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Abstract. Racetrack memories based on synthetic antiferromagnets have been
studied, representing structures with high storage performances due to the increased
velocity of the domain wall (DW) in the nanowires. The active stack of layers in the
nanowire was: magnetic layer (CoFeB, CoFe, Co/Ni/Co, Co/Ni) / heavy metal layer
(Ru, Pt, Pd) / magnetic layer. The strong spin–orbit coupling, the interface phenomena
and the spin Hall effect are interdependent and generate together a spin current and a
torque which move the DW with speed controlled by the thickness of the heavy metal
layer and the composition of the ferromagnetic layer. The applied field was of
(–2…+2) kOe and the propagation current density of (–0.8·1012 A/m2…
+0.8·1012) A/m2. DW velocity obtained by simulation methods was represented versus
the domain width δ and the Walker breakdown field HW. Maxima of about 1000–1200
m/s were reached under a specific configuration for different composition of the
magnetic layer. Modifications caused by the control parameters were registered and
discussed. High values of velocity maxima can be obtained by correlation between the
parameters characterizing the phenomena implied in the DW motion process in the
nanowire. Values of (0.6–2)·103 A/m for HW, respectively of 3–8 nm for δ it appear to
be favorable in order to obtain velocity maxima for the considered materials.
Key words: racetrack memory, synthetic antiferromagnets, spin Hall effect,
simulation model, domain wall velocity, ferromagnetic layer,
configuration.

1. INTRODUCTION

Since 2010, notions like perpendicular magnetic anisotropy (PMA) in
magnetic thin films and magnetic tunnel junction are linked on the superior speed
racetrack memories, for which different magnetic materials are used. These are
materials with the magnetic easy axis perpendicular to the plane of the nanowire:
materials with bulk magnetocrystalline anisotropy; magnetic glasses with atomic
pair ordering; magnetoelastic materials; and thin layers or atomically engineered
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multilayers with interface anisotropies [1]. The latter category of manufactured
structures demonstrated superior performances and facilities [1, 3, 4].
Method for increasing the DW velocity can be considered:
– having more narrow DW – in materials with high magnetic anisotropy,
such as Co/Ni superlattices;
– using of stacks of magnetic layers (e.g. Co or CoFeB) or Co/Ni/Co
sandwiches on underlying heavy metal layers (Pt, Pd, Ir, W, Ta, etc.) where the
DW velocity can be controlled by varying the thickness of the heavy metal layers
and the composition of the magnetic layer [3].
– reducing the net moment of the synthetic antiferromagnets (SAFs) to zero
or closed, formed from two PMA sub-racetracks which are antiferromagnetically
coupled via an ultrathin heavy metal layer (e.g. Ru). The magnetic moments are
mirror-image in the two sub-racetracks and are carefully tuned to vanish the net
magnetization.
Following the idea, the racetrack memories based on SAFs are structures
with high storage performances due to the increased velocity of the DWs in the
nanowires. The null net magnetic moment of the stack of alternate layers allows
developing of huge DW velocities inside. In plus, velocity can be controlled by
geometry and constituents nature, as we have illustrated in the followings,
constructing a nanostructural model of the racetrack nanowires and using
simulation methods.
2. SIMULATIONAL MODEL

In our case, the simulation model reconstructs structure (the nanowire) at
lattice level, describes interactions and forces between constituents (inter- and
intra- stack of layers) and sets the excitation (the applied field and the propagation
current) for properties determinations (DW velocity). In the second step, the
control parameters (constituents geometry and nature) are varied in order to obtain
the variation of the measured quantities (material response at excitation) in the
domain of interest and help us to decide on the optimal internal and external
parameters values for which the response is the desired one for a specific
application.
We have studied the following active stacks in the SAF structures for
racetrack memories: magnetic layer (CoFeB, CoFe, Co/Ni/Co, Co/Ni) / heavy
metal layer (Ru, Pt, Pd) / magnetic layer (DW are mirrored).
The model has to consider two effects. The first is represented by the
interaction: antiferromagnet–electric current. Exchange interaction occurs between
conduction electrons (in the electric current) and DW magnetizations which
determine torques moving the spins and consequently a magnetization dynamics
[11]. The second effect considers the DW moving in antiferromagnet under the
influence of the electric current, when we have dissipative or non-adiabatic
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coupling between magnetization and current. The DWs velocity is proportional to
the current and no pinned [11].
The simulational scenery at microscopic level includes the parameters values
characterizing four phenomena derived from spin–orbit coupling, which determine
the DWs displacement by a chiral spin torque [1, 2, 7]: the strong spin-orbit
coupling at interfaces magnetic layer–heavy metal layer generates PMA; the
Dzyaloshinsky-Moriya interaction (DMI) between these layers determines
perpendicular orientation of neighboring moments across the DW (chiral Néel-type
structure); the interdependence of the DMI strength and the proximity-induced
magnetic moment within the heavy metal layer; generation of a spin current js, Hall
within the heavy metal layer by a spin Hall effect (spin–orbit scattering of the
conduction electrons occurs, spin currents being transverse to both the conduction
current jc and spin) – Fig. 1a). The spin current diffuses into the magnetic layers
determining the rotation of the moments within DW towards the spin direction
(transverse on the stack of layers), then the DMI exchange field generates a torque
and all the DWs move in the same direction along the wire [1, 7]. Consequently,
the DW motion (direction and velocity) can be controlled by: the magnitude and
sign of the chiral effects, the spin Hall effect and the DMI. These effects and
interactions depend on two parameters which were the control parameters in our
study: the nanometric thickness of the heavy metal layer and the constituents of the
ferromagnetic layers. The DW speed is limited only by demagnetizing fields at
DWs level and this effect were considered here only as a decay factor, taken from
literature [8, 9, 11, 20].

a)

b)

Fig. 1 – a) The active stack of layers: two PMA antiferro layers are joined by a ultrathin heavy metal
layer. The directions of the applied field H and propagation current jc are indicated
and also the generated spin Hall current; b) nanowire in the racetrack memory.
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The stack of PMA layers are placed one near to another along the racetrack
memory, along the propagation current path. The DW speed is parallel with this
current and transverse on the stacks (Fig. 1b). The current is supposed to be
uniform through the structure.
Simulations were based on the finite element method, implemented with
help of the HFSS 3D simulator (Ansoft Technologies). The characteristic
dimensions for the nanowire compounds were considered of: thickness of magnetic
layers d1 = 2.8 nm, thickness of heavy metal layer d2 = 0.8 nm, nanowire width
t = 350 nm. The mesh was set at 16.6 × 16.6 × 22.4 nm3 per cell (chosen to overall
the exchange interaction length for the magnetic layers in the stack). The
excitations levels were: the applied magnetic field H = (–2…+2) kOe (over the
Walker breakdown field limit for the considered materials) and the propagation
current jc = (–0.8·1012 … +0.8·1012) A/m2.
The DW speed can be estimated with the formula [11]:

β
v ≅ vJ −
α

(1 − β / α )

2

v J 2 − (γδ / 2 ) H k2
2

1+α2

vJ =

µ B ⋅ P ⋅ jc
e⋅ MS

,

,

β > α,

(1)

(2)

where vJ is the spin current velocity, P = spin polarization percentage of the tunnel
current, and MS is the saturation magnetization, jc = propagation (shifting) current
density, Hk = anisotropy field, µB = Bohr magneton, e = elementary charge, α is the
Gilbert damping constant, β = nonadiabatic coefficient, γ is the gyromagnetic ratio
[m/C]SI, δ is the width of DW, Hk = anisotropy field.
We can estimate the dynamic domain with width formula:

δ = A / K eff ,

(3)

where Keff = Ku – µ0MS2/2, with Ku = uniaxial anisotropy constant, µ0 =
= permeability of the free space and A = exchange interaction constant (exchange
stiffness).
The exchange interaction length, lex =

2A

µ0 ⋅ M s2

(around 10–15 nm) was

verified to overall the thickness of the multilayers in the stack, in order to allow
ferromagnetical coupling of the magnetic layers.

5

Improving the data storage performances with layered nanowires

Article no. 501

The maximum velocity given by theory is [8, 11]:

vmax = v H max + v J =

γδ
HW + v J ,
α

(4)

where HW is the Walker breakdown field, HW = α ⋅ H k / 2 . These values, obtained
for different racetrack constituents, were compared with the results obtained by
simulation for the proposed model.
3. RESULTS FOR THE DW MAXIMAL VELOCITY

Structures of synthetic antiferromagnets racetrack memories were studied by
micromagnetic simulation on the basis of the model constructed by us using HFSS
13.0 [1, 14]. The simulational data were compared with results obtained by theoretic
calculus and the data given by literature [8, 10, 11]. The parameter of interest was the
velocity of the domain wall motion which is increased in SAF racetracks at high values
due to the giant exchange coupling torque driving the DWs.
The results obtained for the DW velocity v versus the DW width δ and
versus the Walker breakdown field HW are given in Figs. 2, respectively 3. The
domain for δ was considered of (2 …12) nm, respectively the domain for HW was
of (700 … 3800) A/m (equivalent with µ0· HW = (0.879 … 4.775) mT). Graphs
were represented only in the positive domain of the excitation (for positive values
of H and jc) because by inverting the field / current sense phenomena and
numerical values are similar (only some senses of the forces, currents and torques
are inverting, too, while the absolute values remain the same). Values of the
parameters of interest for velocity calculus, estimated in similar conditions [8, 12,
13, 21], etc., were given in Table 1.
Table 1
Parameters for the considered material combinations in the SAF racetrack memories, for thicknesses
of the magnetic layers d1 = 2.8 nm, respectively of heavy metal layer d2 = 0.8 nm
(data from literature)
magnetic
parameter
layer/heavy
metal layer
Co40Fe40B20 / Ru II
Co/Ni / Ru
Co70Fe30 / Pd I
Co/Ni/Co / Pd
Co70Fe30 / Pt III
Co/Ni/Co / Pt
I, II, III

α

β

P

Ms
[A/m]

Hk [Oe]

γ
[µ0·2π· Hz/T]

A
[J/m]

Ku
[J/m3]

0.012
0.014
0.012
0.022
0.012
0.045

0.40
0.36
0.40
0.38
0.40
0.38

0.52
0.47
0.53
0.50
0.53
0.49

1.50·106
0.86·106
1.70·106
1.06·106
1.72·106
0.66·106

1.200·103
1.116·103
1.750·103
1.987·103
1.720·103
1.956·103

1.875·1011
1.798·1011
2.102·1011
1.671·1011
1.835·1011
1.760·1011

1.8·10-11
1.7·10-11
1.0·10-11
1.9·10-11
1.5·10-11
2.0·10-11

8.41·105
8.00·105
2.00·105
8.27·105
1.70·105
4.10·105

– first, second and third optimal solutions for the velocity maximum, found by simulations when
the DW width is varied.
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Fig. 2 – Evolution of the DW velocity in function of the dynamic domain with δ for the considered
materials, for a level of excitation of: H =1.2 kOe and jc = 0.5·1012 A/m2.
The velocity peaks (maxima) can be observed (colored circles).
The maxima theoretically predicted are also indicated on graph.

Fig. 3 – Evolution of the DW velocity in function of the Walker breakdown field HW
for the considered materials, for a level of excitation of: H =1.2 kOe and jc = 0.5·1012 A/m2 .
The DW width corresponds to the maximum indicated in Fig. 2 for each material sample.

More than one maximum was obtained on the graphs in Fig. 2 due to the fact
that the DW motion is a resonant phenomenon. The motion occurs with maximum
speed around the resonances, which depend on magnetic layer nature and the
exchange interactions. Our simulations have illustrated that resonance positions,
imposed by the crystalline structure of the ferromagnet, are correlated with
electromagnetic properties of the underlying heavy metal layer due to the strong
layers coupling that generates PMA. We have to point out that DW velocity maxima
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occur at lower values for the DW width, the dynamic of the DW being increased by
the intensified interaction forces which are inverse proportional with δ.
Evolution of the DW velocity in function of the Walker breakdown field
illustrates significant velocity increasing at lower Walker breakdown fields, which
are difficult to be obtained in practice and involves correlation of a lot of
parameters and excitation level [7, 10]. These correlations will be discussed in the
next section. When these condition are satisfied, the velocity increasing at structure
level is a very good one and represents a step to more qualitative devices.
By analyzing the graphs, one observes that, due to the correlation of the
electromagnetic parameters, the order of the materials (stack of layers) for which
the maximum velocity occurs by adjusting one parameter do not necessary
correspond to the material order for which velocity values are in the same relation
when we adjust another parameter. The conclusion is also valuable considering the
whole domain of variation for the other parameters (e.g. when HW field decreases, v
is not increasing for different materials at the same rate like in the case of the δ
decreasing).
At macroscopic level, of great interest are the graphs of the DW velocity in
function of the control parameters of the structure: the nanometric thickness of the
heavy metal layer d2 = 0.6 … 2 nm, respectively the constituents of the
ferromagnetic layers (CoFeB and Co/Ni with Ru; CoFe and Co/Ni/Co with Pd or
Pt) – influence described by velocity dependence on the grain size g in the
polycrystalline magnetic thin films. Results obtained by simulation and verified by
calculus and data from literature [3, 4, 5] are given in Figs. 4 and 5.

Fig. 4 – Dependence of the DW velocity on the nanometric thickness of the heavy metal layer d2,
which represent a control parameter of the structure. Velocity maxima obtained in graphs in Fig. 2
(colored circles) can be observed in the peak zone of the curves represented here.
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Fig. 5 – Dependence of the DW velocity on the nanometric thickness of the grain size g
in the polycrystalline magnetic thin film. Velocity maxima obtained in graphs in Fig. 2
(colored circles) can be observed in the peak zone of the curves represented here.

The graphs in Fig. 4 illustrates the fact that ultrathin heavy metal layers are
recommended for obtaining the PMA effect in the stack, an increased spin current
within the heavy metal layer and consequently high DW velocities in the racetrack
memory. The maximum velocity peak is wide and is shifting in function of the
nature of the heavy metal layer, the effect of the coupled magnetic layers on the
peak position being minimal. The nature of the heavy metal layer influences the
maximal and minimal velocity levels on the curves, which are also dependent on
the coupling.
Materials can be considered correlated to create the maximum effect of
velocity increasing when at least a maximum (a colored circle) obtained in
evolution curves from Fig. 2 is present on the corresponding curve in Fig. 4 in the
peak zone. In our simulation method, the material parameters for the considered
pair of ferromagnetic / heavy metal layers were correlated in order to obtain this
effect.
For obtaining the dependence of the DW velocity on the grain size g in the
polycrystalline magnetic thin film (Fig. 5), the crystalline structure of the
ferromagnets has to be considered. A nano-crystallization of body-centered cubic
(BCC) (110) was simulated in our model in the case of CoFeB, the CoFe was
represented fcc phase (111), while the Co/Ni(/Co) succession of layers was
represented hcp (hexagonal close-packed) / ccp (cubic close-packed) [5, 22]. An
average grain size in the range of 0.5…2 nm was considered for the thin
polycrystalline magnetic layers and also the report between the average grain sizes
of this different materials but obtained in the same conditions of crystallization [10,
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19, 21]. (The lattice constants are around 2–4 Å for all analyzed magnetic layers,
values which are at least ten time smaller than the magnetic layer thickness, d1.
Polycrystalline layers in the racetrack memory stacks have to be fine manufactured
with grain sizes at most of a few nanometers, smaller than the layer thickness.)
Curves in Fig. 5 are optimal, in the sense described above (the velocity
maxima obtained in graphs in Fig. 2 can be identified in the peak zone of the
curves represented in Fig. 5), due to the correlation of parameters.
In fine manufactured ferroelectric materials, DW velocity has a tendency of
increasing with the grain size g, at low values of g, due to the fact that in bigger
grains the walls are moving faster, favoured also by the presence of not so many
boundaries. If the grain dimensions are growing forwards, DW motion is slow
down due to the interactions between neighbor domains and magnetocrystalline
anisotropy. Velocity maxima for different materials evolve in an order which can
be described as follows: materials with lower velocity maxima can be
manufactured with a little greater grain sizes (the compromise: manufacturing price
against performances).
A set of punctual values, theoretical predicted, are present on each graph.
One observes that the existing theory gives us much inferior values for DW
velocity due to the lack of material parameters correlation and not including the
description of al the physical phenomena implied in the DW motion. Simulation
offers us the advantage of obtaining results after parameter correlation within the
simulation modeling and the optimization of the results in function of these
parameters.
As a conclusion of different material couple comparison, the solution with
Co70Fe30 on Pd it appears to be the best from the point of view of performances
concerning the DW velocity in a device for data storage.

4. DISCUSSION

The obtained results are indicating us a series of methods for increasing the
DW velocity in the racetrack memory devices based on SAFs, methods which will
be commented in the followings:
– decreasing of the Walker breakdown field Hw; both simulation and theory
illustrate consistent improving of the DW motion in samples with low Walker field
limit. It is important how far of the Walker breakdown limit is the applied field in
order to obtain superior values of the field induced velocity component. A solution
for extending the Walker breakdown limit is the use of antiferromagnetic materials
with strong coupling in the racetrack nanowires (SAFs in our case);
– decreasing of the DW width δ; but v variation with δ is strongly nonlinear.
If we are far from resonances, only a low reduction of δ is a solution. The presence
of resonances on the v(δ) curves is important, ensuring high increasing of the DW
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velocity if resonant values for δ are reached. Here a careful tuning of the
parameters is necessary in order to complete this task;
– the Gilbert damping decay (decreasing of α) and increasing of β; here
materials with low α, respectively high β has to be chosen;
– increasing of excitation (jc, respectively H), but only in the domain inside
which their efficiency is maximum. This domain can be determined by simulation.
Also, the DW velocity v increases when HW and δ are decreasing. These
parameters depend on magnetocrystalline anisotropy originating in the spin-orbit
interactions. This dependence implies that the values for the anisotropy field Hk has
to be low, but uniaxial anisotropy constant Ku has to be high (it means high energy
per unit volume for magnetization after one axis), while the exchange interaction
constant A has to be low and Ms also low. But we have also to consider that the
spin-orbit coupling effect is weak in comparison with exchange interaction, the
influence of the A parameter on the DW width being stronger.
These criteria have been demonstrated in practice [4, 6, 10], etc. and have
been found by us by simulation methods. The theoretical formula it appears to be
incomplete, not describing the interdependence of the material parameters (given in
Table 1) in the final formula for DW velocity. Theory can only indicate how have
to be other parameters, like α and β, in order to obtain high values of DW velocity.
The HW and δ parameters can also be reduced by increasing the excitation
(H and jc) due to the thin film effect [16].
In the same time, HW depends on the demagnetizing field strength in the
nanowire, which depends on the nanowire thickness and the tunneling effect. The
linked depinning field depends on the potential gradient along the stack of
layer [17].
The HW is linked on Gilbert damping, the α coefficient also decreasing when
HW decreases. Following the idea, one remarks that α, the Gilbert damping
constant, is independent of the exchange bias field. The DW velocity is dependent
on Gilbert damping but the dependence can be described only is we know the
dependence on the excitation (applied field and current) and HW – the strong
interdependence of parameters.
The width of the domain walls, δ, is finite and is determined principally by
exchange and magnetocrystalline energy. It is also dependent on the grain size in
the polycrystalline magnetic thin film and indirectly on the saturation
magnetization and demagnetizing field (which depend on film thickness) [18]. The
grain size refinement reduces effective anisotropy (linked on Ku), increasing the
ferromagnetic exchange coupling [16, 18, 23], and due to this fact the necessity of
compromise solutions appears. The δ value can be changed by modifying the
applied field H.
We have to consider that, as a consequence, δ increases with the exchange
interaction length lex, which has to be correlated with the grain size.
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In its turn, the grain size g in the polycrystalline magnetic thin film is linked
on anisotropy and saturation magnetization (increases with Ku and is inverse
proportional with Ms).
Another parameter, P can be considerably increased by tunneling effects
between the thin layers. The tunneling causes also the anisotropy increasing. The
spin polarization percentage of the tunnel current, P, is also dependent on the jc and
has to be high for obtaining high values for the vJ component.
The α and Ku parameters depend strongly on the heavy metal layer thickness,
d2, (Ku increases when d2 decreases, but α decreases when d2 decreases) [15].
We have also a dependence of the maximum speed, vmax on the gyromagnetic
ratio γ. The γ parameter depends on magnetic material nature (through the magnetic
dipole moment of the material), and in our case on the spin – torque coupling
(which influences the effective angular momentum).
In conclusion, the most important thing is the parameter correlation in order
to obtain superior values for the DW velocity. This task can be optimally
accomplished by simulation methods, based on a proper conceived simulation
model. All the enumerated dependences represent the criteria of material choosing,
based on simulation results.

5. CONCLUSIONS

Synthetic antiferromagnets presenting perpendicular magnetic anisotropy in
their magnetic thin films are good candidates for racetrack memory devices with
high storage capabilities, due to an increased DW velocity in the active layers. The
active stacks of layers in the nanowire were considered as: magnetic layer (CoFeB,
CoFe, Co/Ni/Co, Co/Ni) / heavy metal layer (Ru, Pt, Pd) / magnetic layer and a
good correlation between the structural and functional parameters is necessary in
order to obtain the effect of velocity increasing, under an external excitation (field
and current).
A consistently increasing of the DW velocity by parameters tuning at
structure level was demonstrated by simulation methods, considering like control
parameters the thickness of the heavy metal layer and the composition of the
ferromagnetic layer.
The necessary correlation between the parameters characterizing the
phenomena implied in the DW motion process in the nanowire imposes the
following levels of these parameters:
 decreased Walker breakdown field HW (ensured by adopting SAFs);
 DW width δ rather low, or better close to a resonance (achieved by tuning
carefully the electromagnetic parameters of layers and by modifying the
applied field H);

Article no. 501

D. Ionescu, M. Kovaci

12



low the Gilbert damping (decreased α) and increased nonadiabatic
coefficient β (is a matter of material choosing);
 increased excitation (high applied field H, respectively propagation current
jc), in the domain of their maximum efficiency;
 low anisotropy field Hk, but high uniaxial anisotropy constant Ku;
 low exchange interaction constant A and saturation magnetization Ms and
demagnetizing field also low;
 low nanowire thickness;
 rather low grain size in the polycrystalline magnetic thin film (by grain size
refinement, reducing of the effective anisotropy and increasing the
ferromagnetic exchange coupling are to be avoid);
 low exchange interaction length lex;
 increased spin polarization percentage of the tunnel current;
 low heavy metal layer thickness, d2 (ensures high Ku and low α);
 high gyromagnetic ratio γ (ensures high maximum of the DW velocity).
As a final conclusion, one remarks that simulation methods, based on the
model conceived by us, impose themselves like a nondestructive instrument of
analysis for parameters choosing, correlation and structure optimization (from the
point of view of geometry and constituents).
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