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ABSTRACT

In this work, we propose and evaluate an inexpensive and CMOS-compatible method to locally apply strain on a Si/SiOx substrate. Due to
high growth temperatures and different thermal expansion coefficients, a SiN passivation layer exerts a compressive stress when deposited on
a commercial silicon wafer. Removing selected areas of the passivation layer alters the strain on the micrometer range, leading to changes in
the local magnetic anisotropy of a magnetic material through magnetoelastic interactions. Using Kerr microscopy, we experimentally demon-
strate how the magnetoelastic energy landscape, created by a pair of openings, enables in a magnetic nanowire the creation of pinning sites
for in-plane vortex walls that propagate in a magnetic racetrack. We report substantial pinning fields up to 15mT for device-relevant ferro-
magnetic materials with positive magnetostriction. We support our experimental results with finite element simulations for the induced
strain, micromagnetic simulations, and 1D model calculations using the realistic strain profile to identify the depinning mechanism. All the
observations above are due to the magnetoelastic energy contribution in the system, which creates local energy minima for the domain wall
at the desired location. By controlling domain walls with strain, we realize the prototype of a true power-on magnetic sensor that can mea-
sure discrete magnetic fields or Oersted currents. This utilizes a technology that does not require piezoelectric substrates or high-resolution
lithography, thus enabling wafer-level production.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0157687

One of the promising “Beyond CMOS” technologies is nanomag-
netic and spintronic devices due to their nonvolatile nature, high operat-
ing speed, low power consumption, and well explored routes to read
and write data.1 One example is nanomagnetic tracks, where informa-
tion (stored in domain walls—DWs) is propagated and manipulated by
dipolar interaction along soft ferromagnetic nanowires.2,3 The manipu-
lation of DWs has quite a long history, and a turning point in this
research area was the demonstration of a current-controlled magnetic
DW shift register4,5 (racetrack memory). Since then, more work has
been done on the development of DW-based memories,6 logic devices,7

sensors,8–11 and neuromorphic computing circuits.12,13 However, feasi-
bility of the fabrication process and compatibility with existing CMOS
devices must be ensured before full technological realization is achieved.

One of the key challenges with these devices is the control of
DWs,14 typically realized using geometric constraints (notches)15–17 or
the local manipulation of the magnetic anisotropy through strain18,19

using magnetostrictive/piezoelectric systems.20–23 However, these
approaches are not attractive for most sensor manufacturers due to
high cost and complexity, respectively, because high-resolution
notches and presence of the multiferroic stack would require signifi-
cant investments in tools for high-resolution lithography and layer
deposition. Also, the presence of voltages for piezoelectric actuation
via metallic contacts increases design complexity and area usage. It is,
moreover, difficult to realize an arbitrary shape of strain and strain
gradients down to the micrometer range with piezoelectric substrates
because it is technologically nontrivial to confine the electric fields.24
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An alternative method of transferring strain to a thin film25,26 is
the use of capping layers27 widely used in the semiconductor and
photovoltaic industries because they provide protection from harsh
environments.

In this work, we propose and experimentally demonstrate a low-
cost and CMOS-compatible method to induce local strain on a Si/
SiOx substrate by removing selected regions of the passivation layer.
Arbitrary strain magnitudes and strain gradients can be realized by
simply choosing the design of the removed part. The magnitude and
profile of the strain are determined by combining anisotropy and
stress measurements with finite elements simulations. We experimen-
tally demonstrate, using Kerr microscopy, that this local strain allows
for domain wall pinning in a racetrack element. This is verified by
micromagnetic simulations and 1D model calculations. Finally, to
show the technological relevance of this method, we propose and ver-
ify a nonvolatile magnetic peak-field sensor based on this technology.

Samples of Co70Fe30(30 nm) and Co40Fe40B20(30 nm) were pre-
pared by DC magnetron sputtering using a Singulus Rotaris system on
a SiOx(1.5lm)/Si(625lm) substrate. The ferromagnetic layers were
capped with AlOx(10nm)/HfOx(10) layers to preserve their function-
alities during the fabrication process. Using optical lithography and
etching, nanowires were fabricated with a variable width—between
800 and 500nm—and a length of 70lm. A reservoir at the left end
allows for DWs injection at lower fields. After the first lithography
step, the wafer was covered with a 1lm thick SiN layer using plasma-
enhanced chemical vapor deposition (PECVD) at a temperature of
250 �C. The residual stress on the wafer is quantified using a standard
wafer bow measurement. A second optical lithography step is used in
combination with reactive ion etching (RIE) to remove selected areas
(up to 20� 20 lm2) of the SiN layer (openings) without damaging the
magnetic layer, as shown in Figs. 1(a)–1(d), while the wafer surface is
still largely covered. The values of magnetostriction of the thin films

were measured using a BH-looper with three-point bending stage. The
magneto-optic Kerr effect (MOKE) was used to image the magnetiza-
tion state in the devices.28,29

To understand the origin of the intrinsic stress in our system, one
should consider the coefficients of thermal expansion of a film and a
substrate, along with the high temperature during deposition. If the
thermal expansion coefficients are different, thermal stresses arise
when the whole stack cools down to room temperature after deposi-
tion.30 Relaxation of this stress leads to a deformation, i.e., bending, of
the wafer [Figs. 1(a) and 1(b)] allowing for the residual stress to be
estimated.31 The measured in-plane (compressive) stress is planar and,
in our case, has a magnitude of �495ð5Þ MPa. To create a non-
uniform stress on the substrate surface, selected areas of the SiN are
completely removed, creating openings in the passivation layer [Fig.
1(c)]. The etching is monitored to stop the process at the AlOx/SiN
interface, as shown in Fig. 1(d), so that the integrity of the magnetic
layer is preserved. An example of the final device is shown in a scan-
ning electron microscopy image (SEM) in Fig. 1(e) for a pair of square
apertures 10� 10 lm2 in size. With a suitable lithography mask, arbi-
trary shapes, sizes, and spacing of the apertures can be realized with
sub lm resolution. In the example presented here, the openings are
spaced 1lm apart and the 800nm wide magnetic track under the SiN
layer shows no signs of damage caused by the etching process.

To determine the magnitude of stress relieved, finite-element-
method (FEM) simulations were performed using the COMSOL
MultiphysicsV

R

Structural Mechanics Module.32 More details about
FEM simulations can be found in Section S1 of the supplementary
material. To have a well-defined strained region in racetrack type devi-
ces, it is convenient to consider a pair of openings—to be realized at
each side of a magnetic nanowire. Figures 2(a)–2(d) contain the com-
puted values of the surface strain exx � eyy at the interface between
SiN/SiOx for two different opening geometries. As shown in Figs. 2(c)
and 2(d), the effective surface strain exx � eyy is close to zero at a dis-
tance greater than 20lm from the etched areas and becomes non-
uniform in their proximity. The geometry of the opening determines
the strain profile. This can be seen in Figs. 2(a) and 2(b) where the
effective strain is plotted along the dashed line running between
the two openings shown in Figs. 2(c) and 2(d), respectively. For a
square pair of openings [Fig. 2(a)], the effective uniaxial strain profile
exx � eyy is mostly flat and confined between them with strain gradient
maxima (minima) at the exit (entrance) of the strained area. The strain
reaches values of exx � eyy ’ 0:2%. For a diamond shaped pair of
openings, the strain is again confined between the openings, but its
magnitude increases almost linearly toward the center. This time the
strain gradient is mostly constant.

To experimentally confirm the magnitude and sign of this local
strain, we measured the magnetization curves of a unpatterned film of
AlOx/HfOx/Co70Fe30 (30 nm) underneath the patterned SiN. The hys-
teresis loops were measured with the magnetic field applied along U ¼
0� at different locations on the sample, selecting a region of interest of
5� 5 lm2 size within the field of view of the Kerr microscope. Full
angular dependence of the anisotropy is reported in Section S3 of the
supplementary material, together with more details about the calcula-
tion of the magnetoelastic anisotropy. Since Co70Fe30 has considerable
magnetostriction (ks ’ 80� 10�6), the strain acting on the film is
coupled to the magnetization via the magnetoelastic effect, as
expressed in the anisotropy energy,33

FIG. 1. Racetracks structuring (a), SiN layer deposition (uniform strain generated)
(b), and locally relieved strain after RIE (c). (d) Section of the layers used in this
work. (e) SEM image of a pair of openings in the SiN in the proximity of a magnetic
nanowire.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 022404 (2023); doi: 10.1063/5.0157687 123, 022404-2

Published under an exclusive license by AIP Publishing

 02 January 2024 09:59:03

pubs.aip.org/aip/apl


KME ¼
3
2
ksY exx � eyyð Þ; (1)

where Y is Young’s modulus and ks is the saturation magnetostriction.
Measuring hysteresis loops, where an in-plane field is applied along
two perpendicular directions, can give us a direct measurement of the
local anisotropy by subtracting the area enclosed between the two
curves below saturation.19,34 Comparing the anisotropy in the proxim-
ity and far away from the openings allows for the estimation of the
changes in KME between the two areas.35–37

In Figs. 2(e) and 2(f), hysteresis loops of an unpatterned film, this
time of SiN/AlOx/HfOx/Co70Fe30(30 nm), are shown. The openings
geometry is the one of Figs. 2(c) and 2(d), respectively. Looking at Fig.
2(e), we can compare the magnetization curve before (diamond) and
between (star) the square openings. The anisotropy field increases, due
to (uniaxial) magnetoelastic anisotropy. As Co70Fe30 has a positive
magnetostriction, the increase in anisotropy [due to the magnetoelastic
contribution KME ’ 8:9ð2Þ kJ/m3] is caused by a negative (compres-
sive) exx � eyy strain, in agreement with our FEM simulation. Using
Eq. (1) and the values of magnetoelastic anisotropy difference, we can
estimate the strain to be exx � eyy ’ �0:05ð1Þ% for a square opening
of this size. The same measurement can be performed for a diamond-
shaped pair of openings and is reported in Fig. 2(f). The calculated

maximum strain difference for this case is exx � eyy ’ �0:02ð1Þ%.
Signal coming from areas outside the 5� 5 lm2 spot can explain an
experimental value smaller than FEM predictions.

The strain, created by removing specific areas of the SiN layer,
could be used as a mechanism to move, change direction, or stop a
DW, a feature often needed in the device implementation.9,19 Typical
ways to do so rely on the modification of the DW energy making it a
spatially variable quantity. In analogy with the conventional field-
driven case, the magnetoelastic field can be considered as a force that
pushes the DW along the direction of decreasing energy, i.e., increas-
ing compressive strain if ks > 0 for the in-plane-strain-gradient case.
This force is proportional to the local gradient of the spatially variable
quantity,18,38,39 and its effect is essentially that of an effective (magne-
toelastic) field,

BME ¼ �
1
Ms

duME

dx
; (2)

where uME is the magnetoelastic DW energy per unit area.
For this study, a 500nm wide magnetic racetrack of

Co70Fe30(30 nm) is considered together with a pair of square openings
in SiN 10� 10 lm2 in size. We use Kerr microscopy in the transverse
mode to image the magnetic state of the device, while the in-plane

FIG. 2. (a) and (b) Effective strain
(exx � eyy )and strain gradient ( ddx ðexx
�eyyÞ) for, respectively, a square and a
triangular pair of opening obtained from
FEM simulations. The x axis refers to the
red dashed line. (c) and (d) Surface strain
exx � eyy obtained with FEM simulations.
(e) and (f) In-plane hysteresis loops
obtained with Kerr microscopy on a full
film of Co70Fe30 (30 nm) for, respectively,
a square and a triangular pair of opening.
The contrast was measured before the
opening (diamond) and between them
(star) according to the marker position.
The magnetic field was applied along the
direction U ¼ 0�.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 123, 022404 (2023); doi: 10.1063/5.0157687 123, 022404-3

Published under an exclusive license by AIP Publishing

 02 January 2024 09:59:03

pubs.aip.org/aip/apl


magnetic field is applied parallel to the wire along x. Figures 3(a)–3(c)
show the position of a DW along the magnetic racetrack as a function
of the applied magnetic field. When the field is sufficiently large, the
DW is injected from the reservoir [Fig. 3(a)] into the magnetic wire. As
can be seen in Fig. 3(b), after injection, the wall does not propagate until
the end of the magnetic channel, but is pinned in the area between the
SiN openings corresponding to the strained area. The corresponding
surface strain was shown with a simulation in Figs. 2(a) and 2(c). Only
for larger magnetic fields, the wall can continue to propagate to the
other end of the magnetic channel, as shown in Fig. 3(c).

For a Ni81Fe19 sample with nearly no magnetostriction, no DW
pinning was found above the DW injection field (2mT), supporting
the idea of a strain-based pinning.We repeated the same measurement
for devices with different distance d between racetrack and openings.
According to FEM simulations, the absolute value of the (compressive)
strain increases as the opening distance d is reduced [blue diamonds
in Fig. 3(e)]. As shown in Fig. 3(e), the depinning field (black squares)
increases from 11.0(2) to 14.5(2) mT for a distance between the open-
ing and the magnetic racetrack decreasing from 2.5 to 1lm. A larger
depinning field Bdep for smaller opening spacing confirms that the
magnetoelastic energy is indeed the dominant pinning cause in our
system.20,40

To support our experimental findings, we performed micromag-
netic simulations and 1D model calculations where the strain profile
from FEM simulations was used. The results are summarized in Figs.
3(d) and 3(f) and consider nanowires made of 30 nm thick
Co40Fe40B20. For more details about the micromagnetic simulations
and the 1D analytical model, see Section S2 of the supplementary
material. Figure 3(d) shows the DW energy per unit area and the cor-
responding magnetoelastic field as a function of the DW position for a
nanowire w¼ 500 nm wide, calculated considering the strain profile
shown in Fig. 2(a) and a rigid profile for the DW. Comparing Fig. 3(d)
with Fig. 3(b), it is clear that the point where the DW sits is the mini-
mum of DW energy. At the sides of the pinning site, the effective mag-
netoelastic field—proportional to d

dx ðexx � eyyÞ according to Eq. (2)—
is non-zero and opposite to the applied external field. This equivalent
force prevents the DW to move forward unless the external applied
field is increased.

For the Mumax41 micromagnetic simulations, a wire of 800nm
width has been considered. The magnetization has been initialized in
the system with a DW on the left side of the strained area, and then a
magnetic field has been applied. Multiple dynamic simulations have
been performed at different values of external magnetic field, and the
results are summarized in Fig. 3(f). As can be seen, the averaged mag-
netization along the x direction (proportional to the DW position)
coincides with the strained area (state I) for external fields Bext< Bdep.
When the applied magnetic field is increased above Bdep, the domain
wall is free to propagate and reaches the right end of the wire (state II).
For comparison, the experimental values for the DW position as a
function of Bext are reported in Fig. 3(f) for a 800nm width
Co40Fe40B20 wire. The pinning position (where exx � eyy 6¼ 0) coin-
cides, and discrepancies between the simulations and experiments for
the value of Bdep can be due to thermally activated depinning events
that are not fully captured by micromagnetic simulations.

The ability to adjust the maximum value of the strain, and thus
the value of the depinning field, by changing the aperture design—as
shown in Fig. 3(e)—allows for the realization of a nonvolatile magnetic
field sensor capable of detecting discrete values of magnetic fields or
current peaks from wires or coils in the sensor proximity. Previous
work17 suggested similar concepts; however, the one proposed here
does not require sub 100 nm lithography resolution for the notches.

The conceptualization of the peak-field sensor is presented in
Fig. 4. The device comprises of a magnetic nanowire for DWs propa-
gation with a number of pinning sites along it. As shown in Figs. 4(a)
and 4(b), if the spacing between the SiN openings—acting as pinning
sites—decreases, the strain magnitude is increased progressively.
According to Fig. 3(e), the depinning field Bdep will increase going

FIG. 3. MOKE images showing a DW (a) injected, (b) pinned in the strained area,
and (c) continuing propagation for larger magnetic fields. (d) 1D model calculations of
energy profile and the corresponding local magnetoelastic field for a vortex wall in the
strain profile shown in Fig. 2(a) as a function of the DW position. (e) Experimental val-
ues of depinning field (black squares) and maximum strain exx � eyy (blue diamonds)
for different distances between a pair of square openings. The values consider a
500 nm wire of Co70Fe30 with 30 nm thickness. (f) Micromagnetic simulations magne-
tization (blue) and experimentally measured Kerr contrast (orange) for a 800 nm wide
nanowire as a function of applied field. The averaged wire magnetization along x
direction (hmxi) is proportional to the DW position.
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from left to right. The device considered here presents four pair of
openings and is therefore able to identify four discrete levels of exter-
nal magnetic fields.

The proof of concept of the realized device is presented in Figs.
4(c) and 4(d). We consider, in this case, a magnetic wire of 500nm
width and realized with a Co70Fe30 magnetic layer. The shape of the
openings is 5� 5 lm2, and the distance between the pairs is in the
order of 5, 3, 2, and 1lm, as shown in Fig. 4(b).

The device is initialized with large, negative magnetic field in the
x direction creating a uniform magnetic state. After that, the positive
magnetic field is gradually increased, while the magnetic state in the
wire is monitored using Kerr microscopy. The magnetic contrast in
Fig. 4(d) shows how the magnetization has well defined discrete levels
as Bext is increased. This occurs because a DW propagating into the
nanowire occupies only discrete positions along x, as shown in Fig.
4(c) in the strained area between the openings. The number of detect-
able magnetic field steps can be increased by realizing more openings
along the racetrack. The position of the DW in the magnetic channel
(output) will indicate the maximum field (input) that the device has
seen after initialization. The magnetic state is measured in Fig. 4(d)
with optical methods; however, electrical readout of the DW position
is possible using, e.g., giant magnetoresistive effect (GMR)9 and two
electrical contacts at the extremity of the magnetic channel. This sens-
ing solution is particularly suitable for hardly accessible measurement
environments and energy efficient devices as electrical power is
required only for readout and initialization. As an example, the sensor
could measure the maximum magnetic field that a medical implant
has experienced.

In summary, in this work, we propose and validate a method for
generating a local strain on a rigid substrate that is compatible with
standard CMOS technologies. The intrinsic stress that occurs at the
substrate/layer interface during SiN deposition can be modified when
selected regions of the passivation layer are removed by etching. The
strain is only modified near the removed material, as shown by FEM
simulations. Using in situmeasurements of the magnetoelastic anisot-
ropy, we experimentally determine the magnitude of the uniaxial
strain up to 0:05ð1Þ%. The magnitude and the gradient of the in-plane
strain can be tuned depending on the geometry and position of the
openings in the stress-generating layer. We validate the use of the
above-mentioned strain gradients for the manipulation of magnetic
domain walls in spintronic devices by exploiting magnetoelastic cou-
pling in magnetostrictive materials. Using Kerr microscopy, we experi-
mentally show how the magnetoelastic energy landscape enables the
creation of engineered pinning sites, which represent local energy min-
ima for in-plane vortex walls. We report substantial pinning fields of
up to 15mT and support our experimental findings with micromag-
netic simulations and 1D model calculations using a realistic strain
profile. This provides the opportunity to realize an alternative
generation of DW-based devices with technology compatible with
wafer-level production, and an example of a discrete magnetic field or
current sensor using imprinted strain gradients is demonstrated.

See the supplementary material for details about the material
parameters used, the finite-element-method, micromagnetic simula-
tions, and the anisotropy measurements.
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