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Control of magnetic domain-wall motion in nanowires has attracted great interest due to the possibil-
ity to develop nonvolatile memory and logic circuits. We show that efficient domain-wall pinning can
be engineered by growing Co-Fe-B/MgO ultra-thin magnetic films with perpendicular anisotropy on a
patterned substrate exhibiting subnanometer steps modulation. The ratio of domain-wall velocity along
and across the steps is found to be as high as 70, which corresponds to a variation of the depinning field
up to 7 mT demonstrating a very efficient storing pinning scheme. In addition, we demonstrate very effi-
cient domain-wall motion along the 70 nm conducts separating the steps. Our approach is compatible with
nanoscale devices and large-scale mass production, opening new opportunities for domain-wall storage
applications.
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I. INTRODUCTION

The recent discovery that magnetic domain walls (DWs)
can be moved under polarized current without any mag-
netic field has opened an alternate perspective for mass
storage devices such as the Race Track Memory concept
[1–3]. In this context, the use of materials with perpen-
dicular magnetic anisotropy (PMA) is actively pursued
[4]. The large anisotropy values in these materials lead
to narrow DWs (typically about 1–20 nm) making them
good candidates for extending the scaling of spintronics
devices down to the nanometer scale. Narrow DWs interact
very strongly with nanoscale inhomogeneities present in
thin magnetic films, giving rise to random pinning events.
Such a pinning effect introduces stochastic DW dynamics
from one side involving thermal activation over the energy
barrier at zero applied [5] force and on the other side defor-
mation of the DW profile leading to a collective creep
process [6–8]. One crucial issue for the Race Track Mem-
ory concept is to efficiently and reproducibly store multiple
DWs at periodic positions along the wires. In order to
achieve this, one possible way is to use lithographically
defined constrictions along the nanowires [1]. In particular,
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a reduction of the wire width at specified locations induces
a potential well for the DW since it has to increase its
length to propagate further, a process that generates an
increase of DW energy [9]. This approach has been used
efficiently for in-plane and out-of-plane materials, but it
suffers from several drawbacks. First, the development of
a high density of constrictions along a nanoscale wire,
which exhibit the same properties, is a considerable nan-
otechnology challenge. Second, sharp constrictions such
as, for instance, notches, can strongly affect the profile
of the DW. Alternative methods based on local varia-
tions of magnetic anisotropy using ion irradiation [10,11]
or exchange bias [12] have also been proposed, although
these are not fully compatible with nanoscale dimensions
and large-scale mass production. An elegant approach is
based on nanoscale step edges that can be induced by a
well-controlled epitaxial growth process [13,14]. In this
case, very anisotropic DWs propagation and strong pinning
at edges’ steps have been reported due to the local variation
of anisotropy and exchange stiffness. However, a crucial
issue is related to the control of the steps’ density and
height on a large scale. Also, only ultra-thin magnetic films
(1–2 monolayers) grown epitaxially on crystals can exhibit
atomic step edges, which limits the range of usable mate-
rials and substrates. Finally, a recent study [15] has shown
that locally etching the magnetic layer can also induce
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local DW pinning. However, this approach involved an
ion beam etching process, which introduces uncontrolled
patterning-induced damage.

Our approach makes use of prepatterned substrates
where regularly spaced nanoscale steps are created. This
approach has already been used successfully for bit-
patterned media [16,17] and has been shown to be an
efficient route for manipulating the dynamics of spin waves
in magnonic devices [18–20]. Successful growth of high
structural quality Ta/Co-Fe-B(1 nm)/MgO(2 nm) ultra-
thin films characterized by PMA is obtained on the mod-
ulated surface. These materials are considered the most
promising not only for Spin Transfer Torque or Spin-Orbit
Torque magnetic random-access memory (STT MRAM
and SOT MRAM) [19], but also for Race Track mem-
ory devices [4,5,22–24] since they exhibit a high tunneling
magneto-resistance ratio. We demonstrate that the sub-
nanometer steps act as efficient sites for DW pinning when
the DWs move across the steps and as a very efficient
conduct when they move along the steps. Our results con-
stitute a proof-of-concept for the possibility to manipulate
the magnetic properties (anisotropy, DW dynamics, etc.)
of ultra-thin films (1 nm) by employing subnanometer pat-
terning. This could readily impact the technology transfer
of nanoscaled emerging device concepts over large areas
since the process flow is fully compatible with standard
microelectronics manufacturing capabilities.

II. SUBSTRATE PREPATTERNING PROCESS AND
GROWTH OF Ta/Co-Fe-B/MgO STACKS

Eight inches (8′′) SiO2 wafers are treated in order to cre-
ate a surface modulation made of parallel subnanometer
Si3N4 steps with a period of 100 nm. Regular sinusoidal-
like steps with a very low distribution of height and
separation distance are obtained by using a combination
of advanced nanotechnology CMOS processes involving
selective etching processes of SiO2 and Si3N4 materi-
als, nanolithography, and chemical mechanical polishing
(Supplementary Information S1 [25]). This process is com-
patible with large-scale mass production, which is already
being employed in the microelectronics industry. We use a
pattern pitch of 100 nm, with a lateral width for trenches
and steps of about 70 and 30 nm, respectively. Two dif-
ferent step heights (h) have been realized, as measured by
AFM: high steps (HS) with h = 0.76(3) nm, and low steps
(LS) with h = 0.25(4) nm (see Supplementary Information
S1 [25]).

Following the realization of the prepatterned substrates,
Ta(tTa)/Co40Fe40B20(1 nm)/MgO(2 nm)/Ta(5 nm) stacks
are deposited at room temperature by magnetron sputtering
using a TIMARIS Singulus tool [5,19–21]. In order to opti-
mize the magnetic properties, two distinct thicknesses of
the bottom Ta layer are adopted: tTa = 2 or 5 nm. Following
stack deposition, in the case of tTa = 2 nm, the average step
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FIG. 1. (a) Cross-section TEM of the stack with tTa = 5 nm on
top of the HS substrate. (b) Magnification at the edge of a sin-
gle step also showing the electron image profile from which the
different layers in the stack are well identified.

height at the surface, as measured by AFM, is 0.58(8) nm
and 0.11(6) nm for the HS and LS substrates, respectively.
Cross-section TEM indicates that the different layers in the
stack are well identified and follow the profile of the sub-
strate underneath [see Fig. 1(a) for the case of tTa = 5 nm
on top of the HS substrate]. Figure 1(b) shows a magnifica-
tion at the edge of a single step, where the electron image
profile clearly shows that the different layers in the stack
are well identified.

III. RESULTS AND DISCUSSION

A. Magnetic properties of the Ta/Co-Fe-B/MgO
stacks

Following deposition in the amorphous state, the films
are crystallized by a post-thermal annealing treatment at
300 °C for 2 h. As evidenced by hysteresis curves mea-
sured by polar magneto-optical kerr effect (P-MOKE) for
amorphous and crystalline stacks (Supplementary Infor-
mation S2 [25]) with tTa = 2 nm grown on top of the
LS and HS substrates, all the samples display PMA
in both crystalline and amorphous cases, as previously
observed for the same Co-Fe-B composition deposited
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TABLE I. Values of coercive fields HC and anisotropy con-
stant HK eff for the full set of samples discussed in the text.

Prepatterning tTa (nm) stack HC (mT) HK eff (mT)

HS (0.76 nm) 2 Amorphous 2.2 (2) 50 (15)
HS (0.76 nm) 2 Crystalline 2.5 (1) 370 (40)
LS (0.25 nm) 2 Amorphous 2.0 (2) 120 (20)
LS (0.25 nm) 2 Crystalline 2.7 (1) 430 (40)
HS (0.76 nm) 5 Crystalline 1.9 (2) 390 (40)
LS (0.25 nm) 5 Crystalline 1.3 (2) 410 (40)

on top of flat Si/SiO2 substrates [5,22]. On the other
hand, for tTa = 5 nm, PMA develops only following
thermal annealing. Table I shows the magnetic parame-
ters of the films, including the coercivity field HC and
the effective anisotropy field HK eff determined by vector
network analyzer ferromagnetic resonance (VNA-FMR)
measurements [26–28] defined as HK eff = 2Keff/(µ0 MS),
where Keff = Ks/t – (1/2)(µ0MS

2) is the effective magnetic
anisotropy with Ks the interface anisotropy and MS the sat-
uration magnetization. The coercivity here of around 2 mT
for all the samples slightly increases with annealing as pre-
viously observed for films deposited on flat substrates, as
a consequence of an increase of PMA in the crystalline
state [21]. Different step heights do not seem to substan-
tially alter HC in both amorphous and crystalline samples.
It can be noted that HC values are slightly larger than
those measured for similar stacks (same Co-Fe-B compo-
sition) grown on top of flat substrates, where HC of 0.8
and 1.2 mT have been obtained for amorphous and crys-
talline states, respectively [22–24]. As indicated by Polar
Kerr microscopy, the coercivity field HC corresponds to the
nucleation of a reversed domain on weak extrinsic sites,
which may be different on prepatterned substrates that have
been treated by successive nanofabrication processes. The
values of HK eff are also close to those obtained for simi-
lar stacks on top of flat substrates [22–24]. In particular,
thermal treatment is efficient in increasing the anisotropy
strength due to the crystallization of the Co-Fe-B layer.
Note that the measured effective anisotropy field HK eff
indicated in Table I represents an average value over the
patterned area, which includes a local variation of mag-
netic anisotropy due to the presence of steps (30% of
the total surface). In particular, we observe that the val-
ues of HK eff are lower for HS substrates, which indicates
that large-step amplitudes influence PMA properties more
strongly in ultra-thin Co-Fe-B layers, possibly by mod-
ifying the Ta/Co-Fe-B and/or Co-Fe-B/MgO interface
anisotropy more efficiently. This strongly influences DW
motion as discussed below.

B. Domain-wall motion in ultrathin Co-Fe-B-based
systems on prepatterned substrates

Figure 2(a) displays the configuration of the experiment
for the DWs velocity measurement in Ta(tTa)/Co40Fe40B20
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FIG. 2. (a) Schematic of the experiment of DW motion
in Ta(tTa)/Co40Fe40B20(1 nm)/MgO(2 nm)/Ta(5 nm) ultra-thin
films grown on top of prepatterned substrates; The pattern pitch
is 100 nm and the lateral widths of the trenches (SiO2) and steps
(Si3N4) are 70 and 30 nm, respectively. (b) AFM of the stack
with tTa = 2 nm, deposited on top of the HS substrate: following
stack deposition, the average step height at the surface is 0.58(8)
nm.

(1 nm)/MgO(2 nm)/Ta(5 nm) on top of prepatterned
substrates, with Vacross and Valong the velocities across and
along the stripes, respectively. Figure 2(b) shows the AFM
of the stack with tTa = 2 nm on top of the HS substrate,
where the DW experiments are conducted.

Figures 3(a) and 3(b) show Kerr microscopy images
of the DWs’ motion measured in the amorphous stacks
with tTa = 2 nm, indicating DWs moving along and across
the steps on top of the HS substrate. Figure 3(a) corre-
sponds to the image before the application of a magnetic
pulse, whereas Fig. 3(b) is the image difference before and
after applying the magnetic field pulse. It can be clearly
observed that DW propagation is highly anisotropic, being
favored (impeded) along (across) the steps, respectively.
In particular, as seen in Fig. 3(b) after the application of a
magnetic field pulse, the DW moves faster along the steps
(L2) than across them (L1). Also, it can be noted that the
DW velocity is roughly the same for the nonpatterned area
(L3) and along the steps (L2). For annealed films, it has
not been possible to observe DWs motion across the steps,
but only along the “valleys.” This is an indication that the
energy barrier for DW motion across the steps is largely
increased during crystallization, making the steps act as
extremely strong pinning sites. The results in Fig. 3 clearly
demonstrate that prepatterned subnanometer steps strongly
influence DWs dynamics by inducing anisotropic motion.
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(a)

(b)

FIG. 3. Kerr Microscopy imaging of DWs moving from
a nonpatterned to a patterned area in an amorphous
Ta(2 nm)/Co-Fe-B(1 nm)/MgO(2 nm)/Ta(5 nm) stack on
top of the HS substrate. (a) Image before the application of a
magnetic pulse. (b) Image difference before and after applying a
magnetic field pulse.

Figures 4(a) and 4(b) report the DW velocities in the
stacks with tTa = 2 nm on top of LS and HS substrates.
Consistent with the Kerr images of Fig. 3, a strong
reduction of DW velocity is observed for the amorphous
case when the DW propagates across the steps for both
LS and HS substrates. For instance, on top of the LS
(amorphous case), at 1 mT, velocities along and across the
steps are, respectively, Valong (amorphous)∼14 800 µm/s
and Vacross(amorphous) ∼1500 µm/s, which correspond
to a ratio of Valong/Vacross ∼10. On top of the HS
substrate (amorphous case), velocities at 1 mT are
Valong(amorphous) ∼3000 µm/s and Vacross(amorphous)
∼40 µm/s, i.e., a ratio of Valong/Vacross ∼70 is obtained. In
addition, we observe that the DW velocity is always lower
for HS than LS substrates indicating that higher steps are

more efficient in pinning DWs. Finally, we note that Valong
(crystalline) is always lower than Valong (amorphous) for
both HS and LS substrates. At 1 mT for instance, we show
ratios Valong(amorphous)/Valong (crystalline) of 170 and 370
on top of LS and HS, respectively.

As indicated in Figs. 4(c) and 4(d), the DW
velocity follows a creep behavior [6–8] with v =
v0 exp[−(UC/kBT)(HP/H)1/4], where v0 is a characteristic
velocity, UC is a characteristic energy, kB is the Boltzmann
constant, T is the temperature, and HP is the depinning
field at zero temperature. This thermally activated regime
describes the collective pinning of the DW by structural
defects present in the film. As for Co-Fe-B ultra-thin films
deposited on flat substrates, the exponent 1/4 fits the data
well and is theoretically predicted for the interaction of a
one-dimensional DW with two-dimensional weak random
disorder [29]. The fact that the creep law is still valid in
the presence of a periodic potential is consistent with our
previous study demonstrating that only the depinning field
is renormalized whereas the universality class does not
change [30]. Figure 5 summarizes the HP values derived
from the fit of the curves in Fig. 4 in the case of tTa = 2 nm
on top of both LS and HS substrates. Taking UC/kT∼20
from the value reported for a similar material stack on top
of flat Si/SiO2 substrates [8,22], we find for the amorphous
sample HPacross(LS) = 2 mT and HPacross(HS) = 9 mT in
the case of motion across the steps, which corresponds to
an almost 2–4 times larger field than those obtained along
the steps [HPalong(LS) = 1 mT and HPalong(HS) = 2 mT],
confirming the efficient storing pinning schemes. These
values also confirm that the HS substrates are more effi-
cient in preventing the DWs from propagating across the
steps.

The increase of the DW pinning strength across the
steps can originate from the local variation of magnetic
anisotropy between the trenches and the steps. Particu-
larly, the anisotropy can be either slightly tilted or reduced
in strength across the steps, inducing a potential well for
the DW. More precisely, the presence of a gradient of
perpendicular anisotropy on a length scale δ leads to a local
pinning field given by [11,31]:

HPacross = (H K trench − HKstep) · 2�

δ
tanh

(
δ

2�

)
, (1)

where HK trench and HK step are the effective anisotropy field
for the trenches and the steps, respectively, and � is
the DW width. By using an anisotropy gradient length
of δ∼� corresponding approximately to the step width,
and considering that HK trench can be approximated by
the average value HK eff as measured in Table I, Eq. (1)
gives for the amorphous sample HK step(LS)∼120 mT and
HK step(HS)∼40 mT. This corresponds to a local reduction
of anisotropy induced by the steps of about 1% and 20%
for LS and HS substrates, respectively (Table I). In the
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(a) (b)

(c) (d)

FIG. 4. DW velocities at different applied magnetic fields for amorphous and crystalline stacks on top of LS (a) and HS (b) substrates,
respectively. Corresponding velocity (in logarithmic scale) as a function of H−1/4 for amorphous and crystalline stacks on top of LS
(c) and HS (d) substrates, respectively.

case of motion along the steps in annealed (crystalline)
samples, there is an enhancement by a factor of 2 of the
depinning field as compared to the motion along the steps
in the amorphous case. The increase in pinning strength in
the annealed samples arises first from the higher anisotropy

FIG. 5. Depinning fields for amorphous and crystalline stacks
on top of LS and HS substrates.

value obtained in the crystalline state, but also from the
additional structural disorder induced by the annealing
process at high temperatures as shown previously in
Co-Fe-B-based structures grown on top of flat substrates
[22–24]. The crystallization process on prepatterned sub-
strates may be affected by the topology, especially for the
HS substrates, which indicates that further optimization of
the annealing process is needed.

Finally, a striking result is that the propagation fields
along the 70 nm conducts for both amorphous and crys-
talline structures on LS and HS substrates are one order of
magnitude lower than those reported on larger-patterned
nanowires [32,33], where edge damages, such as edge
roughness induced by the patterning process, strongly
affect the DW dynamics. Such easy DW motion along the
narrow conduct is consistent with Fig. 3(b), where DW
velocity along the trenches (see L2) is comparable to the
DW velocity in the nonpatterned area (see L3). In addi-
tion, we note that the DW velocities along the steps for the
HS case are lower than those for the LS case. When prop-
agating along the steps, a fraction of the DW is sensitive
to the steps where the anisotropy is reduced. In particular,
when the anisotropy is reduced by 20% in the HS case,
DW motion is expected to be more affected.
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IV. CONCLUSION

The manipulation of magnetic DWs in magnetic
nanowires provides an exciting opportunity to develop
additional concepts for ultra-high-density spintronic
devices. In this work, we have shown the possibility to
develop efficient DW pinning in Co-Fe-B/MgO ultra-thin
films displaying PMA, by engineering subnanometer steps
at the surface of the substrate. Our method is adopted
from a well-known CMOS industrial process, therefore,
it is compatible with low-cost and large-scale mass pro-
duction. By making use of double patterning, steps could
be quite easily generated with a pitch scalable to the lim-
its of lithography of less than 10 nm, thus providing a
viable way to target an “ultimate” scalability of the Race
Track memory concept by making use of artificial prepat-
terned pinning sites and nanowires perpendicular to the
steps. Finally, the possibility to channel DW motion along
the steps may be a promising solution to overcome the
crucial issue related to edge damages at very small wire
dimensions [24,32–34].
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