contacts 1 and 7 in the SEM images inset) with three gold electrodes for the
nucleation of domain walls through localized Oersted fields (Contacts 3 and 11, 4 and 10, and
5 and 9) and contacts for domain wall detection through the extraordinary Hall effect (2 and
12, 6 and 8) (Courtesy of D. Ravelosona)

low coercivity are suitable. In particular, CoFeB—MgO was shown to have a domain
wall nucleation field of around 6 Oe only and a propagation field of around 1 Oe.
Given these ultralow fields, scaling of Oersted field writing is possible even below
the 90 nm design rule size.

Also combined local and global magnetic fields may be used to selectively
nucleate domain walls in a defined location. The issue is that if a domain wall is
created in a nanowire by a global magnetic field bigger than the so-called propa-
gation field H,, the domain wall instantaneously travels through the whole wire,
completely reversing its magnetization as shown in Fig. 9a. Thus, to place a domain
wall in a selected location, it needs to be nucleated at a magnetic field H,, smaller
than the propagation field H,. However, typically the nucleation field H, for the
creation of a domain wall in any part of the wire is bigger than H,. But using a
suitable direct current in a top electrode across the wire, it is possible to nucleate
domain walls at magnetic fields lower than the propagation. One example is shown
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in Fig. 9b for CoFeB-MgO structures, which have a very low typical nucleation
field of 20-30 Oe, higher than the typical propagation fields (/, < 10 Oe): a domain
wall is here successfully placed directly under the Au cross wire that carries
100 mA current, generating a local field of around 12 Oe.

Stray Fields

Another approach for the nucleation of domain walls in selected locations is to use
stray fields, i.e., interactions between domain walls. In early experiments, O’Brien
et al. showed the interaction between adjacent domain walls within nanowires in
close proximity [60]. Two parallel U-shaped Permalloy nanowires are used to
create transverse domain walls of opposite charge. Afterwards an external field is
applied to depin both domain walls. MOKE measurements revealed a larger
depinning field compared to the case of single wires because of an attractive stray
field interaction between the domain walls. Similar experiments have been carried
out by Ahn et al. using an isolated nanobar oriented perpendicular to a nanowire [61].
Additionally a notch has been created to locally increase the pinning strength.
The experiment revealed an increase or decrease in the depinning field depending
on the magnetic orientation of the nanobar. Simulations of various domain wall
types are used to highlight the change in the pinning potential landscape due to stray
field induced by the nanobar.

The mapping of a domain wall stray field using off-axis electron holography was
done by Laufenberg et al., revealing high fields of up to one Tesla at sizeable
distances of the wall (100 nm) [24]. Domain wall interactions due to stray fields are
also detected in a thin film experiment on Co/Cu/Ni trilayers by Kuch et al. [62]. In
this experiment layer-resolved magnetic imaging (XMCD-PEEM) reveals that
domain walls in the in-plane magnetized Co layer directly interact with domain
walls in the out-of-plane magnetized Ni layer due to arising stray fields. The
interaction can be regarded equivalent to an external field of about 250 Oe. While
stray fields from adjacent domain walls or homogenously magnetized nanobars are
a suitable approach to locally prepare domain walls for experiments, they limit the
minimum distance of neighboring domain walls in a potential device and thus
information density. As mentioned previously [63], a recent approach to reduce
stray field effects between neighboring domain walls uses multilayer nanowires
with coupled, opposite domain walls above each other.

Spin-Torque Reversal
However, the most promising approach for reversing the magnetization in a
nanowire, i.e., writing a bit, is to use spin-torque switching because of its scalabil-
ity. The switching is performed by a stack device, a nanopillar patterned on top or
below the wire in the manner of a magnetic tunnel junction. The wire magnetization
can be locally switched by a perpendicular current flowing from the top of the pillar
into the wire, which acts as the “free layer,” by the spin transfer torque (STT) [64].
Ultrafast switching by STT has been demonstrated, introducing a perpendicular
polarizer in either giant magnetoresistance junctions (GMR, e.g., in Refs. [65, 66])
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or in hybrid magnetic tunnel junctions(MTJ)/GMR structures [67], realizing
ultrafast precessional switching on a timescale of 100 ps. Specifically, in Ref.
[66], Papusoi et al. report the reproducible sub-100 ps precessional back and forth
switching in a PL/FL/AL structure, where PL is a perpendicularly magnetized
polarizing layer, FL is an in-plane magnetized free layer, and AL is an in-plane
magnetized analyzing layer in zero effective applied field using single, unipolar
current pulses. While the perpendicular polarizer can induce the precessional
reversal in a subnanosecond regime, the coherence of this precessional switching
was shown to be affected by thermal activation, Oersted fields, and the spin transfer
influence of the analyzer as well.

In Ref. [68] Rowlands et al. report on spin-torque switching in the deep nano-
second regime by combining in-plane and perpendicular polarizers. Adding the
perpendicular polarizer to a conventional spin-torque random access memory
(RAM) element with an in-plane free layer and an in-plane polarizer results in
significant reductions in write time and write energy when comparing orthogonal
STT-RAM (or OST-RAM) structures and in-plane (IST-RAM) devices. The
devices have almost identical dimensions and multilayer compositions, their main
difference being the presence of the perpendicular polarizer in the OST-RAM
structure, which is the key point in this study. They show that for their reference
IST-RAM devices, the minimum write energy achievable is 1.25 pJ, while in the
OST-RAM devices, the minimum energy is significantly smaller, down to 0.4 pJ.
A further reduction in the write energy could be achieved if the MTJ formed by the
perpendicular polarizer and the free layer was replaced by a GMR junction [67].
In terms of writing speed, a switching value of 0.12 ns (for a pulse amplitude
of 1.58 V) is observed. Thus, for a typical multilayer structure with dimensions that
are standard for an STT-RAM cell, an eightfold write time reduction and a threefold
write energy reduction are demonstrated.

In Ref. [69] Amiri et al. use an in-plane CoFeB—MgO MTJ with perpendicular
magnetic anisotropy in the free layer to reduce the STT switching current. They
demonstrate switching at current densities of ~4 MA/cm? and 10 ns writing times
for a reduced free layer thickness with PMA. Other reports aimed to reduce the
switching current of in-plane STT devices by utilizing layered structures with
transition metals (Co, Ni, and Fe) alongside nonmagnetic metals (Pt or Pd) in
order to obtain the perpendicular anisotropy. However, these materials have limi-
tations in terms of increased damping and difficulty in getting large perpendicular
anisotropy in thin films (<2 nm) and in integrating them into MTJs with high TMR.
PMA can reduce switching currents in CoFeB-MgO MTIJs by counteracting the
out-of-plane demagnetizing field. A breakthrough concerning CoFeB is the possi-
bility to grow CoFeB—MgO-based magnetic tunnel junctions with PMA as demon-
strated by Tohoku University together with Hitachi [70]. The perpendicular MTJs
consist of Ta/CoFeB/MgO/CoFeB/Ta stacks and show a high TMR ratio of over
120 %, high thermal stability at dimensions as low as 40 nm diameter, and a low
switching current of 49 pA in vertical nanopillars. This shows that this approach is
also very promising to nucleate domain walls in PMA magnetic nanowires acting as
the free layer of a tunnel junction.
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Magnetization Reversal Using Spin Waves

Another approach to control and write the magnetization including domain walls
and vortices is the creation of localized spin waves, which directly interact with the
local magnetization of ferromagnetic materials. In an experiment by Kammerer
et al., a rotating external magnetic field generated locally on a Permalloy disk
induces spin waves, which reverses (“writes”) the polarity of a prepared vortex
domain wall [71].

Displacement of Magnetic Domains and Domain Walls

The crucial point for a domain wall memory device is the controlled displacement
(shifting) of large numbers of domain walls. This can be done either by synchro-
nously moving all domain walls in parallel (for instance, using spin-polarized
currents as in the racetrack memory) or sequentially by locally addressing a single
domain wall and then moving only this wall (for instance, using an applied field, as
in the field-controlled shift register). Apart from prominent magnetic field or spin-
torque-driven domain wall motion, recently other approaches have also been
emerging, e.g., using local heating, spin waves, optical methods, or magnetoelastic
effects through strain.

In general, the magnetization dynamics is governed by the Landau-Lif-
shitz—Gilbert (LLG) equation augmented by spin-torque terms. Here, the first
term accounts for field effects (precession) and the second for magnetic damping,
and the last two terms are accounting for effects from an injected spin-polarized
current [72-74]:

om om(y)

—- = —7om X Her + am X — (u-V)m + fm x [(u-V)m]

adiabatic non-adiabtic

(vector quantities in bold) with H.¢ the effective magnetic field, y, the gyromag-
netic ratio, o the damping constant, and the effective spin drift velocity u given by
u = gPug/(2eM;) j. In the expression for u, P is the spin polarization, e the electron
charge, M, the saturation magnetization, j the current density, and gup the magnetic
moment associated with the electron spin [75]. The fourth term is often called the
nonadiabatic spin-torque term, but it contains not only contributions due to
nonadiabatic transport but also due to spin relaxation [76]. In one theory [77], the
nonadiabaticity parameter § is given by B = (lex/As)’s i.€., by the ratio of the
exchange length and the spin-flip length, but the theory of the nonadiabaticity is still
under discussion. The reader may refer to reviews and more specialized literature
[20, 21, 75, 77-80] for an in-depth discussion of these terms.

Field-Driven Domain Wall Motion
The Landau-Lifshitz—Gilbert equation [72, 74] which describes magnetization
dynamics is strongly nonlinear; therefore, an analytic solution of this equation is
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Fig. 10 Simulation of the domain wall velocity as a function of the applied field B, for a
one-dimensional spin chain (for details of the simulation and the units used, see Ref. [82]. Note
that in this notation the z-axis is along the wire). The velocity increases linearly up to a critical field
(Walker field). Above this field, transformations set in, which reduce the velocity. For even higher
fields, the velocity increases again as seen in the inset, where a logarithmic field scale is used
(From Ref. [9])

possible only for rare special cases. In order to find an analytic description of field-
driven domain wall motion, Schryer and Walker [81] approximated a 180° domain
wall by means of a macrospin representing the domain wall core magnetization.

In a system with an easy magnetic axis (say the x-axis in a Cartesian coordinate
system), the domain wall is propagated by a field applied parallel to this axis. The
domain wall dynamics are then described by two parameters in an effective 1D
model: the domain wall position x and the out-of-plane angle €, which is the canting
angle of the macrospin with respect to the plane spanned by the easy x-axis and the
magnetization direction of the domain wall core magnetization in the relaxed state
(y-axis). (These axes are for the 1D model. While this domain core magnetization
corresponds to some extent to the magnetization for a transverse wall, in a vortex
wall, the two canonical conjugate variables are the X and y position of the vortex
core.)

Depending on the magnitude of the applied field, one finds three regimes in the
domain wall dynamics as shown in Fig. 10. For small applied fields, the domain
wall velocity v = 0x/0t and the angle 6 both increase linearly with the applied field.
In this regime the domain wall mobility 4 = 0v/OH is positive and is given by
u= %, where A is the domain wall width, y, the gyromagnetic ratio, and a the
Gilbert damping factor. At a critical field, the so-called Walker breakdown field H,,,,
the out-of-plane angle reaches the critical value of § = x /4 and the domain wall
core magnetization starts to precess around the easy axis. As a consequence the
mean velocity of the domain wall breaks down, leading to a negative differential
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Fig. 11 Micromagnetic simulation using the MicroMagus package [96] of the dynamics of a
domain wall in a 5 nm thick, 200 nm wide, and 6 pum long nanowire (cell discretization 5*5*5
nm3). (a—d) Below the Walker field (H = 0.8 kA/m) and (e—0) above the Walker field (H = 1.6
A/m). In this case, the domain wall transforms from a transverse wall (e) to a vortex wall (i) and
back to a transverse wall (0). The colored panel shows the in-plane (x—y plane) magnetization
direction corresponding to the color wheel, and the gray panels show the out-of-plane magneti-
zation (z-direction) with white and black pointing in the positive and negative z-direction,
respectively

mobility u. For even higher fields, H>> H,, (see inset of Fig. 10), the mobility
becomes positive again, namely, u = afi"—l- However, because a << 1, the mobility
above H,, is still much smaller than the mobility below the Walker field. This
simple 1D model also gives an analytic solution for the critical Walker field H,,,
which is proportional to the transversal anisotropy field H; and the damping factor
a: H,= $Hy= %M, [N.—N,]|. N, are here the demagnetizing factors in
z and y direction which depend on the dimensions, i.e., H,, increases with the ratio
w/t of the nanowire width w and thickness .

Simulations

A better understanding of the dynamics, especially of the Walker breakdown
process for H > H,, that can be obtained from analytic approaches is gained
from micromagnetic simulations [19, 83-95]. For example, Fig. 11 shows the
simulated motion of a transverse domain wall in a 5 nm thick and 200 nm wide
nanowire using the MicroMagus package [96].

When the applied external field is smaller than the Walker field, the domain wall
moves, after a short acceleration period, with a constant high velocity of vy,
=650 m/s and a constant out-of-plane magnetization through the nanowire, as
shown in Fig. 11a—d where H = 0.8 kA/m. Like in the 1D model, the simulations
show that in this regime the out-of-plane magnetization and the domain wall
velocity increase proportionally with the external field, i.e., the domain wall
mobility is positive and constant.

Above the Walker breakdown, the dynamics change as shown in Fig. 11e—o for
H = 1.6 kA/m: In the acceleration period, the out-of-plane magnetization increases
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above the critical angle of @ = x /4, and a vortex core is nucleated at the edge of the
nanowire (Fig. 11g—h). This vortex core traverses the wire driven by the gyrotropic
force. During this crossing the differential domain wall velocity decreases drasti-
cally and can also be negative (Fig. 11j—k), leading to a significant reduction in the
mean velocity Vg, = 70 m/s. After the vortex core traversed the nanostripe, it
is annihilated at the other edge, ending up with a reversed chirality of the transverse
domain wall (compare Fig. 11e, k). This process is repeated periodically, while the
edge where the vortex core is nucleated and the vortex core polarity change
according to the transverse domain wall chirality.

The actual behavior above the Walker field is determined by the nanowire cross
section [92]. For small cross sections, an antivortex is nucleated and crosses the
nanostripe during the Walker process, while for larger cross section, a vortex is
nucleated. Antivortex and vortex move in a characteristic, different manner through
the nanowire: while the antivortex moves first forwards and then backwards as
shown in Fig. 11e—o, the vortex trajectory is vice versa, first backwards and then
forwards.

The approximation of the 1D model, treating the domain wall core magnetiza-
tion as a macrospin, is only valid for small enough nanowire cross sections, i.e.,

when the width w and thickness ¢ are comparable to the exchange length = , / /%M?’
where A is the exchange constant and M| as before the saturation magnetization.
For the widely used Permalloy, this exchange length is approximately 5 nm.
Thus for nanowire cross sections which are typical in terms of fabrication
technology (w = 100-1,000 nm, ¢ = 5-40 nm), micromagnetic simulations
were conducted to investigate the dependence of H,, and u on the nanowire
dimensions [84]. It turned out that, contrary to the predictions of the 1D model,
the critical Walker field decreases with increasing nanowire width at constant
thickness. The calculated mobility increased with increasing width to thickness
ratio, which is in line with the 1D model. However, the agreement is good for
small dimensions only.

Micromagnetic simulations of the domain wall dynamics for fields larger than
the Walker field yielded the nucleation and gyrotropic motion of vortex—an-
tivortex pairs [87] and the formation of Bloch walls during the nanostripe reversal
[95]. Further studies treated the influence of transverse in-plane fields [83, 88, 97],
a unidirectional anisotropy [86], or an out-of-plane field [89], all aiming to find
conditions which increase the domain wall mobility. An edge roughness added to
the simulated nanostripe was found to hinder the nucleation of a vortex core
during the Walker process and therefore increase the critical Walker field
[94]. The influence of thermal perturbations on the domain wall dynamics was
investigated by Martinez et al. [93]. They concluded that as long as the driving
field is larger than the pinning field, which is due to some finite edge roughness,
the changes due to thermal perturbations are negligible. The critical nucleation
size of the vortex core for domain wall transformation during the Walker process
was simulated in Ref. [85] and was found to be on the order of a stabilized vortex
core diameter.
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Experimental: Single Shot Measurements

Improvements in nanostructure fabrication and measurements techniques enabled
the experimental investigation of the domain wall dynamics in nanowires. Ono
et al. revealed the switching of a nanowire magnetization by means of domain wall
nucleation and propagation [98, 99], and Allwood et al. measured domain wall
velocities as high as 1,500 m/s [100]. An indirect experimental verification of the
Walker breakdown process is the existence of a breakdown of the domain wall
mean velocity, observed by Beach et al. in a single Permalloy layer by time-of-
flight measurements [101]. They used the MOKE technique to detect the transit of a
domain wall through the MOKE laser spot. By analyzing the transient time of the
domain wall through the spot, it was possible to extract a broadening parameter,
which can be explained by the existence of the Walker process [102]. A more direct
measurement was performed by Hayashi et al. [103, 104], who used anisotropic
magnetoresistance (AMR) measurements in order to detect changes of the domain
wall configuration (domain wall type and chirality) above the Walker field H,, in
single Py layers.

The direct observation of the Walker process by means of single shot measure-
ments was performed by Glathe et al. [105] using a GMR detection technique. By
choosing the reference direction of the GMR stack being parallel to the nanowire
long axis, one obtains a resistance signal which depends on the magnetization
component parallel to the motion of the domain wall, i.e., the signal is directly
proportional to the domain wall position. Using this technique the periodic forward
and backward movement, which is typical for the Walker breakdown process, was
evidenced.

To improve the signal-to-noise ratio, the nanowire was contacted using a
coplanar waveguide and the DC and the RF parts of the signal were separated by
a Bias-T. Figure 12 shows the dependence of the RF part of the voltage from the
resistance measurement for a Permalloy nanowire which is the sensor layer of a
GMR stack. The periodic change between forward and backward movement is
clearly visible in Fig. 12b. The inset of Fig. 12a shows the Fourier transform of the
signal. The spectrum exhibits a frequency band in the range of 20-100 MHz. Note
that this spectrum is different for every measurement using the same sample. Thus
the Walker process is stochastic in these GMR nanowires with intrinsic edge
roughness.

With the help of this GMR single shot technique, the influence of an in-plane
transverse field on the Walker process was also investigated. It turned out that a
transverse field decreases the Walker frequency and that a certain critical transverse
field will suppress the Walker process completely [105, 106] as expected from the
micromagnetic simulations [83]. The Walker process can also be suppressed by
means of a superimposed oscillatory field [107] or by the use of comblike geomet-
rical structures [115].

Further studies discovered a new type of domain wall movement [109-111] and
different Walker fields in the same sample, due to the geometry of the nanowire
cross section [109]. The dependencies of the Walker field H,,, and the mobility ¢ on
the dimensions of the nanostripe cross section obtained in simulations were
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Fig. 12 (a) Domain wall motion in a 1 pm wide, 20 nm thick Permalloy nanowire with a
nucleation pad (Hiong = 1.9 KA/m, Viean = 100 m/s). Inset: Frequency spectrum of the domain
wall motion filtered with a Hamming filter (N = 50, f,/f; = 0.0025). (b) Magnification of the
domain wall movement for a shorter period of 85 ns, corresponding to a distance of 8.5 pm.
Periods of a fast-forward motion and a slow or backward motion are visible. The gray line
represents the original data and the black line represents data obtained by using the Hamming
filter (From Ref. [105])

confirmed experimentally [112]. Jiang et al. revealed an enhanced stochasticity
around the Walker field [113]. Single shot measurements based on the TMR
technique were performed by Kondou et al. [114]. They confirmed the three
regimes of the domain wall dynamics and measured deviations in the linear
position—time dependency. The domain wall inertia was investigated by Rhensius
et al. [115] using field pulses and time-resolved photoemission electron micros-
copy. Finally, synchronous domain wall motion of multiple domain walls was
proposed by Kim et al. using out-of-plane field pulses for in-plane magnetized
wires [116].

Current-Driven Domain Wall Motion

For current-induced domain wall propagation, the expected behavior from simula-
tions (see Fig. 13 [82]) depends strongly on the nonadiabaticity parameter § of the
LLG equation above. For the purely adiabatic case (f = 0, red squares), a high
critical current density j. for propagation is observed as predicted by Thiaville [75]
and Zhang [77]. Above j., the velocity follows a (j 2 _ j(,z)]/2 behavior [76] and
approaches the effective charge drift velocity u for large current densities.
If nonadiabatic transport or spin relaxation exists (# # 0), the critical current
density is reduced to zero for an ideal wire and the velocity increases, at first
linearly, with the current density. For the case that # = a (black disks), the velocity
increases always linearly, where the velocity equals # and the wall is not deformed.
When g # 0 and f§ # a (green diamonds), the velocity scales as #/ a * u up to a peak
at the Walker current density. Above this value, wall transformations set in analogous
to the field-induced wall motion case. Again for high current densities, the velocity
approaches u. The types of wall transformations occurring for head-to-head
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Fig. 13 Simulation of the domain wall velocity as a function of the injected current density j (for
details of the simulation and the units used, see [82]). The damping constant used is @ = 0.02,
and three different values of the nonadiabaticity parameter f are used: f = 0 (red empty squares),
f = 0.02 = o (black disks), and p = 0.1 (green diamonds) (From Ref. [9])

transverse and vortex walls have been studied in detail theoretically [117] and
include vortex and antivortex formation depending on the geometry and current
densities used.

Experimentally, current-induced wall motion has been studied by a large number
of groups (for an overview see Ref. [3, 47, 50, 103, 118-123] and references
therein). Dynamic measurements of the domain wall velocity have been carried
out by Hayashi et al. for the case of a dynamically generated domain wall, where
velocities exceeding 100 m/s have been reported [123]. By combining current
injection with magnetic fields, the velocity enhancement due to currents has been
measured [122]. Starting with a domain wall at rest, slower velocities have been
observed for pure current-induced wall motion [118, 119, 124]. For sufficiently
high current densities, periodic wall transformations have been imaged, which
points to the fact that f # a for the Permalloy samples used in these studies [50,
125]. Examples of experimentally observed domain wall displacements in
Permalloy wires are shown in Fig. 14a for a head-to-head vortex domain wall and
in Fig. 14b for a transverse domain wall. The domain walls are displaced in the
electron flow direction by a short current pulse of high current density of 10'*> A/m?,
yielding moderate averaged velocities [126].

Current-Driven Domain Wall Motion in out-of-plane magnetized material

The recent interest in out-of-plane magnetized materials has stimulated the model-
ing and the micromagnetic simulation of current-induced domain wall motion
(CIDWM) in these materials. The main features of the domain wall dynamics in
a perfect nanowire are shown to be generally well described by a simple 1D model
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Fig. 14 Current-induced domain wall motion imaged by XMCD-PEEM. The image in (a) shows
the displacement of a vortex wall by current injection in a 28 nm thick, 1.0 pm wide Permalloy
wire with an average velocity of approximately 0.3 m/s. The grayscale bar shows the magnetic
contrast direction for all the images. The image in (b) shows the displacement of a transverse wall

in a 7.0 nm thick and 500 nm wide wire. In both cases, the wall spin structure stays the same after
the displacement (Partly from Ref. [126])

due to the simple Bloch structure. However, simulations also reveal important
dynamical features due to the thin domain wall structure and the different magnetic
properties of these materials [26, 127—-132].

Suzuki and Fukami et al. [127—-129] and Jung et al. [26] studied the dependence
of the critical current density on the nanowire geometry (width and thickness).
Using both the 1D model and micromagnetic simulation, Jung et al. [26] 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 f and reaches a minimal value for a certain geometry
(width, thickness) of the wire. For this critical geometry, the demagnetizing energy
K, changes sign and the domain wall switches from a Bloch to a Néel structure. The
intrinsic critical current associated with the adiabatic torque is proportional to K,
and thus very low (j. < 10' A/m?). In an ideal geometry, it would vanish as the
anisotropy barrier goes to zero as also in the case of round wires with shape
anisotropy [133]. When the adiabatic torque controls the depinning process, the
nonadiabatic spin-torque term f and extrinsic pinning effect play only little role.
The geometry for minimal j. is obtained for thick enough and very narrow wires: for
a 10 nm thick film, Jung et al. [26] found the critical current density to be minimal
for w =~ 70 nm, with the exact dimensions depending critically on the magnetic
parameters.

A large number of experiments on CIDWM in out-of-plane magnetized struc-
tures were devoted to the characterization of the highly debated nonadiabatic
torque. Indeed, the nonadiabaticity factor f is expected to be higher in this class
of material due to the higher magnetization gradient and/or the high spin—orbit
coupling [76, 134—-136]. Many experiments were carried out in the presence of an
external magnetic field in addition to the injected current. Indeed, the effect of the
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nonadiabatic torque on the domain wall dynamics is predicted to be equivalent to an
external magnetic field [75, 132, 137] so that nonadiabatic effects can be measured,
for instance, by relative changes in the depinning field induced by the
currents [138].

Several groups reported CIDWM at zero external magnetic field in out-of-plane
magnetized materials. Despite large differences in the data provided, one can
identify different groups of materials. A first group comprises of multilayers with
ultrathin magnetic films and a similar order of magnitude for the efficiency (=5 X
10~'* Tm?/A). Due to variation in the pinning in the different films, this leads to j,
values ranging between 3 and 15 x 10'" A/m?. Another group contains SrRuO5 and
TbFeCo with a much higher efficiency and a much lower critical current density in
the 10'° A/m? range. Although different materials are considered, data in the first
group of materials suggest an approximate scaling of the current density with the
pinning strength (depinning field H,,). Several authors studied in more detail the
dependence of j. on H, in different materials. Ravelosona et al. [139] and Li
et al. [140] reported for 0.2—-1 pm wide Pt/Co wires and 8 pm wide TbFeCo
nanowires an approximately linear scaling of j. with the pinning field, which is
consistent with a depinning mechanism controlled by the nonadiabatic torque.
However, a different scaling was reported in narrow (40-240 nm wide) (Co/Ni)
wires [130, 141-143] where the critical current was found to be independent of
external pinning and small (=50 Oe) external magnetic fields. Koyama et al. [141]
also studied the dependence of j. on the wire width w ranging between 40 and
300 nm. They observe a minimum in the critical current density for a given width of
the wire corresponding to the transition from a Bloch to a Néel domain wall where
the domain wall demagnetizing field is minimum. This behavior is clearly consis-
tent with an “intrinsic pinning” behavior where the depinning process is driven by
the adiabatic torque in this case. Indeed, the critical current associated with the
adiabatic torque can be lower than the one associated with the nonadiabatic torque
for narrow wires due to the small domain wall demagnetizing field. The
nonadiabatic torque thus plays a minor role in these experiments. A similar con-
clusion was drawn from experiments in 140 nm wide Ta/CoFeB/MgO samples
[144] where the depinning current was found to be independent of the depinning
field. Contrary to the case of Pt/Co/AlOx samples, the nonadiabatic torque seems to
play a minor role in these structures, which may be related to the absence of Rashba
coupling found in these samples.

Several authors studied the dependence of the domain wall velocity v on the
current density j [45, 145—148]. As for field-induced domain wall motion, also upon
increasing j (Fig. 15), one successively observes a slow creep regime where domain
wall motion is controlled by wall pinning and thermal activation and a flow regime
with high domain wall velocity, increasing linearly with j. In between, an interme-
diate regime with a higher slope v(J) is observed, which may be identified as a
thermally activated depinning regime.

The flow regime was observed by Moore and Miron et al. [147, 148] in Pt/Co/
AlOx and Koyama et al. in (Co/Ni) nanowires [150]. In Pt/Co/AlOx nanowires, the
velocity is found to increase by 120 m/s per 10'* A/m? and a maximum velocity of
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400 m/s is obtained for J = 3.5 x 10'* A/m?* (Fig. 15). Importantly, by comparing
this slope to the one measured from the field-dependent v(H) curve (Fig. 15(inset)),
the authors deduce a field/current equivalency identical to the one obtained from
quasi-static measurements. This clearly indicates that the nonadiabatic torque is the
driving force for the domain wall motion in this regime and that the domain wall is
in a steady flow regime. The authors also propose that the strong transverse in-plane
Rashba field identified in this structure [151] plays an important role in the motion
by stabilizing the domain wall spin structure and preventing the occurrence of the
Walker breakdown (the angle y is frozen), which in the case of PMA material
would correspond to transformations between Bloch and Néel type walls. As a
consequence, the domain wall stays in a high-mobility regime with v = fu/a up to
very high current densities. In (Co/Ni) nanowires, Koyama et al. [150] observed
that the velocity increases by about 50 m/s per 10'* A/m? and a maximum velocity
of 55 m/s was reported for j = 1.3 x 10'* A/m? Interestingly, in this case, a small
external applied field (up to 50 Oe) does not change the domain wall velocity and
the domain wall moves in the direction opposite to the electron flow.
Micromagnetic simulations show that this behavior is consistent with a precessional
flow regime driven by the adiabatic torque. Fast CIDWM was also observed in
TbFeCo nanowires [152] with a maximum velocity of 60 m/s obtained for a low
current density of 2.5 x 10" A/m? corresponding to a very high efficiency of
240 m/s per 10'* A/m?.

Most authors observe CIDWM in the direction of the electron flow. However,
Moore et al. [147] and Lee et al. [145] observed domain wall motion in the direction
opposite to the electron flow which was proposed to be due to a negative current
spin polarization or a negative 3 value or additional spin—orbit torques. In these
studies, the nonadiabatic torque § was identified to be the main driving force on the
domain wall motion. Negative f values were predicted by Garate et al. [135] in
materials with high spin—orbit coupling. This result also indicates the strong
dependence of nonadiabatic effects and polarization on the exact structure of the
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material. Generally there is consensus now that additional may lie in additional
current-induced torques due to the spin Hall effect or the Rashba effect in ultrathin
multilayer with structure inversion asymmetry and/or a high atomic number
nonmagnetic layer with strong spin—orbit coupling such as Pt occur [151,
153-159]. These additional torques were shown to allow for CIDWM in the
direction opposite to the electron flow, and the sign of the displacement can be
set by the sign of the spin—orbit torques resulting from the spin Hall effect as well as
the sign of the Dzyaloshinskii—Moriya interaction (DMI) [154, 159].

These experiments have shown that the current acts on the domain wall dynam-
ics in out-of-plane magnetized wires as a Slonczewski and a field-like torque
depending on the domain wall structure, and one of them can lead to an effective
large nonadiabaticity that however results from spin—orbit interaction effects. From
the current-field equivalence, values of the nonadiabaticity are found that are much
larger than for in-plane magnetized wires.

Although usually narrow Bloch walls are favored in PMA nanowires due to the
magnetostatics; however, Néel walls can be stabilized in case of strong DMI in
multilayers with inversion asymmetry, and the spin—orbit torques act on these
efficiently [157, 159]. Due to the strong pinning in these materials, initially most
experiments were carried out in the thermally activated regime and actually probed
the deformation of the pinning barrier by current, but alter it was found that in the
viscous flow propagation regime very high domain wall velocities can be obtained
(up to 400 m/s) [149]. The origin of this high velocity is hotly debated and is
probably due to the high spin—orbit coupling in these material stacks. An explana-
tion based on the Rashba transverse field alone seems to be not generally accepted,
and an alternative explanation based on a combination of the spin Hall effect [155,
159] and Rashba interaction [153, 154] has been put forward theoretically [160].

The high spin-torque efficiencies in out-of-plane magnetized materials make
them promising candidates for domain wall memory devices. However, although
very low critical current densities (down to the 5 x 10'° A/m?) have been obtained,
fast domain wall motion was so far only observed at very high current densities
(> 10" 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 engineering new materials with higher spin transfer
efficiency and lower damping, for e.g., by playing with the spin—orbit coupling.
The use of a transverse magnetic field to pin the dynamical domain wall structure
[97, 149, 161, 162] and prevent the occurrence of the Walker breakdown
(with associated lower mobility) also seems promising. Furthermore, this approach
provides an interesting way of controlling the domain wall structure with the
current polarity which may be exploited in devices [149, 162].

An alternative route is the injection of a spin-polarized current perpendicularly
to the nanowire plane [163-166], where high domain wall velocities have
been predicted at very low perpendicular current (up to 80 m/s down for 10 pA)
[164]. This was confirmed experimentally by Boone et al. [165] who
measured a domain wall velocity up to 800 m/s at very low critical current density
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(9 x 10" A/m?) in Permalloy nanowires excited by spin-polarized current applied
perpendicular to the nanowire. Similarly, Chanthbouala et al. [167] reported
CIDWM induced by a vertical current in magnetic tunnel junctions for a low
current density of about 3 x 10'® A/m*.

A remaining issue is that the high intrinsic pinning in out-of-plane magnetized
materials can lead to unreliable displacements [147] and further complicates the
exact control of the domain wall position in a data track, requiring artificial pinning
sites. Another challenge is thus to decrease the intrinsic pinning of the materials and
to engineer efficient desired pinning sites, for instance, geometrical constrictions, to
control the domain wall position on the nm scale with a high enough pinning energy
compared to the intrinsic one. A possible way to reduce intrinsic pinning may be
found by the use of softer compositions based on amorphous materials [55, 144,
168] or epitaxial out-of-plane magnetized materials [169].

Temperature-Assisted Domain Wall Motion

Domain wall motion may be assisted by local variations in temperature. Apart from
the direct influence on local material parameters (e.g., coercivity) due to heating, an
intrinsic interaction between thermally excited magnonic spin currents and domain
walls was predicted [170]. This effect, which like the spin Seebeck effect belongs to
the new field of spin caloritronics, is predicted to arise in wires with thermal
gradients and is due to conservation of angular momentum. The domain wall is
expected to move into the hotter region to compensate for the effective flow of spin
angular momentum from magnons which are moving from the hotter to the colder
region. Hinzke and Nowak [170] have shown that, at least for a low enough
damping constant, the thermal gradient acts like an effective field, and they
calculated domain position and velocity (Fig. 16) that show the same generic
behavior as for field-driven motion in Fig. 10.

Indeed, Franken et al. [171] and Mohrke et al. [172] have shown that the domain
wall pinning potential in a nanowire can be modified by local heating with a laser.
A schematic of the experiment is shown in Fig. 17a; it consists of 1.5 pm wide,
20 nm thick Permalloy nanowires (doped with 2 % Ho) and a focused MOKE
magnetometer. The nanowires have a zigzag geometry for controlled nucleation of
domain walls at a bend in the wire. The magnetization is probed 3.5 pm away from
the bend using the focused, time-resolved MOKE. While an external magnetic field
is ramped up, the domain wall position is monitored by the MOKE signal; a typical
trace is shown in Fig. 17b. One observes that the domain wall is depinned from the
bend (signal level L) at field B; and moves into the laser spot where it is pinned
first (signal level L,) before the center of the laser spot until a field B, and a second
time (signal level Ls) after crossing the center where it is depinned at a field B;.

Interestingly, the pinning strength of the different sites exhibits a different
dependence on the laser power. While the depinning field from the bend, By,
does not change up to 14 mW laser power, the other two depinning fields are
found to depend on the laser power used as shown in Fig. 18. The depinning field
from the first pinning site, B,, decreases from 8.2 G to 7.7 G, while the depinning
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field from the second pinning site, B, increases from 9.7 G to 10.3 G . When
returning to a lower laser power, the depinning fields are found to return to the same
value as before (given by the open symbols in Fig. 18). Furthermore, scanning
electron microscopy images taken before and after the measurement do not show
any changes of the structure. Only at laser powers exceeding the threshold Wy =
15 mW, irreversible changes of the pinning behavior were found.

Estimations of the thermal gradient in the wire based on resistance measure-
ments resulted in a very local heating of ~ 100 K, still far below T¢ of Py (850 K).
From this value for the temperature gradient and following the calculation of
Uchida et al., a spin current of 8% 10’ A/m? is expected [173], which is much
lower than the order of 10'? A/m? [123], which is typically needed to move domain
walls in such Py wires. Therefore, it seems unlikely that the influence of thermal
spin currents is the only reason for the enhanced pinning strength caused by the
laser illumination. However, the experiment shows a clear connection between
laser-induced heating and pinning of domain walls, in a sense that an attractive
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Fig. 17 (a) Scanning
electron microscope (SEM)
picture of the central part of a
Permalloy wire. The position
of the MOKE laser spot is
shown schematically by a
white circle. (b) Typical 2 aser spot
MOKE trace of a domain wall
arriving at the laser spot
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Fig. 18 The arrival field B, (black squares), which is a measure for the depinning field from the
bend, and the depinning fields from the two pinning sites, B, and B3, in the laser spot region (red
circles and green triangles). The error bars indicate the standard deviation of 50 individual events
taken for the average shown. While the depinning field of the first pinning site within the spot B, is
decreasing the other one, Bj is increasing with increasing laser power. The open symbols refer to a
control measurement, which was performed after the last measurement at 14 mW. The lines are
guides to the eye (From Ref. [172])
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potential for domain walls is created by laser irradiation. This method holds
promise for a way to manipulate domain walls, where a specific pinning potential
can be flexibly introduced at any position along the wire and can be removed at will.
Finally such domain wall motion by thermal gradients has also been observed in an
insulator showing that the effect is not related to charge currents due to thermo-
electric effects [174].

Alternative Approaches

In addition to the approaches presented above, further schemes have been devised
to induce magnetic domain wall motion. Inhomogeneous magnetic fields trans-
verse to the wire have been proposed [175, 176], where the energy of the
transverse component of the magnetization in the wall changes with the position.
This is due to the inhomogeneity of the field so that the walls are pulled toward a
position where the field lowers their energy. However, due to the need for the
generation of inhomogeneous fields, the experimental realization appears rather
challenging.

Another possibility is to employ pure diffusive spin currents. In this case, a
nonlocal spin valve geometry is used [177—180] to generate a pure spin current.
When this spin current is absorbed by a ferromagnet, a change in the magnetization
of the ferromagnet is possible, as seen in the reversal of a small dot [178,
181]. Domain wall nucleation has also been assisted by spin currents [182], and
also wall displacement due to spin current absorption has been observed
[183]. While this approach is very exciting from a fundamental physics perspective,
several problems may be encountered if a large-scale realization is sought. Gener-
ating spin currents is not straightforward and the magnitude of the spin accumula-
tion due to the spin current is mostly small due to the limited spin injection
efficiency and the finite diffusion length (even though novel materials [184]
might provide longer spin diffusion lengths).

The interaction of magnetic domain walls in nanowires with propagating spin
waves has been treated in numerical simulations [185-187]. It is predicted that, for
instance, a transverse domain wall can be moved by propagating spin waves, where
the details of the interaction depend not only on the propagating spin wave
frequency but also on the collective vibrations of the spin structure in the
nanowires. See Fig. 19 for calculated velocities of a transversal domain wall as
function of spin wave frequency [187].

Magnetization reversal by optical techniques has been demonstrated [188], and
it might be possible to displace domains and domain walls by carefully designing
excitations of the magnetization with a laser. Another approach that has been
proposed recently is to exploit changes in the local domain wall pinning potential
due to strain induced by a piezoelectric substrate [189]. Experimentally, domain
wall displacement by uniaxial in-plane strain has been demonstrated in Ni rings,
showing a full 90° rotation of the domain wall position [190], and domain wall
deformation has also been shown [191].
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Magnetic Domain Wall Detection (“Reading”)

Direct imaging of magnetic domains and domain walls by magnetic microscopy
techniques like MOKE, magnetic force microscopy (MFM), spin-polarized
scanning electron microscopy (SEMPA), or synchrotron-based imaging tech-
niques using XMCD contrast is extremely useful for scientific investigations and
also allows one to resolve internal domain wall spin structures. However,
obviously the readout of a potential device will have to be performed with a
far more simple technique, e.g., electrical techniques that are sensitive to the
presence of a domain wall by detecting changes in the magnetization. Aniso-
tropic magnetoresistance (AMR), giant magnetoresistance (GMR) or tunneling
magnetoresistance effects (TMR), and the extraordinary Hall effect (EHE) have
been used to detect domain walls. For this chapter we will restrict ourselves to a
short overview of the electrical readout schemes, and, since these are widely
researched and mostly well established, we will not discuss these in great detail.
Instead the reader is referred to the corresponding sections and chapters of this
handbook. In many aspects, domain wall memory devices can profit from
established sensor technology, e.g., used in hard disk drives or magnetic RAM
(MRAM).

With the help of suitably placed electrodes, the presence or the position of a
domain wall can be sensed by a number of different schemes. Which of these
electrical sensing schemes is most convenient, depends on the material involved
and other, technical considerations including signal strength, the electronic com-
plexity of the readout circuit and integration. For systems with sizeable AMR effect
[143, 190], the presence of a 180° head-to-head domain wall in a nanowire can be
deduced from the in-plane resistance. The domain wall (vortex and transverse wall)
includes some area where the local magnetization is not parallel to the current as it
is in the rest of the nanowire, giving rise to an AMR signal. Additionally, the
domain wall itself may contribute to the wire total resistance when significant



34 Domain Wall Memory Device 1425

Fig. 20 (a) Top view:
schematic for planar (CIP)
measurement scheme for
anisotropic
magnetoresistance (AMR),
current in-plane giant
magnetoresistance
(CIP-GMR), and
extraordinary Hall effect
(EHE). (b) Side view:
nanowire with magnetic
domains and nanopillar on top

comprising a GMR or TMR ‘ ‘
spin valve structure. In both

e

EHE
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electron scattering occurs at the wall. In a similar way, multiturn sensors as
discussed in section “Non-volatile Multiturn Sensors” use the current in-plane
(CIP) GMR effect, measuring the resistance of a GMR stack along the wire.
Another planar detection scheme which can be used with CIP geometry
(Fig. 20a) is based on Hall effect measurements, which are sensitive to the magne-
tization perpendicular to the current flow. Thus it can be used to distinguish up and
down domains in PMA material.

Techniques using current flowing perpendicular to the plane (CPP) can be GMR
and TMR spin valve sensors. The wire then acts as a magnetic free layer, while a
spacer/barrier layer and a second magnetic reference layer (pinned layer) are
located as nanopillar on top of it (Fig. 20b). For a racetrack memory or a shift
register, as well as MRAM, CPP spin valve sensors are favored, with the spin valve
most likely consisting of a TMR element with MgO barrier. These sensors show big
TMR signals and are CMOS compatible. If PMA materials are to be used for the
faster domain wall velocities that can be achieved with them, the MTJ layout needs
to include a reference magnetic layer which also has a perpendicular magnetization.
Such sensors have been realized, for example, in [70].

Domain Wall Memory Devices
Magnetic Domain Wall Memory Devices
The racetrack memory device is the most prominent magnetic domain wall

memory device today. It is also shown in the introduction to this chapter
(see Fig.1a), and its basic concept is to use magnetic domain walls in nanowires
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to store information. Bits of information are written by creating two domain walls
and read back by a magnetoresistive read head, detecting the domain wall. A key
ingredient is the synchronous shifting of all domain walls in one wire in either
direction due to the spin transfer torque of a current passing through the wire. By
this shifting, selected bits can be addressed. Each of these operations is also
discussed in some detail in section “Operation of Magnetic Domain Wall
Devices” of this chapter, as these operations are the general ingredients for any
domain wall-based device.

Apart from the prominent racetrack memory, other potential memory devices
with domain walls exist. In Fig. 1b, a simplified 1-bit memory device is shown, and
more recently, a 3D MRAM based on solitons in magnetic multilayers has been
proposed [192]. Historically, already in the 1970s of the last century, magnetic
bubble memory was a commercially available form of magnetic data storage.
Therein, information is stored in the form of small magnetic bubble domains with
opposite, out-of-plane magnetization with respect to an applied bias field, whose
strength can be used to adjust the domain size. Bubbles are shifted by a rotating
magnetic field along a guiding electrode structure at whose ends reading and
writing is performed. Information is moved only in one sense of direction and in
all lines in parallel; therefore, bits need to be read and rewritten all the time as they
pass to the end of the electrode structure [193].

Field-Controlled Shift Register

While current-induced domain wall motion has raised huge interest, it is typically
associated with huge current densities which are unfavorable for the stable opera-
tion of a device. A more conventional approach employs external magnetic fields
for domain shifting. The immediate problem is that neighboring 180° domain walls
(e.g., imagine one head-to-head and one tail-to-tail wall next to each other) will
move in opposite directions under a strong enough magnetic field. Yet this problem
can be overcome by using a kind of slip—stick motion as shown schematically in
Fig. 21a—d. For this alternative [7, 194, 195], which was suggested by R. Cowburn,
domain walls are selectively moved by a global field, the selectivity being realized
by local variations of the pinning strength, e.g., through heating [7]. One cycle of
movement consists of two opposite field pulses while activating neighboring
pinning sites (notches) respectively.

Domain Wall Logic Devices

Logic devices using movable magnetic domain walls as information have been
proposed, and the basic logical gates “and” and “not” have been successfully
demonstrated in magnetic nanowires [196, 197]. The gates, as well as a fanning
out device, were realized by combining planar joints/junctions of several nanowires
of suitable geometry, i.e., in particularly adjusting the angle under which the wires



34 Domain Wall Memory Device 1427

0 O O O O O O

' © © ®© © 6 ©

‘O O @ 0 0O OO

1 © © ® ® 0 O

Fig. 21 Schematic of a shift register in which magnetic domains are moved by using thermally
activated domain wall traps. The colors yellow and blue correspond to different magnetization
directions. (a) A wire with periodically arranged notches exhibits different domain configurations
between the traps. (b) By applying a field (yellow arrow) and heating one specific notch (red dot),
the domain wall can be selectively depinned at this notch, enlarging one domain. (¢) By heating a
different notch and applying a field in the opposite direction (blue arrow), another domain wall is
depinned and is caught at the next notch. (d) Thus, the whole domain is displaced one step forward
compared to the initial state in (a), using this slip—stick motion [7] (From Ref. [126])

4

connect. Due to the nonvolatility of the magnetic systems, these logic devices
combine logic and memory functionalities.

Nonvolatile Multiturn Sensors

Typical applications for magnetic domains and domain walls are, due to their
digital nature, memory and logic. These examples, which have been mentioned
above, are frequently discussed in the context of microelectronic and spintronic
devices. However, devices based on magnetic domain walls can also be used in
other areas, for instance, as sensors, as will be illustrated in this section. It will deal
with two types of domain wall-based multiturn sensors, which are attractive for
automotive and industrial application to successfully compete with existing
mechanical turn or angle sensors. The first, spiral sensor with limited turns is
already commercially available and may be used, for instance, to count, without
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mechanical wear, the turns of a truck steering wheel. The second, closed loop
sensor has a huge potential due to the high number of turns that can be counted,
which together with a suitable leverage could result in cheap, high-precision angle
sensors if current limitations of the magnetic working windows can be overcome.

These sensors combine the two aspects mentioned above, logic and memory, as
they accomplish the counting and the storage of the number of half or full turns of a
mechanical device. The big advantage of this sensor family is that the counting
occurs powerless and wear-free, a property very attractive for many large-scale
applications. The energy necessary for the creation/motion of a domain wall is
spent by the acting magnetic field of, e.g., a rotating magnet, whose number of
rotation has to be counted.

On the example of these devices, we will also try to examine some critical issues
of domain wall devices. The purely magnetic nature of the writing and storing
information in these multiturn sensors bears some clear advantages as no mechan-
ical wear and nonvolatility. However, for the integration of the device, at some
stage, the magnetic or spin signal needs to be read and converted into a charge
signal for processing. In the present example a resistive readout is performed using
the in-plane GMR effect of the magnetic stack. A resistive readout implies energy
consumption and additional complexity and, thus, ultimately, cost. A fascinating,
more advanced, and challenging option for any spintronic device would be the
direct conversion of the spin signal into a logic state charge signal, and a direct spin
current to charge current conversion can be obtained by the spin Hall effect.

Another critical issue of any device based on magnetic domain wall motion is
the working window, which is limited on one side by the minimum stimulus (in this
particular case the magnetic field, but it may be a current as well) needed to
deterministically and reliably move the domain walls. On the other side, there is
a maximum applicable stimulus before undesired transformations of the domain
wall structure or nucleation of new domain walls occurs.

Multiturn Sensor Using the Generation and the Storage of 180°
Domain Walls

The multiturn sensor based on a spiral geometry (Fig. 22) exploits the shape
dependence of the remagnetization process for small structures to generate and
move magnetic domain walls. Connecting a magnetic nanowire with a bigger
magnetic pad, 180° domain walls can be generated by a magnetic field which is
sufficient to invert the magnetization of the pad but not the one of the wire, which has
an enhanced anisotropy field H, due to its elongated shape. After the domain wall was
generated, it can then be moved through the nanowire by a rotation of the magnetic
field H,,, which is big enough to overcome the pinning of the domain wall [199].

A layout used in first industrial application of multiturn sensors [198, 200, 201]
separates the individual 180° domain walls by introducing 90° bends in the
nanowire, as shown in Fig. 22a schematically. A dark field micrograph of the
chip is shown in Fig. 22b. The nanowire forms a spiral with N turns, made from a
GMR stack. Starting with a single domain configuration, where the magnetization
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Fig. 22 (a) Schematic sketch of the sensor geometry for a 2-turn counter. The straight stripes of
the spiral build four half bridges (Nanowires al + bl,a2 + b2, cl + dl, and c2 + d2) for the
detection of 0.5 turns and 1.5 turns (green colored) in the upper sensor part and for the detection of
1 turn and 2 turns (blue colored) in the lower sensor part. Read out by connecting contact (0.5 . ..
2.0) bridge voltage between gnd and Vcc. (b) Inverted dark field light microscope image of a N =
16 multiturn counter with simple circuiting. The die size is 1.1 x 1.1 mm?, with a stripe length
between the contacts of 200 pm. The innermost 17th turn is separated from the spiral and could be
used for generation of a reference signal (From Ref. [198])

describes a continuous way through the spiral from the inner, tapered to the outer
end in the shape of a large area with therefore small in-plane anisotropy, different
magnetic states of a soft part of the GMR stack can be realized while keeping the
magnetization of the reference layer fixed.

A first 180° rotation of the magnetic field in the sense of the spiral, here
clockwise (cw), creates a 180° domain wall between the enlarged part called
domain wall generator (DWG) and the nanowire and moves the domain wall inside
this spiral. This step determines the lowest magnetic field usable in this geometry.
The strength of the rotating magnetic field must be larger than the minimum field
H i, necessary for a pinning-free movement of the domain wall through the spiral,
i.e., Hyin < Hyot < Humax, Whereas the largest field oo ~ H™"""/2 applicable is
determined by the spiral itself, preventing unwanted domain wall generation. The
second half turn in cw direction generates the second domain wall in the domain
wall generator and moves it into the spiral. Synchronously the first domain wall
moves an additional half turn within the spiral in the cw direction. This process can
be repeated in a spiral with N turns until 2 N domain walls are stored, while every
further cw rotation does not change the number of domain walls in the spiral
because the domain wall sitting in the innermost turn reaches the tapered end,
remagnetizes it, and vanishes in doing so.

For a counterclockwise (ccw) rotation by 180°, also a new domain wall will be
created in the domain wall generator which moves into the spiral. If the spiral is at
least partially filled from cw rotation, the domain walls already inside the spiral
move a half turn in the ccw direction. The outermost moving domain wall meets the
newly generated domain wall, and the two annihilate each other. Therefore, every
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half turn in a direction antiparallel to the sense of the spiral decreases the number of
domain wall by one until the spiral is empty. Proper mechanical design has to avoid
both a further ccw rotation for an empty and a cw rotation for a full spiral.

The readout of the number of domain wall sitting in the spiral can be performed
by a control of the half bridge voltages as shown in Fig. 22a. The half and full turn
contacts named 0.5, 1.5, and 1.0, 2.0 form Wheatstone half bridges which allow the
suppression of the influence of the temperature coefficient of the spiral itself. As
long as the corner of the spiral between ai and bi contains a domain wall, the voltage
level at this corner is equal to 0.5 Vc. Otherwise the voltage is (0.5 £ 0.35¥AR/R)
*Vcc with AR/R the GMR effect of the stack. As discussed in more detail in [198],
only either the half or the full turn pads give an unambiguous signal level due to the
hysteretic nature of the movement of the domain walls through the wire. To select
between both cases, the magnetization direction within the angle range (0-360°)
has to be measured using an angle detector.

Universal Multiturn Sensor Based on Pure Domain Wall Movement

The limitation on the number of turns workable in a single N turn spiral can be
overcome by the use of different closed loops which are loaded with a predefined
constant number of domain walls, preferably one, per loop [202]. As shown in
Fig. 23 and discussed in detail by Allwood et al. [196], the movement of one
domain wall through a closed loop requires a 360° field rotation plus an additional
180° for each cusp of the loop. Thus the number of cusps M fixes the number of half
turns N of the magnetic field needed to move a domain wall all around to its starting
position to N = (M + 2)/2. The magnetization configuration of the loop is reversed
after this one domain wall motion, and it needs another N half turns field rotation to
end up with the starting configuration. It holds for every odd (here one) number of
cusps that the starting configuration of the magnetization configuration is reached

a b 1 c d
Y > Q P * R P « Q Y | R
° m Y £F" @150y 270°
\ VU oV AV oV AV 4V, \I/\a/'
e f g h
Y — Q@ Y — QR Y * Q K« &
360° iy 360° & 450° & 240° & =N

VW VAV VAV VAV V¥V,

Fig. 23 Movement of a domain wall through a loop with one cusp for a rotating magnetic field
(red arrow) in the ccw direction in steps of 90°. The magnetization state in the loop and the domain
wall position are indicated by black arrows and a black rectangular, respectively. The field angle
of the rotating external field is given as number and illustrated as red arrow
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after (M + 2) full field rotations, i.e., for instance, a loop for counting 5 turns has
3 cusps. Combining loops with coprime numbers of turns, a total large number of
turns can be uniquely identified, e.g., with 6 loops, atotal of 5 X 7 x 9 x 11 x 13 X
17 x 19 = 14.55 *10° turns can be counted.

The readout of the individual loops can be performed by using the GMR or
TMR effect. By forming a Wheatstone half bridge, the temperature coefficient of
the resistance can be suppressed similarly as discussed above. As explained in
Refs. [203, 204], a loop with M cusps requires M + 4 contact pads to fully
characterize the position of the domain wall inside the loop. The total number
of pads increases very slowly, approximately logarithmically, with the number of
turns the combined sensor has to count, resulting in 100 contact pads for the
example above of 14.55%10° turns, while with only two more loops and a total of
156 contacts, already 10'° turns are reachable. The logarithmic increase in the
electronic complexity shows the big potential of this sensor if large numbers of
turns need to be counted. Also a pure forward or backward counter can be built by
implementing a magnetic diode as described in [203, 204]. However, the mag-
netic working window will be modified because then the maximum field is
additionally limited by the maximum working field of the magnetic diode
avoiding a contrary domain wall movement.

The applicability of such sensors is determined by different aspects, e.g., the
magnetic window the sensor needs to work at, the maximum speed the sensor can
follow, the integration into the complete systems, and the die size, which also
determines the sensor prize. The magnetic window is determined by the geometri-
cal features of the sensing layer within the GMR stack, i.e., the layer carrying the
domains. Here the thickness should not be larger than 40-50 nm to avoid too small
GMR AR/R signals. The width should be as small as possible to get a huge H; and
therefore a large H,,.x. The last parameter, the minimum field necessary for a
definite domain wall motion, depends on the edge roughness and its relation to
the width. The maximum angular velocity depends on the length of the straight
parts of the sensor and the hysteresis and is in the order of 10107 turns/s typically.
The number of countable turns determines the size and the number of pads. For low
turn numbers (<64), the number of pads does not exceed 32, allowing for a
remarkable die size below 1 mm? and easy electronic processing. For large turn
numbers, the die size will be between 1 and 2 mm? and requires enhanced electronic
circuiting.

Conclusions

In summary, we have reviewed devices based on magnetic domain walls in
nanowires. We have treated the key properties of domain walls in different material
classes and assessed them for the use in a device. We first discussed the domain wall
spin structures most commonly found in thin wires (this geometry is sometimes also
called stripes). For in-plane magnetized soft materials, the complex domain wall
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types occurring and the dependence of the spin structure on the wire geometry are
presented, and the more conventional domain wall types in out-of-plane magne-
tized materials are discussed.

Then an overview over the status and progress in terms of controlling the
basic operations nucleation, displacement, and detection on domain walls,
which would correspond, e.g., writing, addressing, and reading bits of informa-
tion in a memory device, is given. Particular examples of memory devices using
magnetic domain walls are discussed. These include memory devices, where a
number of domain walls are shifted synchronously by injection of current pulses
along a vertically integrated wire, with each domain wall carrying one bit. Such
devices potentially combine 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 by
propagation of a domain wall in a narrow track and despite a more complex
three terminal architecture compared with standard MRAM, a low writing
current could be obtained even for relatively high current density due to the
small cross-section area of the track. 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 when injecting high current densities.
Additionally logic and sensor devices are described, and here the nonvolatility
of the magnetic domain walls automatically combines them with a memory,
thus adding functionality.

The basic requirements for any device are narrow domain walls (ideally a few
nm), and thus out-of-plane magnetized high-anisotropy materials, and in particular
for memory devices a domain wall velocity on the order of 100 m/s to achieve not
only competitive areal density but also high operating speed. Sufficiently low write
and read currents are also needed to guarantee low power consumption and small
addressing transistor as well as low current density to avoid damage due to
electromigration and information losses due to the Joule heating.

While significant progress has been made in many of these fields and first
devices (such as sensors) have made it into the market, still fundamental research
is needed to make domain wall devices viable alternatives for memories and logic
elements that can capture a significant market share.
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