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Modification of the magnetic properties under the induced strain and curva-
ture is a promising avenue to build three-dimensional magnetic devices, based
on the domain wall motion. So far, most of the studies with 3D magnetic
structures were performed in the helixes and nanowires, mainly with sta-
tionary domain walls. In this study, we demonstrate the impact of 3D geo-
metry, strain and curvature on the current-induced domain wall motion and
spin-orbital torque efficiency in the heterostructure, realized via a self-
assembly rolling technique on a polymeric platform. We introduce a complete
3D memory unit with write, read and store functionality, all based on the field-
free domain wall motion. Additionally, we conducted a comparative analysis
between 2D and 3D structures, particularly addressing the influence of heat

during the electric current pulse sequences. Finally, we demonstrated a
remarkable increase of 30% in spin-torque efficiency in 3D configuration.

In an effort to increase data storage density, various strategies are being
explored to move from 2D to 3D electronics designs. However, imple-
menting such a transition for wafer-scale production using current
micro-fabrication technologies and materials is exceedingly challenging.
Following our previous research demonstrating wafer-scale fabrication
of self-assembled 3D devices' ™ this work demonstrates roll-down self-
assembly of magnetic memory unit, based on the racetrack (RT) archi-
tecture. The approach leverages a self-assembled shapeable polymeric
platform and standard microfabrication technology. The flexible
platform allows the shaping of thin metal wires into new forms, facil-
itating the construction of different configurations of magnetic devices
and their characterization. Transforming flat ferromagnetic stripes into
the ring or spiral geometry induces strain that influences the magnetic
properties, for example, perpendicular magnetic anisotropy (PMA),
spin-orbit torque (SOT), and domain wall (DW) dynamics’”. Strain-
induced effects have been examined in films with perpendicular and in-
plane magnetic anisotropy using piezoelectric-controlled stages'’™
and self-assembled, shapeable polymeric material systems'®®, These

research papers showed that strain and curvature-induced effects have a
strong influence on the thin film’s magnetic properties, however, the
curvature contribution becomes pronounced at small radii (order of
hundreds of nanometers)”* 2.,

Recent reports have delved into several avenues to explore the DW
motion in 3D geometries”?*. The propagation of DWs in curved
nanowire was theoretically studied in cylindrical magnetic nanowires,
revealing non-trivial oscillatory behavior, that depends on the curvature
of the wire*?. Several research groups presented studies on DWs and
magnetic textures in 3D ferromagnetic nanohelices?** fabricated with
focused electron beam-induced deposition. A recent report® further
showcased the realization of current-induced domain wall motion in 3D
racetrack (RT) based on synthetic antiferromagnets with PMA, fabri-
cated on a free-standing tilted membrane. These domains can be effi-
ciently manipulated through the application of ultra-short current
pulses®?°. The RT stands out for its immense potential to achieve sig-
nificantly higher data density storage compared to other emerging
memory technologies. A crucial aspect of the RT is its ability to reliably
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manipulate data at high speed while consuming low power®*. This
unique combination of features positions the RT as a leading candidate
for the realization of next-generation memory devices, offering excep-
tional performance and non-volatility.

One promising approach that fulfils these criteria is the current-
induced domain wall motion (CIDWM) method, enabling the local
manipulation of magnetic domains in a field-free manner. Initial
research on CIDWM was focused on micro-scale stripes with in-plane
magnetic anisotropy, where domain walls (DW) were propelled by
spin-polarized current that exerts a spin transfer torque (STT)**** on
the walls. Later the interest has shifted towards stripes with perpen-
dicular magnetic anisotropy (PMA), as domain walls in such structures
exhibit higher velocities and improved thermal stability** S, More
recent research shows great potential for enhancing the performance
and efficiency of RTM-based memory devices, which can particularly
be achieved by engineering the strain in magnetic thin films.

Current-induced domain wall motion in heavy metal/ferromagnet
(HM/FM) bilayers makes it possible to achieve high velocities at relatively
low current densities*>*’. This phenomenon arises due to the combined
effects of spin-orbit torque*®*' (SOT) and Dzyaloshinskii-Moriya inter-
action (DMI)*>*#***, A SOT is generated by the spin Hall effect from the
HM layer, which is maximum for a Neel-type DW, while DMI emerges at
the interface between the HM and FM layers. In ultrathin ferromagnetic
films with PMA, the DMI transforms the Bloch-type domain wall into a
chiral Neel-type domain wall*. This results in chiral DWs with a magne-
tization rotation perpendicular to the DW plane. Further research has
shown that in a three-layer system consisting of HM/FM/HM**, where
the two HM layers have opposite spin Hall angles (SHA), the domain wall
propagates at a lower current density of approximately ~10'°A/m2. The
generated spin current from the two HM layers increases the total SOT
on the domain wall, thereby reducing the critical current. CIDWM has
also been observed in synthetic antiferromagnets with PMA, achieving a
speed of 750 ms™, attributed to the presence of Neel-type domain walls
and nearly zero net magnetization*®*’. In another study*’, a low current
density CIDWM (-10°Am2) was demonstrated in the magnetic semi-
conductor GaMnAs. However, this result was achieved at a temperature
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Fig. 1| 3D rolled-down racetrack memory device. Schematic illustration of a 2D
RT on the top of a shapeable platform; b intermediate state of the self-assembling,
rolling-down approach and c rolled-down 3D device after self-assembling into the

of 100K due to the semiconductor’s low Curie temperature. Further-
more, it was found that domain walls in ferrimagnets exhibit high velo-
cities at the angular momentum compensation temperature, where they
undergo a transition from a ferromagnetic (FM) to an antiferromagnetic
(AFM) state while maintaining a nonzero net magnetic moment,
enabling a reliable detection®>*. The RT architecture was proposed for
quantum computing, utilizing DWs as flying qubits®. The manipulation
and transfer of information stored in the chirality of the DWs can be
achieved by shuttling the qubits along the racetrack.

Figure 1a, b show schematically the layout of the write-, read-, and
shift functionalities in the fabricated devices. The RT line itself has
dimensions of 3 um width and 100 pm length. The fabrication process
employed e-beam lithography (EBL) and lift-off techniques. The film
stack of Ta*° "™/Pt>*"™/Co®” ""/Ta*® "/Pt'* "™ was deposited by magne-
tron sputtering at room temperature. In a subsequent lithography step,
Cri00nm/AyS00 M contact pads and Ta® "™/Cu®° "™/Ta'® "™/Cr° "/Au*® "™
injection line were manufactured. An injection line is used to locally
create a magnetic domain in the FM strip; a Hall cross is used to detect
the magnetization of the shifted DWs. Finally, the planar structure was
successfully transformed into 3D by the strain-induced rolling process,
as illustrated in Fig. 1 ¢ (Materials and Methods section). Figure 1d dis-
plays an optical micrograph of the 3D device post self-assembly,
showcasing a polymer tube with a diameter of @32 um with an induced
strain in the magnetic stripe equal to 1.31% (supp material). The devel-
oped self-assembly process exhibits a high yield, commonly up to 90%'.
The final diameter of the tube is not affected by the functional thin-film
structures, ie. the gold contacts and the magnetic stack, as their
thicknesses are significantly below that of the PI layer (600 nm).

Magneto-optical Kerr microscopy was utilized to conduct a
comprehensive analysis of the CIDWM in both, the 2D and 3D devices,
which obtain their performance through the combined effects of SOT
and DMI in the Pt/Co/Ta stack. We discovered that the device’s shape
significantly influences the speed of the domain wall in the 3D con-
figuration. Additionally, we thoroughly examined the impact of dif-
ferent substrates and state conditions on the device performance,
including SOT, DM], and Joule heat effects.

b Intermediate assembly state
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d Micrograph of the 3D device

“Swiss-roll”. Black arrows indicate tensile strain in the magnetic layer. d Optical
image of the 3D self-assembled device, with a final diameter of 30.9 um.
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Results

Material characterization

The 3D RT self-assembly is achieved using a shapeable polymeric
platform composed of three functional layers: a sacrificial layer (SL), a
polyimide layer (PI), and a hydrogel layer (HG)*"**. The polymeric films
are spin-coated and patterned using direct UV lithography. The top HG
layer has a surface cut in the bottom middle area, providing access to
the PI layer where the functional magnetic layers are structured, see
Fig. 2a, b. The growth of the film stack HM/FM/HM is subsequently
accomplished on top of the shapeable polymeric layers forming planar
devices. For reference, the same layer stacks have been prepared
directly on the surface of a bare glass substrate to compare the device
performance, see Fig. 3a, b.

We employed the polar magneto-optical Kerr effect (PMOKE)
technique with out-of-plane sensitivity to measure the coercivity (H.)
of both the extended film and the racetrack micro-stripe, see Fig. 3a, b.
The observed square loop (Fig. 3c, d) reveals the presence of
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perpendicular magnetic anisotropy (PMA) in all samples. Specifically,
we observed H.. values of 11.2 mT and 16.6 mT on the glass (Fig. 3c) and
10.9 mT and 11.8 mT on the Pl substrate (Fig. 3d) for the film and stripe,
respectively. The field sweep speed was set at 0.5 mT/s. While the
coercivity of the extended films shows a similarity for both substrates,
we noted a significant discrepancy in the case of the patterned stripes.
Subsequently, we conducted AFM measurements on the fabricated
samples to examine the surface roughness. Our findings revealed that
the glass substrate exhibits a flatter surface but possesses a larger
roughness compared to the PI substrate. The roughness R,,s of the
substrates in the vicinity of the RT (red squares in Fig. 3e and f) were
estimated to be 1.75nm for glass and 0.78 nm for Pl. To minimize
potential contributions from surface waviness, the AFM scans were
performed in an area with minimal height variation.

The wavy surface of the PI layer is a consequence of a rapid
thermal shrinking/expansion during the fabrication process of the
polymeric platform. Notably, during the cooling step, the glass
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Fig. 2| Geometry and the device layer stack. a Optical image of the RT device on the polyimide before the self-assembly process. The reinforcing Pl layer has a dimension
of 0.5 x 1.5 mm. b Geometry and composition of the polymeric layer stack. ¢ Exploded view of the magnetic layer stack.
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Fig. 3 | Planar racetrack devices. a Optical image of the RT device on the glass b and the PI layer with Hall contacts. ¢ Hysteresis loops of stripe and extended film
deposited on the glass d and polymer. e AFM scans and a single scan line showing the roughness of the glass f and polymeric surfaces.
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substrate undergoes a faster lateral size reduction compared to the
polymers, leading to the formation of micrometer-scale wrinkles on
the surface of the polymer layer. This observation highlights the cru-
cial importance of carefully considering the substrate properties dur-
ing the fabrication process.

Domain wall motion in 2D planar and 3D Swiss roll-down
geometries

To detect and record the motion of DWs in our 3 um wide and 100 um
long stripes, we utilized magneto-optical Kerr microscopy*® and
Anomalous Hall Effect (AHE) measurements. The DW injection was
achieved by applying a local Oersted field, generated by a current pulse
through the thick DW inducer strip line as shown in Fig. 1b. To drive the
DW itself, a train of pulses with a pulse width of 250 ns and a period of
1ms was applied through the magnetic stripe (Fig. 1b), without the
need for an externally assisting magnetic field. This pulse period was
chosen to prevent long-term Joule heat accumulation within the
structure. The DW velocity was determined by dividing its total pro-
pagation distance by the total current ON time during the pulse train.
We maintained a distance of 70 um between the DW inducer and the
back line, being long enough to keep the observed DW propagation
during the pulse train within the field of view in the microscope, thus
not requiring a frequent resetting of the magnetic state of the wire. For
statistical purposes, we repeated the experiment ten times for each
current value.

The Hall cross electrodes (Figs. 3b and 4a, bottom) with a width of
300 nm were patterned on the top of the RT stripe to detect the DW
position. The thin electrodes were made of Cr'®"™/Au*® "™ to prevent
DW pinning and maintain enough flexibility to prevent de-attachment
from the surface during the rolling process. Simultaneously with the
optical observation, while a series of current pulses were applied to
drive the DW, the Hall voltage Vi, was measured after each pulse train
to check the presence of a domain wall. A clear Vi, drop, see Fig. 4a, b,
indicates that a DW arrives at the Hall cross area and experiences
pinning before further propagation. This pinning is due to the higher
conductivity in the area of the Hall electrodes, which reduces the
current density required for shifting the DW.

Figure 5a presents typical Kerr images of CIDWM in the 2D device
on the glass, in response to a series of injected 250 ns long current
pulses, compose of 100 pulses. Dark region corresponds to magneti-
zation in -Z direction. The DW propagates along the current direction.
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For the 3D racetrack, a @32 pum tube has been achieved after the tube
rolling process where the RT device occupies the tube circumference,
as depicted in Fig. 1c. The DW speed in the 3D racetrack was measured
using Kerr microscopy, with a focus on a specific area located on the
dome of the tube within the microscope’s field of view. Typical Kerr
images of CIDW propagation were obtained (compare Fig. 5b), and the
results for the 2D and 3D racetrack configurations are compared in
Fig. 5¢, d.

Figure 5Sc illustrates the dependence of the DW velocity on the
current density for both 2D and 3D RT configurations, with the DW
propagating along the direction of the current flow**>*3, The mini-
mum current densities, required for the depinning of the DWs, were
found to be 1.34 x 10" A m2 and 1.68 x 10" A m'2 for 2D and 3D con-
figurations, respectively. As the current density increases, the velocity
exhibits an exponential increase, corresponding to the creep regime of
the DW motion®**"*%, The maximum current densities for 2D and 3D
samples were 2.43 x 10" A m? and 1.97 x 10" A m2, respectively.
Beyond these values, random domain nucleation occurred due to Joule
heating. The field-free motion of the DW along the current direction is
attributed to the physical mechanisms described in the introduction,
namely the presence of Dzyaloshinskii-Moriya Interaction (DMI) and
SOT in the Pt/Co/Ta stack, as reported in***°, DMI occurs at the Co/Pt
interface due to spin-orbit interaction, stabilizing a left-handed chiral
Neel-type DW. Simultaneously, the induced spin current influences the
DW magnetization, resulting in a DW uniform propagation.

The mean DW velocity in the creep regime can be described as®:

-1
- Uc ((H
U=Uy exp {— kB_T <Hdep> } @

where v is the threshold velocity, &, the Boltzmann constant, U, is the
pinning potential, Hqep is a critical depinning field (sj the depinning
current density), p is a dynamic exponent that is equal to -V4 for a 1D
interface moving in the 2D weakly disordered medium. To check
whether the DW velocity roughly obeys this law, we plot In(v) versus
% (=H™%) in Fig. 5d. A linear dependency is valid for the whole
operation range for the 3D RT; for the 2D state, it is valid below a
current density of 1.82 x 10" A m™. We observe a deviation from the
linear trend at higher values, which is consistent with the system
entering into the depinning and flow regime of operation, as it was
reported previously®.
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Fig. 4 | Current induced DW propagation and detection. Direct observation of propagation and detection of a up-down and b down-up DW at the Hall cross. The metallic

Hall probe electrodes create a pinning site along the wire.
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We have observed a reduction in the DW velocity in the 3D race-
track device, which is rather counterintuitive. We have anticipated that
the thermal contribution would aid in DW propagation, resulting in a
higher speed in the rolled state. The decrease in the DW speed can be
associated with the PMA increase'*" and the formation of nano-scale
cracks in the RT stripe'® due to the tensile in-plane strain. The increase
of the PMA occurs due to the magnetostrictive properties of the Pt/Co,
inresponse to the applied tensile strain. The coercivity of the magnetic
stripe increased by 17.5% under the applied strain, due to the geometry
change (Supp material, Fig. 3). Therefore, we assume that the PMA of
the Pt/Co/Ta stack increases as well. The quantitative change of the
PMA cannot be deduced from this number, however, and the standard
method of the anisotropy field measurement cannot be applied in the
current 3D configuration. The change of PMA leads to a change of the
Bloch domain wall energy y=m,/ak,;, with A being the exchange
stiffness and K¢ the magnetic anisotropy constant. This change is
equivalent to the growth of a creep energy barrier in the system.
According to the creep law and the exponential speed dependence on
pinning potential, a small change in the energy barrier leads to a larger
velocity change that hinders a fast DW propagation.

Another factor that could influence on the DW speed reduction is
the formation of micro- and nano-cracks'® in the RT stripe. A thin
metallic film experiences a linear elastic deformation with minor
resistance variation under an elongation strain below 5%. In our work,
the 3D racetrack experiences only 1.31% of strain, which seems to be
sufficient to form defects in the RT that result in additional pinning
centers.

Consequently, there are several opposing effects that determine
the final DW speed: the SOT efficiency, the PMA of the multilayer, and
the formation of defects. Under applied in-plane elongation strain,
both the SOT efficiency (see the next section) and the PMA of the FM
layer increase”. Eventually, the DW speed in a 3D rolled-down config-
uration depends on the “weight” of each of the contributions. In the

reported case, the effect of the PMA increases and the formation of
strain-induced defects prevails over the SOT, leading to the lowering of
the DW velocity. However, there are ways to enhance the speed, for
example: to change the rolling direction without changing the HM/FM
thickness, or increasing the FM layer thickness to the point where the
anisotropy transition occurs. The increase of the HM thickness (above
5nm) will not give much contribution, due to the short spin diffusion
length of 3 nm.

Spin-orbital torque analysis

In this section, we examine the impact of applied strain and changes in
geometry on the SOT in perpendicular magnetic anisotropy structures
using a self-assembly approach. To conduct this study, we explored a
rolling-down configuration (Fig. 1c) that induces tensile strain on the
magnetic stack structures, black arrows. By performing systematic
measurements, we aimed to assess the effect of shape-induced strain
on the SOT efficiency of the Pt/Co/Ta multilayer. To achieve this, we
adopted the current-induced hysteresis loop shift method***°, which
offers a simple measurement configuration, see Fig. 6a. This method
allows for the simultaneous estimation of the SOT efficiency and the
DMI field. The SOT efficiency was measured by patterned Hall bar
structures, as sketched in Fig. 6a. These structures were 5 pm wide and
60 um long. The devices were prepared using optical lithography and
the Ar-ion milling technique. A second lithography step was performed
to deposit Cri®°"m/Au>®°"™ contact pads. The SOT measurements were
conducted for two configurations: first, in a planar configuration with
structures fabricated on a 1 mm thick glass substrate, and second, in a
rolled-down polymer tube configuration.

The current-induced shift of the AHE hysteresis loops was mea-
sured as a function of DC current in the presence of an in-plane mag-
netic field H,. Figure 6 a represents the experimental configuration for
the planar case. The current passing through the wire generates an
effective field Hsye in an out-of-plane direction, attributed to the
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Fig. 6 | SOT efficiency using current-induced hysteresis loop shift method for
Ta*°"™/Pt>°"™/Co® "™/Ta** "™/Pt"* "™ stack. a Schematics of the Hall bar and the
measurement configuration. b Typical anomalous Hall loops for planar stack fab-
ricated directly on the glass substrate. ¢ Hegr as a function of Ipc under different bias

fields Hy for the planar case. d Typical anomalous Hall loops for a 3D curved stack
fabricated on a polymeric self-assembled rolled-down strained architecture. e Heg
as a function of Ipc under different bias fields Hy for the 3D strained case. f SOT
efficiency x as a function of the in-plane field for two substrates.

Slonczewski-like torque, which influences the magnetization dynamics
of the domain wall (DW), and equals to**°: Hg,, = 2"3‘54—’51 with, O -
effective spin Hall angle, j- current density, Ms- saturation magnetiza-
tion, t— ferromagnetic layer thickness. In the absence of an external
in-plane field H,, the DMI in Pt/Co/Ta stabilizes a chiral Neel-type® DW
with the magnetization m aligned along the x direction.

When a DC current is applied, it generates an effective out-of-
plane field Hes, which induces the unidirectional motion of domain
walls (DWs) with both chiralities, see Fig. 7a. Here, Her can be
expressed as Heg=Hsye * cos(@), where ¢ represents the angle
between the DW moment and the x-axis. The application of an in-plane
bias field causes the reorientation of moments in Neél walls towards
the H, direction. If the strength of the in-plane field H, exceeds the DMI
field, it causes the magnetic moments to align uniformly in one
direction for all DWs in the stripe, see Fig. 7b. Hence, Heg will point in
one direction for both walls, resulting in parallel or antiparallel align-
ment with the H, field during the out-of-plane field-driven magneti-
zation switching, thus leading to a shift in the hysteresis loop.

Figure 6b displays the typical Anomalous Hall Effect (AHE) loops
for the planar sample with a superimposed in-plane field of 150 mT for
opposite currents. The observed shift in the hysteresis loops (with field
sweep along H,) is attributed to the Slonczewski-like torque. Specifi-
cally, a positive (negative) joc generates an effective positive (negative)
He field that acts on the Neél-type chiral DW. However, it is important
to note that the DC current in the structure also results in Joule heating
(=j»), which leads to a reduction of the switching field. This effect
becomes particularly significant in devices constructed on rolled
tubes, where the limited thermal conductivity of the polymer causes a
decrease in the coercivity of the multilayer already at smaller current
values. Thereby, the effective field can be expressed like:
Heg= (Hsy”" + Hsy*")/2, where the Hgy,"" and Hgw"® is a down-to-up and
up-to-down switching field, respectively, with no Joule heating con-
tribution. Her causes the horizontal shift of the hysteresis loop*>*.
Consequently, the SOT efficiency can be determined by performing a
linear fit of Hegr as a function of current density, represented as x = Heg/j
in Fig. 6c.

Next, the SOT efficiency in the 3D configuration was measured.
After the rolling process, one of the Hall crosses has been precisely
aligned on top of the polymer tube being parallel to the substrate
surface during the self-assembly process. The accuracy of this align-
ment is confirmed through hysteresis loop measurements. The Hall
voltage is the same for an out-of-plane field of 0 mT and 20 mT,
meaning that magnetic vectors in the Hall cross area do not deviate
further from the z-axis at high values of the magnetic field (Sup Fig. 2).

Figure 6d presents the results obtained from the hysteresis loop
measurements on the 3D curved structure with a small in-plane bias
field. When the in-plane field Hy is lower than the coercivity of the
stripe, the measurement conditions became similar to those for a
planar structure. However, once the in-plane field is higher than the H,
value, the re-magnetization process initiates at the sides of the curved
structure rather than at the top. We also observe a rapid decay of y as a
function of Hy, as depicted in Fig. 6 e.

Figure 6f depicts )(:Hiff/j, as a function of the longitudinal in-
plane field for both, the planar and the 3D rolled cases. In the planar
case, the efficiency y shows a linear increase and eventually saturates at
211.7 mT, providing a rough estimation of the DMI field. Based on this
measurement, we estimate ysye to be approximately 5.3 mT10™"A m2,
that is close to values obtained in the similar system*>*®®!, In contrast,
the rolled sample demonstrates a different dependency of y. It reaches
a saturation value of ysye at around 6.9 mT 10™ A m™ for lower values
of the in-plane field (Hx = 5 mT), with a rapid decay as the field
increases. This observed behavior indicates that the applied strain of
1.31% leads to a 30.1% increase in the (SOT) efficiency in the rolled
structure. As the applied strain is increased, the racetrack stripe gets
narrower, consequently resulting in an increase in the metal’s resis-
tivity. According to the discussion®, the heightened efficiency of SOT
efficiency under elongation strain is attributed to extrinsic scattering.
It was reported that in heavy metals, like Pt, Ta, W, Pd the intrinsic
scattering typically dominates over the extrinsic. The total spin Hall
conductivity can be expressed as a sum of the intrinsic and extrinsic
parts. The total spin Hall conductivity, exhibits the increase in
response to the applied elongation strain. In the systematic analysis, it
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Schematic illustration of CIDWM without and with in-plane field
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Fig. 7| Realignment of DWs under the influence of an in-plane field. a Schematic
illustration of CIDWM in the absence of an external in-plane field H,. The effective
field drives the domain walls in the same direction with respect to the current.
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b CIDWM with in-plane magnetic field Hy, which realigns the domain-wall
moments, resulting in a change of the Her and the DW propagation direction.

was shown that the intrinsic part remains constant as function of
strain. This result led to the conclusion that SOT modulation is
attributed to the extrinsic part. A similar effect was previously reported
in a comparable material combination (double-layer Co/Pt) with an
increase of 28.5% in a Co/Pt system on a Kapton film®2,

Joule heating contribution

To investigate the role of Joule heating on the propagation of DWs
driven by current pulses, we conducted a series of time-resolved
resistance measurements. To initiate our investigation, we performed
a meticulous calibration of the RT resistance as a function of tem-
perature. For accurate temperature monitoring, a temperature sensor
Pt1000 was glued to the glass substrate and placed on the heater. A
separate glass substrate with the 2D racetrack was mounted on the
heater close to the temperature sensor, see Fig. 8a. This setup allowed
us to achieve precise real-time temperature measurements. As illu-
strated in Fig. 8b, the resistance exhibits a linear variation with respect
to the temperature, conﬁrming the metallic nature of the device. The
slope, denoted as ( )RT =2.8679 Q K7, yields the corresponding
coefficient of the change in temperature with respect to the resistance:
Yrr=0.3486 K Q™. For this measurement we applied pulses with a
duration of 250 ns, with an OFF level of O uA and an ON level of 800 uA,
to prevent undesired device heating effects.

Next, we measured the resistance change as a function of the
current pulse amplitude in the 2D and 3D racetrack architectures, as
described in the DW motion section. The temperature changes asso-
ciated with these measurements can be estimated using the resistance
variation formula: T= Ty +yr4R, where AR=R - Ro. Hence, we mea-
sured the resistance variation in response to different current pulse
amplitudes. For this measurement, we maintained a constant pulse
width of 250 ns and a selected ON high-level ON current amplitude,
which was consistent with the conditions used for DW propagation.
The low-level OFF current was set to 800 uA during the pulse-OFF
period. Each data point was obtained from the analysis of 10 individual
pulses. Using the calibration data, we estimated the temperature rise in
the current pulsed mode by converting the measured resistance
change into a temperature change.

Figure 8 c illustrates the characteristic temperature response of
the self-assembled polymer tube when subjected to a current density
of 1.79 x 10"A m™ during the pulse application. It reveals an abrupt
temperature increase within nanoseconds and a further steady tem-
perature rise throughout the 250 ns ON period, succeeded by a swift
post-pulse cooling phase. It is evident that, at high current densities,
the system does not achieve thermal stability within the 250 ns time-
frame. Our measurements reveal that the temperature change, AT,
amounts to about 50 K in the 2D case and can reach up to 83K for the
3D racetrack, see Fig. 8d. As anticipated, the Joule heating effect is
more pronounced for the self-assembled polymer tube compared to
the glass substrate. This distinction arises due to the polymer’s lower

thermal conductivity of 012WmK™ in contrast to the glass’s
1.076 W mK™. The data points within the central region of the shaded
area in Fig. 8d indicate the average temperature/resistance change
observed during the pulse. The findings from this section underscore
that a temperature rise of the RT in 3D, during pulse application,
doesn’t boost the DW energy enough to overcome the additional
pinning energy arising from the strain-induced PMA modification.

DMI characterization

The measurement of the DMI field was conducted using the asym-
metric bubble expansion technique imaged with Kerr microscopy at
room temperature. The efficacy of this method has been well-
established in prior investigations®** involving Co/Pt and Co/Pd
multilayer films to assess DMI effects. The procedure involves initi-
ating a small OOP field pulse with a fixed magnitude to nucleate and
slightly expand a magnetic bubble domain (indicated by the grey-
shaded region at the center, enclosed by a dashed boundary in
Fig. 9a, b). A reference background image was subtracted under zero
field conditions. Subsequent steps encompassed applying a constant
in-plane field, denoted as H,, up to 260 mT (for the glass substrate)
and 300 mT (shapeable platform). This was accompanied by OOP
pulses lasting from 0.1s to 2s, aiming to further expansion of the
magnetic domain.

When solely subjected to an OOP field, the domain expansion
resulted in a symmetrical bubble formation in all directions. When
applying an in-plane field (H,) an asymmetry in expansion is intro-
duced, causing the bubble domain to take an ellipsoidal shape. This
asymmetry in expansion behavior is attributed to the stabilization of
Neél-type DWs over Bloch-type DWs in Pt/Co/Ta magnetic films. The
application of an in-plane field disrupts the symmetry of the DWs along
the x-axis, thereby influencing the propagation of the DWs either
favorably or adversely in that direction. Our investigation further
entailed the analysis of the DW velocity as a function of an in-plane
field, both for the glass and flat polymer substrates. The Kerr micro-
scopy images depicted in Fig. 9a, b captured the expansion of the DWs
in the Pt/Co/Ta film. The grey-shaded bubble depicts the domain
expansion under the -H, field. The application of an in-plane field
directed to the left causes the left DW to exhibit a higher velocity
compared to the right DW. Notably, when the H, field is equal to the
DMI field strength (-Hpyy), the DW exhibits its minimum velocity.

The DW velocity profiles for each substrate are illustrated in
Fig. 9¢, d, with positive velocities indicating DW movement along the
+x-direction. The data reveal a non-linear and monotonic trend with
respect to H,. For this experiment, the in-plane field strengths were
constrained to 300 mT (polymer) and 260 mT (glass) to avoid multiple
domain nucleation and fusions during the H, pulses. Both substrates
exhibited a minimum DW velocity for field strengths surpassing 200
mT, confirming the previously reported observation®. However, we do
not observe a clear minimum of the DW velocity within our range of
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a Schematics of the experiment
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b Resistance variation vs temperature
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Fig. 8 | Joule contribution analysis during current pulses. a schematic of the
measurement setup featuring a copper heater. b linear variation of resistance as

function of temperature. ¢ time-resolved alteration in temperature for a pulse
width of 250 ns and current density of 1.79x10"A m™. d estimation of temperature

c Temperature rise during the pulse
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Fig. 9 | DMI measurement on glass and flat polymer. LDW and RDW corresponds
to left and right domain wall. a, b Bubble expansion under H, =26 mT without Hy
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aand c. The dashed line shows the initial position of the DW. b, d velocity variation
for left- and right-DW (LDW and RDW) as a function of in-plane magnetic field for
glass and flat polyimide substrates. The remnant Hy field is smaller than 1 mT.

measurement, see Fig. 9¢c, d, thereby we consider Hppy >300/260 mT
for glass/polyimide substrates. The relationship between the relative
alignment of magnetic fields and the direction of bubble expansion
provides evidence of a present left-handed chirality in the Neel-type
DW. Previous research studies” demonstrated that non-trivial

curvature and induced strain significantly impact the DMI. Drawing
from insights in reference™, we anticipate that the interfacial DMI will
remain relatively unchanged in the 3D state under 1.31% strain. Induced
surface curvature can give rise to magnetochiral effects through the
effective DMI, as elucidated in ref. 66. The influence of curvature
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becomes particularly noteworthy in structures with a curvature dia-
meter on the order of tens of nanometers. In the reported case, the
tube diameter measures in the tens of micrometers. The bubble
expansion method is not applicable for the 3D geometry, the Hx field
will induce a parasitic nucleation of domains on the sides of the tube.
To address the measurement of DMl in 3D curved geometry, one viable
option is employing the Domain Wall Stray Fields technique®”®. This
approach enables a rough measurement of the DMI parameter.

Results of field-induced DW propagation measurements show a
considerable difference in the speed for the glass and flat polyimide
substrates. We consider the DW speed at H, =0 mT, where the DW is
driven purely with an out-of-plane field, see Fig. 9c, d. Since the stack
was deposited on two substrates simultaneously, the only difference
between these two samples is the surface quality, see the section
Material Characterization. The DW speed on the glass is by a factor of 6
higher than on the polyimide. We attribute this behavior to the surface
quality of the polyimide, which has more pinning centers in compar-
ison to the bare glass.

Discussion

In this study, we have demonstrated the modification of magnetic
properties under induced strain and curvature that pave a new avenue
for the creation of innovative three-dimensional magnetic devices. Our
work demonstrates the impact of 3D geometry, strain, and curvature
on current-induced DW motion and spin-orbital torque efficiency
within the Pt/Co/Ta heterostructure. Utilizing a self-assembly rolling
technique on a polymeric platform, we achieved field-free current-
induced DW motion in a 3D racetrack configuration, reaching a max-
imum speed of 9 cm/s at a current density of 1.97 x 10" A m2. Our
investigation delved into the influence of induced tensile strain on the
spintronic framework, revealing its role in augmenting the generation
of spin currents from the heavy metal layer. This augmentation leads
to a noteworthy 30% enhancement in spin-orbit torque efficiency,
culminating in a value of 6.9 mT 10"Am2 for the new 3D device.
Simultaneously, the induced strain contributes to an increase in the
pinning energy barrier within the ferromagnetic layer by enhancing
the PMA anisotropy and facilitating the formation of nano-scale
defects. A delicate equilibrium between these effects emerges as
pivotal in determining the velocity of the domain wall in the 3D domain
wall motion. It became evident that current injection significantly
contributes to Joule heating, triggering a temperature rise in the
racetrack that can reach AT =76 K. Despite this, the cumulative impact
was insufficient to surmount the ascension of perpendicular magnetic
anisotropy with defects formation and its associated pinning energy in
the intricate 3D configuration. Furthermore, our investigation of the
Dzyaloshinskii-Moriya interaction field, crucial for the stabilization of
left-handed Neel walls, revealed a consistent behavior across the
multilayer system on two distinct substrates. This observation under-
scores the minimal influence of substrate material on the strength of
the DMI field.

In summary, the introduced strain and curvature-induced effects
in the 3D magnetic structures transcends the current state-of-the-art
paradigms. Our research results pave the way for innovative avenues in
the fabrication of 3D magnetic memory devices and the exploration of
strain-related phenomena in diverse magnetic materials. Notably, the
entirety of our fabrication methodologies aligns seamlessly with large-
scale production techniques, underscoring their profound practicality
for real-world implementation.

Methods

Device fabrication

The nanostructures were fabricated on 1 mm thick glass substrates
(D263T eco glass, SCHOTT AG Mainz, Germany). The substrates were
thoroughly cleaned using a professional washer DS 500 (STEELCO
S.p.A. Riese Pio, Italy) to remove any organic and inorganic

contaminants, including dust or films. The surface was then cleaned
with acetone and isopropanol for 10 min each, using ultrasonic agita-
tion, and dried with nitrogen. Subsequently, it underwent a 10-minute
oxygen plasma treatment (PICO VERSION 2, IntCo, Trappes France) to
eliminate any remaining residues. First, alignment crosses were pre-
pared by the lift-off technique using AZ5214E (Microchemicals GmbH,
Ulm, Germany), which was optically patterned. A Cr/Au bilayer was
further sputter-deposited at room temperature and at a pressure of 1.5
x 107 mbar. Next, the sample was spin-coated with a positive double-
layer e-beam resist, specifically AR-P 642.04 200k and AR-P 679.03
950k. The spin-coating parameters were set at 4000 rpm/1000 rpm/
60 s, and each step was followed by baking for 120 s at 180 °C. Finally, a
DisCharge H20 (micro resist technology GmbH, Berlin, Germany) layer
was spin-coated at 3000 rpm/1000 rpm/60 s and baked for 120 s at
90 °C. After the electron beam lithography (EBL) exposure using a
dosage of 650 pC/cm?, the sample was immersed in H20 for 60 s to
dissolve the discharging layer, followed by development in AR 600-56
for 90 s. To create the thin film stack of Ta(3)/Pt(5)/Co(0.7)/Ta(3)/Pt(1),
an ultra-high-vacuum magnetron sputtering technique was employed.
The lift-off process was performed using acetone and isopropanol,
with a final rinse in DI water. For the contacts and injection line, optical
lift-off was carried out using the photoresist resist AZ5214E (Micro-
chemicals GmbH, Ulm, Germany). The Ta(5)/Cu(250)/Ta(10)/Cr(5)/
Au(40) contacts were deposited using magnetron sputtering equip-
ment HZM and nanoPVD-S10A (Moorfield Nanotechnology Limited,
Cheshire, UK). Finally, the resist was removed using the lift-off tech-
nique under low-power ultrasonic agitation.

Polymeric platform

Square-shaped glass substrates measuring 50 mmx50 mm x 1mm
were used for the polymer layers. The aforementioned cleaning pro-
cess was followed to ensure the glass was thoroughly cleaned. After the
ultrasonic cleaning, the surface was activated using oxygen plasma in
the GIGAbatch 310M (PVA Metrology & Plasma Solutions GmbH,
Wettenberg, Germany). This step further facilitated chemical surface
modification with a monolayer of 3-(trimethoxysilyl)propyl metha-
crylate (TMSPM). To accomplish this, the glasses were placed in a
vacuum oven at 150 °C for 2 h together with 250 pl of TMSPM. Sub-
sequently, a lanthanum-acrylic acid-based organometallic photo-
patternable complex was applied to the substrate. It was spin-coated
at 7000 rpm, resulting in a thickness of 300 nm. The drying of the
polymer was performed at 35°C for 15min on hotplate under the
nitrogen atmosphere. and then patterned using optical lithography
with the assistance of an MA6 Mask Aligner (SUSS MicroTec SE,
Garching, Germany) to form the sacrificial layer (SL). To remove a
water-insoluble residual and hardening the layer it was annealed at
220 °C for 20 min under the nitrogen atmosphere. A pre-heating step
at 100 °Cfor 30 s is performed before placing the sample on a hot plate
at 220 °C. Afterward, it is cooled down on a metal plate at room tem-
perature. In a similar manner to the SL, the reinforcing polyimide (PI)
layer was spin-coated on top at 4000 rpm, with prebaking tempera-
ture 50°C, 10 min and hard baking 220 °C for 15 min, resulting in a
thickness of 400 nm. It was then patterned using optical lithography.
Finally, the hydrogel (HG) layer was spin-coated at 8000 rpm, with
prebaking temperature 40°C, 10 min and hard baking 220 °C for
15 min, resulting in an 800 nm thick layer. Next, it was patterned with
optical lithography, to form a trapezoidal shape opening in the layer,
to get the access to the PI surface.

Self-assembly process

The sacrificial layer was selectively etched using a solution composed
of DI water, 5% hydrochloric acid, and benzotriazole (all chemicals
from Sigma-Aldrich Co. LLC, Germany). This etching process released
the PI/HG layers from the glass substrate. In the next step, the sample
was immersed in DI water for 6-12 h to initiate the swelling of the HG
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layer and the formation of tubes with a larger diameter. Subsequently,
the HG layer was further swollen in a solution of DI water and sodium
hydroxide with a pH of 11.9, leading to the curling of the structure into
a “Swiss rolls”. This resulted in the formation of tight tubes with a
smaller diameter. After 12 h, the tubes were gently cleaned using DI
water and isopropanol (IPA) and then dried under ambient conditions.
Adjusting the thickness ratio between the Pl and HG layers, along with
controlling the pH of the alkaline solution, allows to tune the diameter
of the assembled tubes"*’.

Kerr microscopy

A custom-designed wide-field Kerr microscope®® in polar configuration
was employed to detect the presence of DWs. The sample was illumi-
nated with polarized light, and the reflected light was directed through
an analyzer. A LED lamp served as the light source, and the reflected
light was captured by a camera (Hamamatsu, orca-spark, C11440-36U).
LabView software was used to process the acquired images and obtain
the final results. Prior to injecting magnetic domains or applying pulse
current to move the DW, background image subtraction was per-
formed. To prevent image drifting during the measurement process, a
piezo station (Piezosystemjena NV40/3CLE, Stockholmer Str.12 07747
Jena Germany) was utilized.

Current-induced domain wall motion

The sample was securely attached to a standard PCB, and electrodes
were bonded to 50-ohm pads. DW injection and driving were carried
out using a double-channel waveform generator, Keysight 33622 A.
The pulse width for DW motion was consistently set at 250 ns, and the
pulse period was maintained at 1ms to prevent cumulative Joule
heating effects from impacting the DW movement. Control over the
external in-plane and out-of-plane fields was achieved using the KEPCO
BOP 2-20DL power supply (KEPCO, INC, SANFORD, USA). To initiate
the nucleation of the DW in a magnetically saturated wire, a short
voltage pulse was applied to the injection line. Subsequently, to drive
the DW along the magnetic wire, a voltage pulse was applied in the
desired direction.

Temperature-dependent resistance measurements

The sample was fixed to a 1mm thick copper plate using a silver
paste, and the copper plate was then attached to the PCB using
double-sided tape. An array of 50-ohm resistor heaters and a tem-
perature sensor were mounted on top of the copper plate. To control
the power output and monitor the temperature, a LakeShore 336
Cryogenic Temperature Controller (Lake Shore Cryotronics, Inc, 575
McCorkle Blvd Westerville, OH, USA) was employed. The Keysight
33622 A waveform generator was used to generate the voltage pul-
ses. The change in stripe resistance was measured as the voltage drop
across a series-connected resistor, using the Hameg HM01024 Digital
Oscilloscope.

SOT measurements

For the SOT-efficiency measurements, a quadrupole magnetic system
in conjunction with the Kerr microscope was used. In-pane and out-of-
plane magnets were connected to the KEPCO BOP 2-20DL (KEPCO,
INC, SANFORD, USA) and controlled by a custom-made LabVIEW
script. The piezo station (Piezosystemjena NV40/3CLE, Stockholmer
Str.12 07747 Jena Germany) was utilized to avoid image drifting during
the measurement process. The Keithley 2400 SMU (Tektronix, Bea-
verton, Oregon, United States) was used in a 4-probe regime to detect
the Hall voltage during the magnetic field swiping.

Data availability
The data that support the findings of this study are available from the
corresponding author, P.F., upon request.

References

1. Becker, C. et al. Self-assembly of highly sensitive 3D magnetic field
vector angular encoders. Sci. Adv. 5, eaay7459 (2019).

2. Huber, R. et al. Tailoring electron beams with high-frequency self-
assembled magnetic charged particle micro optics. Nat. Commun.
13, 3220 (2022).

3. Karnaushenko, D. D. et al. Rolled-up self-assembly of compact
magnetic inductors, transformers, and resonators. Adv. Electron.
Mater. 4, 1800298 (2018).

4. Karnaushenko, D. D., Karnaushenko, D., Makarov, D. & Schmidt, O.
G. Compact helical antenna for smart implant applications. NPG
Asia Mater. 7, €188 (2015).

5. Karnaushenko, D. et al. Self-assembled on-chip-integrated giant
magneto-impedance sensorics. Adv. Mater. 27, 6582-6589 (2015).

6. Schmidt, O. G. & Eberl, K. Thin solid films roll up into nanotubes.
Nature 410, 168 (2001).

7. Hertel, R. Ultrafast domain wall dynamics in magnetic nanotubes
and nanowires. J. Phys. Condens. Matter 28, 483002 (2016).

8. Stano, M. & Fruchart, O. Magnetic nanowires and nanotubes.
Handb. Magn. Mater. 27, 155-267 (2018).

9. Karnaushenko, D. et al. 3D Self-assembled microelectronic devices:
concepts, materials, applications. Adv. Mater. 32, 1902994 (2020).

10. Lee, J.-W., Shin, S.-C. & Kim, S. Spin engineering of CoPd alloy films
via the inverse piezoelectric effect. Appl. Phys. Lett. 82,
2458-2460 (2003).

M. Kim, J.-H., Ryu, K.-S., Jeong, J.-W. & Shin, S.-C. Large converse
magnetoelectric coupling effect at room temperature in CoPd/
PMN-PT (001) heterostructure. Appl. Phys. Lett. 97, 23-26 (2010).

12. Lei, N. et al. Magnetization reversal assisted by the inverse piezo-
electric effect in Co-Fe-B ferroelectric multilayers. Phys. Rev. B 84,
012404 (2011).

13. De Ranieri, E. et al. Piezoelectric control of the mobility of a domain
wall driven by adiabatic and non-adiabatic torques. Nat. Mater. 12,
808-814 (2013).

14. Shepley, P. M., Burnell, G. & Moore, T. A. Domain wall energy and
strain in Pt/Co/Ir thin films on piezoelectric transducers. J. Phys.
Condens. Matter 30, 344002 (2018).

15. Shepley, P. M., Rushforth, A. W., Wang, M., Burnell, G. & Moore, T. A.
Modification of perpendicular magnetic anisotropy and domain
wall velocity in Pt/Co/Pt by voltage-induced strain. Sci. Rep. 5,
7921 (2015).

16. Makarov, D. et al. New dimension in magnetism and super-
conductivity: 3d and curvilinear nanoarchitectures. Adv. Mater. 34,
2101758 (2022).

17. Singh, B. et al. Self-assembly as a tool to study microscale curvature
and strain-dependent magnetic properties. npj Flex Electron 6,

76 (2022).

18. Melzer, M., Lin, G., Makarov, D. & Schmidt, O. G. Stretchable spin
valves on elastomer membranes by predetermined periodic frac-
ture and random wrinkling. Adv. Mater. 24, 6468-6472 (2012).

19. Bran, C. et al. Magnetization Ratchet in cylindrical nanowires. ACS
Nano 12, 5932-5939 (2018).

20. Sheka, D. D. et al. Fundamentals of curvilinear ferromagnetism:
statics and dynamics of geometrically curved wires and narrow
ribbons. Small 18, €2105219 (2022).

21. Volkov, O. M. et al. Experimental observation of exchange-driven
chiral effects in curvilinear magnetism. Phys. Rev. Lett. 123,
077201 (2019).

22. Donnelly, C. et al. Complex free-space magnetic field textures
induced by three-dimensional magnetic nanostructures. Nat.
Nanotechnol. 17, 136-142 (2022).

23. Gu, K. et al. Three-dimensional racetrack memory devices designed
from freestanding magnetic heterostructures. Nat. Nanotechnol. 17,
1065-1071 (2022).

Nature Communications | (2024)15:2048

10



Article

https://doi.org/10.1038/s41467-024-46185-z

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sanz-Hernandez et al. Fabrication, detection, and operation of a
three-dimensional nanomagnetic conduit. ACS Nano 11,
11066-11073 (2017).

Streubel, R. et al. Magnetism in curved geometries. J. Phys. D. Appl.
Phys. 49, 363001 (2016).

Cacilhas, R. et al. Controlling domain wall oscillations in bent
cylindrical magnetic wires. Phys. Rev. B 101, 184418 (2020).
Skoric, L. et al. Domain wall automotion in three-dimensional
magnetic helical interconnectors. ACS Nano 16, 8860-8868 (2022).
Sanz-Hernandez, D. et al. Artificial double-helix for geometrical
control of magnetic chirality. ACS Nano 14, 8084-8092 (2020).
Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall
racetrack memory. Science 320, 190-194 (2008).

Hayashi, M., Thomas, L., Moriya, R., Rettner, C. & Parkin, S. S. P.
Current-controlled magnetic domain-wall nanowire shift register.
Science 320, 209-211 (2008).

Parkin, S. & Yang, S.-H. Memory on the racetrack. Nat. Nanotechnol.
10, 195-198 (2015).

Ryu, K. S., Thomas, L., Yang, S. H. & Parkin, S. Chiral spin torque at
magnetic domain walls. Nat. Nanotechnol. 8, 527-533 (2013).
Berger, L. Exchange interaction between ferromagnetic domain
wall and electric current in very thin metallic films. J. Appl. Phys. 55,
1954-1956 (1984).

Chiba, D. et al. Control of multiple magnetic domain walls by cur-
rent in a co/ni nano-wire. Appl. Phys. Express 3, 073004 (2010).
Thomas, L. et al. Racetrack Memory: A high-performance, low-
cost, non-volatile memory based on magnetic domain walls. In
2011 International Electron Devices Meeting 24.2.1-24.2.4

(IEEE, 2011).

Koyama, T. et al. Observation of the intrinsic pinning of a magnetic
domain wall in a ferromagnetic nanowire. Nat. Mater. 10,

194-197 (2011).

Yoshimura, Y. et al. Current-induced domain wall motion in per-
pendicularly magnetized co/ni nanowire under in-plane magnetic
fields. Appl. Phys. Express 5, 063001 (2012).

Koyama, T. et al. Current-induced magnetic domain wall motionin a
co/ni nanowire with structural inversion asymmetry. Appl. Phys.
Express 6, 033001 (2013).

Moore, T. A. et al. High domain wall velocities induced by current in
ultrathin Pt/Co/AlOx wires with perpendicular magnetic anisotropy.
Appl. Phys. Lett. 93, 262504 (2008).

Liu, L. et al. Spin-torque switching with the giant spin hall effect of
tantalum. Science 336, 555-558 (2012).

Liu, L., Lee, O. J., Gudmundsen, T. J., Ralph, D. C. & Buhrman, R. A.
Current-induced switching of perpendicularly magnetized mag-
netic layers using spin torque from the spin hall effect. Phys. Rev.
Lett. 109, 096602 (2012).

Ryu, K., Yang, S., Thomas, L. & Parkin, S. S. P. Chiral spin torque
arising from proximity-induced magnetization. Nat. Commun. 5,
3910 (2014).

Emori, S., Bauer, U., Ahn, S., Martinez, E. & Beach, G. S. D. Current-
driven dynamics of chiral ferromagnetic domain walls. Nat. Mater.
12, 611-616 (2013).

Thiaville, A., Rohart, S., Jué, E., Cros, V. & Fert, A. Dynamics of
Dzyaloshinskii domain walls in ultrathin magnetic films. EPL 100,
57002 (2012).

Yun, J. et al. Current induced domain wall motion and tilting in Pt/
Co/Ta structures with perpendicular magnetic anisotropy in the
presence of the Dyzaloshinskii-Moriya interaction. J. Phys. D. Appl.
Phys. 51, 155001 (2018).

Woo, S., Mann, M., Tan, A. J., Caretta, L. & Beach, G. S. D. Enhanced
spin-orbit torques in Pt/Co/Ta heterostructures. Appl. Phys. Lett.
105, 212404 (2014).

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ueda, K., Pai, C., Tan, A. J., Mann, M. & Beach, G. S. D. Effect of rare
earth metal on the spin-orbit torque in magnetic heterostructures.
Appl. Phys. Lett. 108, 232405 (2016).

Yang, S. H., Ryu, K. S. & Parkin, S. Domain-wall velocities of up to
750 m s -1 driven by exchange-coupling torque in synthetic anti-
ferromagnets. Nat. Nanotechnol. 10, 221-226 (2015).

Duine, R. A,, Lee, K.-J., Parkin, S. S. P. & Stiles, M. D. Synthetic
antiferromagnetic spintronics. Nat. Phys. 14, 217-219 (2018).
Yamanouchi, M. et al. Universality classes for domain wall motion in
the ferromagnetic semiconductor (Ga,Mn) As. Science 317,
1726-1729 (2007).

Bang, D. & Awano, H. Current-induced domain wall motion in per-
pendicular magnetized tb-fe-co wire with different interface
structures. Appl. Phys. Express 5, 125201 (2012).

Kim, K.-J. et al. Fast domain wall motion in the vicinity of the angular
momentum compensation temperature of ferrimagnets. Nat. Mater.
16, 1187-1192 (2017).

Kurokawa, Y., Kawamoto, M. & Awano, H. Current-induced domain
wall motion attributed to spin Hall effect and Dzyaloshinsky-Moriya
interaction in Pt/GdFeCo (100 nm) magnetic wire. Jon. J. Appl. Phys.
55, 07MCO02 (2016).

Kurokawa, Y., Shibata, A. & Awano, H. Enhancement of spin orbit
torques in a Tb-Co alloy magnetic wire by controlling its Tb com-
position. AIP Adv. 7, 055917 (2017).

Zou, J. et al. Quantum computing on magnetic racetracks
with flying domain wall qubits. Phys. Rev. Res. 5, 033166
(2023).

Soldatov, I. V. & Schéfer, R. Advanced MOKE magnetometry
in wide-field Kerr-microscopy. J. Appl. Phys. 122, 153906
(2017).

DuttaGupta, S. et al. Magnetic domain-wall creep driven by field
and current in Ta/CoFeB/MgO. AIP Adv. 7, 055918 (2017).

Emori, S., Umachi, C. K., Bono, D. C. & Beach, G. S. D. Generalized
analysis of thermally activated domain-wall motion in Co/Pt multi-
layers. J. Magn. Magn. Mater. 378, 98-106 (2015).

Pai, C., Mann, M., Tan, A. J. & Beach, G. S. D. Determination of spin
torque efficiencies in heterostructures with perpendicular mag-
netic anisotropy. Phys. Rev. B 93, 144409 (2016).

Khvalkovskiy, A. V. et al. Matching domain-wall configuration and
spin-orbit torques for efficient domain-wall motion. Phys. Rev. B 87,
020402 (2013).

Yun, J. et al. Spin-orbit torque induced magnetization switching in
Pt/Co/Ta structures with perpendicular magnetic anisotropy. J.
Phys. D. Appl. Phys. 50, 395001 (2017).

Hwee Wong, G. D. et al. Strain-mediated spin-orbit torque
enhancement in pt/co on flexible substrate. ACS Nano 15,
8319-8327 (2021).

Lin, P.-H. et al. Manipulating exchange bias by spin-orbit torque.
Nat. Mater. 18, 335-341 (2019).

Hrabec, A. et al. Measuring and tailoring the Dzyaloshinskii-Moriya
interaction in perpendicularly magnetized thin films. Phys. Rev. B -
Condens. Matter Mater. Phys. 90, 020402(R) (2014).

Shahbazi, K. et al. Domain-wall motion and interfacial
Dzyaloshinskii-Moriya interactions in Pt/Co/Ir(t)/Ta multilayers.
Phys. Rev. B 99, 094409 (2019).

Rana, A. et al. Three-dimensional topological magnetic monopoles
and their interactions in a ferromagnetic meta-lattice. Nat. Nano-
technol. 18, 227-232 (2023).

Kuepferling, M. et al. Measuring interfacial Dzyaloshinskii-Moriya
interaction in ultrathin magnetic films. Rev. Mod. Phys. 95,
015003 (2023).

Gross, |. et al. Direct measurement of interfacial Dzyaloshinskii-
Moriya interaction in X|CoFeB|MgO heterostructures with a

Nature Communications | (2024)15:2048



Article

https://doi.org/10.1038/s41467-024-46185-z

scanning NV magnetometer (X = Ta, TaN, and W). Phys. Rev. B 94,
064413 (2016).

69. Egunov, A. I. et al. Impedimetric microfluidic sensor-in-a-tube for
label-free immune cell analysis. Small 17, 2002549 (2021).

Acknowledgements

We thank M. Bauer (IIN/ IFW Dresden) for the help with electron beam
lithography. We further thank S. Nestler, and K. Leger (IIN/IFW Dresden)
for their assistance with the ion milling and the polymer synthesis
respectively. We appreciate the help of C. Krien and I. Fiering (IIN/IFW
Dresden) for the deposition of metallic thin films. We thank C. Saggau, B.
Rivkin (IIN/IFW Dresden) and Dmitriy D. Karnaushenko (MAIN, TU
Chemnitz) for useful discussions. The support in the development of
experimental setups from the research technology department of the
Leibniz IFW Dresden and the clean room team headed by R. Engelhard
(IIN/IFW Dresden) is greatly appreciated. O.G.S. acknowledges support
by the German Research Foundation DFG (Gottfried Wilhelm Leibniz
Prize granted in 2018, SCHM 1298/22-1). D.K. acknowledges support by
the German Research Foundation DFG (KA5051/1-1 and KA 5051/3-1), as
well as by the Leibniz association (Leibniz Transfer Program T62/2019).

Author contributions

D.K. and O.G.S. conceived the idea. P.F., |.S., V.N., and D.K. designed
experiments. P.F. performed experiments. P.F., I.S., V.N., and R.S. ana-
lyzed data. P.F. and D.K. wrote the manuscript with input from all
authors. All authors participated in the discussions.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46185-z.

Correspondence and requests for materials should be addressed to
Pavel Fedorov, Oliver G. Schmidt or Daniil Karnaushenko.

Peer review information Nature Communications thanks Mateusz
Zelent, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Nature Communications | (2024)15:2048

12


https://doi.org/10.1038/s41467-024-46185-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Self-assembly of Co/Pt stripes with current-induced domain wall motion towards 3D racetrack devices
	Results
	Material characterization
	Domain wall motion in 2D planar and 3D Swiss roll-down geometries
	Spin-orbital torque analysis
	Joule heating contribution
	DMI characterization

	Discussion
	Methods
	Device fabrication
	Polymeric platform
	Self-assembly process
	Kerr microscopy
	Current-induced domain wall�motion
	Temperature-dependent resistance measurements
	SOT measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




