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Strain-decoupled magnetism in flexible

spintronic sensors
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Flexible spintronic sensors provide contactless, vector-resolved readout for wearables, implantable
bioelectronics, and microrobotics, yet strain-induced inverse magnetostriction disrupts anisotropy
and compromises stability. Magnetoelasticity originates from spin—orbit coupling, orbital
hybridization, and exchange interaction in ferromagnets, further intensified by nanoscale thin-films.
Strain-decoupled strategies —low-magnetostriction alloys and stress-relaxation architectures —
stabilize domain states and preserve sensitivity. Looking forward, multiscale predictive frameworks
bridging electronic structure, micromagnetics, and finite-element mechanics offer robust design of

strain-resilient, conformable devices.

Flexible spintronic sensors are emerging as key components in next-
generation soft electronics and human-machine interfaces. Magnetic field
sensing enables contactless™ and proximity-based monitoring of
position’”, structural transformation®’, and spatiotemporally complex
motion patterns’ across a variety of deformable platforms’™'’. Conventional
electromechanical transducers—piezoresistive, capacitive, piezoelectric,
triboelectric, mechano-ionic, or optomechanical—necessitate intimate
physical contact and often suffer from poor signal stability and signal
interference under dynamic loading'*". Distinct from these limitations,
spintronic sensors transduce mechanical stimuli into spatially resolved
variations in magnetic field magnitude and orientation®""". This indirect
sensing modality permits high-resolution detection of subtle temporal
variations even in unstructured™’, visually occluded”, or geometrically
intricate environments™"’. These capabilities originate from the intrinsic
physics of spintronics, where spin-polarized electron transport and mag-
netization behavior can be precisely modulated through nanoscale material
design and device-architecture engineering'®”’. Such spintronic devices
based on mechanisms including anisotropic magnetoresistance (AMR)'**,
giant magnetoresistance (GMR)”™, tunneling magnetoresistance
(TMR)™, Hall effect”™, and magnetoelastic coupling”” have been
integrated onto soft and ultra-thin substrates to establish mechanically
resilient yet flexible platform, allowing the realization of compliant magnetic
sensors. These flexible and highly compliant magnetic sensors conform to
curved or stretchable surfaces and preserve performance under dynamic
conditions'">. This mechanical compliance and functional adaptability
broaden the applicability of these sensors, including electronic skin (e-skin)
compasses”’, wearable health monitors®, implantable bioelectronics™, soft
robotic proprioception”"', and immersive augmented or virtual reality (AR/
VR) systems™”.

Flexible spintronic sensors are primarily designed to withstand
bending curvature and axial strain while maintaining both magnetic and
electrical stability. Despite significant progress, their performance remains
limited by sensitivity to mechanical strain, which modifies magnetic ani-
sotropy through inverse magnetostriction (Fig. 1). In this phenomenon,
even modest deformation can reorient the magnetization by altering the
total magnetic anisotropy energy associated with magnetic domain
properties”™®**** Such unintended strain-magnetism coupling leads to
signal drift and degrades the selectivity and precision of magnetic field
sensing'>'”**"*, These instabilities arise not only under repeated or large-
scale deformation but also from subtle variations in strain amplitude or
direction, both of which hinder consistent field-sensing performance in
mechanically disturbed conditions™ ™. To address these challenges,
recent efforts focus on engineering strain-decoupled magnetic responses,
in which magnetic field sensitivity is maintained regardless of mechanical
loading and deformation'®******”, Reported strategies include material-
level tuning of magnetostriction constants™’, implementing magnetos-
trictive/non-magnetostrictive bilayer stacks to stabilize magnetic
anisotropy’"”, and designing device architectures to redistribute
mechanical stress away from active sensing regions™”’. At the nanoscale,
engineered thin-film architecture and controlled spin-orbit interactions
suppress strain-induced reorientation, thereby improving sensitivity and
operational reliability'*”. In this review, we trace the fundamental origins
of magnetoelastic coupling, describe mechanisms of strain-induced mag-
netic instabilities in nanoscale systems, and highlight emerging design
principles for strain-decoupled spintronic sensors. Together, these insights
provide a roadmap for high-performance flexible spintronic sensors cap-
able of reliable operation in complex, dynamically deforming
environments.

Department of Materials Science and Engineering, Gwangju Institute of Science and Technology (GIST), Gwangju, 61005, Republic of Korea.

e-mail: minjeongha@gist.ac.kr

npj Spintronics| (2026)4:3


http://crossmark.crossref.org/dialog/?doi=10.1038/s44306-025-00122-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44306-025-00122-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44306-025-00122-y&domain=pdf
mailto:minjeongha@gist.ac.kr
www.nature.com/npjspintronics

https://doi.org/10.1038/s44306-025-00122-y

Review

Fig. 1 | Flexible spintronic sensors and strain-
induced magnetoelastic coupling. Schematic
illustration of flexible spintronic sensors enabling
gesture recognition and contactless interaction.
Mechanical strain from bending, stretching, or tor-
sion modulates magnetic anisotropy through
inverse magnetostriction, originating from orbital
hybridization, spin-orbit coupling, and exchange
interactions.
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Fundamentals of magnetoelastic effect

The magnetoelastic effect describes changes in the magnetic properties of a
material in response to mechanical stress through strain-induced modula-
tion of magnetic anisotropy (Fig. 2a)°*”. Instead of arising from a single
mechanism, it reflects the interplay among spin-orbit coupling (SOC),
orbital hybridization, and exchange interactions, each strongly dependent
on interatomic distance, as described in Fig. 1""**. SOC-mediated changes in
orbital occupation and energy levels under strain provide the microscopic
basis for both magnetostriction and its inverse form™. In inverse mag-
netostriction, ferromagnets exhibit an intrinsic tendency to reorient mag-
netization or reconfigure magnetic domains under mechanical
deformation'*****"*!. This behavior arises from stress-induced variations in
anisotropy energy, which shift the balance of competing terms and drive the
system into a new magnetization state that minimizes total energy, even if
deviating from the initial easy axis***>’. Thus, despite optimization for high
sensitivity and well-defined zero-field reference, the engineered magneti-
zation state in thin-film spintronic sensors is still destabilized by strain-
mediated anisotropy fluctuations'**. The total magnetic anisotropy energy
is

Etotal = Ecrys + Esh + Eex + EZeeman + Eme (1)

Here, E,,,; denotes magnetocrystalline anisotropy determined by lat-
tice structure™®, E, is the shape anisotropy governed by the geometry and
demagnetizing fields”**, E,, represents exchange energy associated with
spin-spin interactions, including the exchange strength in bulk ferro-
magnets or the interfacial exchange anisotropy in multilayered magnetic
systems™”’, Ez,..... is the interaction with the external field (H.,,)"""%, and

E,. is the magnetoelastic energy””. In strain-mediated systems, E

me
becomes a dominant and is given by

me

E_. = K_sin?0, )
3

K :—A 3

o =3A0 (3

where A, is the saturation magnetostriction coefficient (dimensionless,
typically reported in ppm), o is the applied uniaxial stress, 0 is the angle
between magnetization and the stress axis and K, is the magnetoelastic
anisotropy constant. The sign and magnitude of A, determine the pre-
ferential orientation of the stress-induced magnetic easy-axis’>”":

|| stress axis Ag-0>0

Preferred orientation = L stress axis A -0<0

S

no stress — induced anisotropy A -0 =0

4

Here, 0 > 0 denotes tensile stress and o < 0 denotes compressive stress.
Thus, even the same material can exhibit opposite domain reorientations
under tensile versus compressive loading. This principle guides sensor
design toward two distinct approaches: exploiting specific combinations of
A and applied stress ¢ to achieve desired magnetic responses, or alter-
natively, isolating the magnetic layers from strain-sensitive regions to
minimize the influence from strain. For example, in polycrystalline Per-
malloy (NizgFe,,, A, > 0), Singh et al. observed that tensile (roll-down) and
compressive (roll-up) bending reversed the strain-induced uniaxial aniso-
tropy, reorienting domains accordingly (Fig. 2b)"”. In AMR measurements,
induced azimuthal anisotropy suppressed axial magnetization at zero field,
modifying magnetic-field sensing characteristics (Fig. 2¢, d). Kong et al.
investigated the inverse magnetostriction in single-crystalline Ni lamellae
(A3 = —31x1075). Under 0.05% tensile strain, the magnetization rotated
perpendicular to the strain axis, whereas 0.20% strain reduced the domain-
wall width from 75 nm to 43 nm and enhanced the associated stray fields
(Fig. 2e)*’. Micromagnetic simulations reproduced the reorientation and the
wall narrowing by revealing reduced three-dimensional (3D) wall twisting
(Fig. 2f), directly evidencing strain-controlled magnetization reconfigura-
tion (Fig. 2g).

At the electronic scale, SOC couples spin states to local lattice sym-
metry, while strain-sensitive exchange interactions and orbital hybridi-
zation modifications determine both the magnitude and the sign of the
magnetoelastic response (Fig. 3a,b). In 3d transition metal systems such as
Fe, Co, Ni, and their alloys (e.g, Cu-Ni, Fe-Co)”’, magnetoelastic
response is governed primarily by second-order SOC and intra-atomic
exchange”, which in turn mediate strain-dependent variations in mag-
netic anisotropy and coercivity*. Theoretical models, including those by
Berger, attribute the sign reversal of A, observed in Fe-Ni and Co-Ni
alloys to SOC-induced lifting of orbital degeneracy near the Fermi level
(Fig. 3¢, d)””. Mechanical strain shifts orbital degeneracies, leading to
competing contributions to A,. In contrast, rare-earth elements like Tb**
and Dy'" exhibit significant magnetostriction owing to the localized
nature of their 4f electrons and the associated strong SOC”. Strong SOC
fixes the spin and orbital moments into discrete energy levels that are split
by the crystal field from the surrounding ions™. When k, T < A, loca-
lized 4f states preserve significant orbital contribution that couples
strongly to lattice distortions®, thereby amplifying magnetoelastic inter-
actions far beyond those observed in 3d transition metals. When system
energy is insufficient to overcome crystal field splitting, 4f electrons
occupy anisotropic orbitals that couple strongly to the lattice, yielding
large magnetostriction (Fig. 3e)*. The strength of this coupling depends
on the Stevens coefficients™, which parameterize the orbital symmetry
across the lanthanide series”’. Also, ions such as Gd** or Eu** have
quenched orbital angular momentum®***. In these cases, magnetostriction
arises from exchange striction. When sublattice distortions arise below
the Néel temperature (Ty), they act to lower the exchange energy
(Fig. 3, g)**¥". Although this behavior is distinct from crystal field effect, it
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Fig. 2 | Magnetoelastic effect and magnetic anisotropy reshaping. a Schematic
illustration of the magnetoelastic effect. Depending on the magnetostriction con-
stant (As), magnetic materials response differently to the coupling between mag-
netization and applied strain. b Roll-down/roll-up self-assembly induces tensile or
compressive strain, with domain variances visualized by Kerr microscopy (scale
bars: i, v: 200 pm; ii-iv, vi-viii: 15 um). ¢ AMR hysteresis measured in rolled stripes
with different curvatures. d Azimuthal uniaxial anisotropy estimated from AMR as a
function of strain. b-d Reproduced with permission from ref. 19 Copyright © 2022,
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Springer Nature. e Real-space magnetic induction maps of Ni lamella under tensile
strain-release cycles, obtained by off-axis electron holography. Induction directions
are indicated by color wheel and arrows; red markers denote flux-closure domains.
(scale bars, 0.5 pm). f Micromagnetic simulations of Ni under 0.20% strain, showing
three-dimensional (3D) domain-wall twisting and wall narrowing with increasing
strain. g Experimentally measured 180° domain wall width under tensile strain
during the second loading cycle compared with micromagnetic simulations.

e, g Reproduced with permission from ref. 42 Copyright © 2023, Springer Nature.

still permits strain-dependent changes in magnetization and is thus
relevant to inverse magnetostriction, particularly in antiferromagnetic-
ferromagnetic (AFM-FM) hybrid systems*".

Overall, 3d transition metal and rare-earth elements highlight that the
microscopic origin of magnetoelasticity lies in how strain perturbs the

underlying electronic structure. In general terms, mechanical strain influ-
ences magnetic anisotropy by modulating SOC™, lifting orbital
degeneracy’™, and modifying exchange interactions” . These changes
affect both the magnetic anisotropy energy and the equilibrium orientation
of magnetization, directly connecting electronic-level variations under
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Electron origins of magnetoelastic effect
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Fig. 3 | Electronic origins of the magnetoelastic effect. a Spin-orbit coupling
(SOC). SOC couples orbital (L) and spin (S) angular momentum to the total
momentum J = L + §, linking orbital symmetry to spin orientation, so that lattice
distortions affect magnetic anisotropy. b Exchange interaction. The Heisenberg
coupling J; between localized spins S; and S, J;; > 0: ferromagnetic alignment, while
J;j < 0: antiferromagnetic alignment, with magnitude set by interatomic distance. In
3 d transition metals, (c) 3d-4s orbital hybridization near the Fermi level. d Strain-
induced orbital degeneracy shifts the electronic density of states (DOS). The aver-
aged DOS (n) consists of a baseline (7;) and an SOC-strain contribution (7, ).
Degeneracy energy (E;). Magnetoelastic coefficient (G). As the Fermi level crosses

E,, the magnetostriction constant (A,) sign changes. Reproduced with permission
from ref. 77 Copyright © 1965, American Physical Society. In 4f rare-earth ions, (e)
Crystal field mechanism. In rare-earth ions, strong SOC couples spin and orbital
moments, while crystal field splitting (Acf) determines orbital occupation. Below the
Néel temperature (T < Ty ), anisotropic orbital states couple strongly to the lattice.
f Paramagnetic phase. When T > T'y, thermal energy exceeds crystal field splitting,
orbital anisotropy is lost, and magnetostriction becomes negligible. g Exchange
striction. Below Ty, sublattice distortions lower exchange energy and drive spin
reorientation in an external field.

strain to macroscopic magnetoelastic behavior. First-principles insights into
these effects advance fundamental understanding of spin-lattice coupling
and guide the development of materials with tailored magnetoelastic
responses.

Magnetoelasticity in thin-film electronics

In bulk ferromagnetic materials, magnetostriction primarily originates
from magnetocrystalline anisotropy, such that A, varies sensitively
crystal symmetry and structure even at fixed composition'”. Permalloy
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Fig. 4 | Magnetoelasticity in nanoscale magnetic thin-films. a Origins of effective
magnetoelasticity in magnetic thin-films (Agff). While bulk SOC-lattice coupling
dominates in the interior, surface/interface effects and microstructural hetero-
geneity govern the thin-film response. In polycrystals, the exchange length (L)
defines the scale over which exchange interaction enforces uniform spin alignment
against competing anisotropies. b Co-Fe phase diagram highlighting the (fcc + bcc)/

bee boundary coinciding with peak A", ¢ Synchrotron micro-diffraction revealing
thermal-treatment-dependent phase separation from mixed phase in the as-
deposited state to Co-rich fcc and Fe-rich bee phases after quenching. d Agff of
Co1,Fe, films with different interfacial phases. b-d Reproduced with permission
from ref. 192 Copyright © 2011, Springer Nature.

(NigFe,,) exemplifies where the opposing A contributions from Niand
Fe offset each other so that the A; approaches zero with a sign reversal
near 81% Ni. Ni-rich alloys yield negative A, whereas Fe-rich alloys give
positive A, allowing deliberate tuning of composition and stress con-
ditions to approach near-zero magnetostriction'"'””. However, this
compensation diminishes at nanometer-scale thicknesses, where
surface-to-volume ratio amplifies surface-specific effects—atomic
undercoordination, modified orbital hybridization, and interfacial
strain relaxation—dominate the magnetic response (Fig. 4a). As a
result, substantial A; can emerge otherwise compensated systems, as
reported for sub-7 nm Permalloy'®” and in 10-20 nm FeggB,'", where
interfacial strains become the primary contribution. These observations
establish dimensional confinement and atomic-scale bonding as deci-
sive parameters for thin-film magnetoelasticity.

To quantify the thickness dependence'”, we begin with the general
expression for the local magnetoelastic energy density:

Ep() = — ZMIJ(F) ©€jj 5)
ij

where 7 is the position vector, M;; is the magnetoelastic tensor, and €(r) is
the strain tensor, and i, j are Cartesian tensors indices denoting spatial
directions. The negative sign indicates that, for positive A, tensile strain
along the magnetization direction reduces the total energy of the system. In
thin-film ferromagnets, surface-specific effects modify atomic bonding near
interfaces, giving rise to distinct magnetoelastic behavior within surface
regions of finite depth (§), typically corresponding to one to two atomic
monolayers. These behaviors can be modeled as interfacial layers with
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modified magnetoelastic tensors, M fj, which deviate from their bulk
counterparts due to symmetry breaking at the surface and strain relaxation.
For a film of thickness, t, and lateral area, A, (volume, V=A t), the total
magnetoelastic energy averaged over the film volume is expressed as

_ 1 g
Fre=—7 { [ S0 2 ( [ [ Xmo efmdzdsﬂ
©)

Respectively, M z‘]/ (7) and MI.S]-(?) denote the bulk and surface compo-
nents of the magnetoelastic tensor and z denotes the coordinate along the
film thickness. Assuming uniform strain and isotropic interface contribu-
tions, and noting that both top and bottom surface contribute equally (each
with area, A), the expression simplifies to

_ 28
o= -0t + 20t -, o
ij

~s
Defining the effective surface magnetoelastic tensor, M;; = 6 - M fj, the
thickness-dependent form becomes

2
M(t) = My + ;ij (8)

Or in tensor notation:
M] = [M]v + 2t_l[M]s )

This model captures the essential scaling behavior of magnetoelastic
interactions in thin films, where surface-specific effects scale as 2/t and
dominate as t—0. The resulting dominance of the contribution of [M] leads
to pronounced strain sensitivity and anisotropy reshaping widely observed
in nanoscale-thickness magnetic thin-films.

Additional complexity is caused by microstructural inhomogeneities
near surfaces and interfaces'*'”. Crystallographic distortions and grain
boundary disorder can produce spatial variations in magnetic interactions
on length scales smaller than the exchange length, L., = \/2A/u M2,
where A is the exchange stiffness and M is the saturation magnetization
(Fig. 4a)'". For common ferromagnetic materials, L, is only a few
nanometers'"' """, such that grain distortion'"* or crystallographic defor-
mation can directly modify magnetic anisotropy'” before exchange inter-
actions average out local variations' . Building on this concept, Hunter et al.
demonstrated that in Co, ,Fe, thin-films, thermal processing conditions (as-
deposited to slow-cooled and quenched states) tune phase coexistence
thereby the interfacial environment governing magnetostriction (Fig. 4b).
As-deposited films show weak mixed p-Co(111)/a-Fe(110) reflections,
whereas slow-cooled films enhance a-Fe near the (fcc 4+ bec)/bec phase
boundary. Quenched films, in contrast, display clear coexistence of Co-rich
fcc precipitates embedded within a Fe-rich bec matrix (Fig. 4c). Under these
quenched conditions, A4 reaches ~260 ppm near Coo.csFeo.ss (Fig. 4d),
coinciding with the (fcc + bec)/bee phase boundary in the Co-Fe phase
diagram (Fig. 4b). These results demonstrate that microstructural hetero-
geneity and interfacial discontinuities can drive A far beyond bulk values.
Extending this principle, microstructural disorder in polycrystalline and
amorphous thin-films can drive non-uniform magnetoelastic contributions
governed by local bonding environments and magnetic anisotropy. To
account for the heterogeneous magnetoelastic response, we introduce an
effective thin-film magnetostriction coefficient ()L:ff ) as a theoretical para-
meter describing averaged magnetoelastic behavior in magnetic thin-films:

2
X (p) =pK+ (1= p) (" +kp) + 20 (10)

Here, A" denotes the intrinsic magnetostriction of the crystalline phase,
weighted by its volume fraction p'”. Increasing p enhances the

nanocrystalline contributions, imposing well-defined easy axes and aniso-
tropy fields'”. Conversely, the amorphous matrix contributes
(1 —p) (A¥™ + kp), where A2™ represents its inherent magnetostriction and
k accounts for progressive reduction of amorphous magnetoelasticity as
crystallites grow'”. This reflects the diminished capacity of the residual
amorphous network to sustain uniform spin-lattice coupling. The final term,
originally expressed as pA(S/ V)" is reduced to Z—f A3 for thin-films, reflecting
the inverse thickness dependence of the surface magnetostriction'**'"”. This
interfacial contribution is particularly significant in nanoscale grains, where
anisotropy induced by altered surface coordination modifies the local energy
and can reorient easy axes relative to the bulk crystalline symmetry. Taken
together, the balance among A™, A*™, and A%, modulated by p, dictates
whether magnetostriction is governed by crystalline anisotropy, amorphous
isotropy, or interfacial discontinuities. These parameters provide a quanti-
tative framework for understanding how microstructure controls local easy
axes stability”’, leading to non-uniform magnetization switching even under
uniform external stress'”’. From a design perspective, tailoring p, thickness,
and interfacial structure enables optimization of effective magnetostriction
while maintaining mechanical compliance.

Beyond intrinsic microstructural factors, metallic thin-films experi-
ence externally imposed strains. At free surfaces, atomic relaxation contracts
the out-of-plane lattice parameter, while growth on substrates with mis-
matched mechanical properties generates substantial in-plane biaxial
strain'”'. This strain arises from thermal-expansion mismatch and lattice
distortion, expressed as

o, — oy

n= (11)

aS

where # is thermal misfit strain parameter, o, and oy are the thermal
expansion coefficients of the substrate and integrated metallic thin-film.
Such mismatches concentrate residual stress at the film-substrate interface
during deposition'*” or transfer'”, leading to misfit dislocations'** and out-
of-plane Poisson-type deformation'”’. Alongside defects originating from
deposition and film-substrate integration, additional magnetoelastic effects
emerge under applied mechanical loading'*’. Mechanical deformation such
as bending, stretching, or torsion induces non-uniform strain at the rigid
film-soft substrate interface, resulting in localized lattice distortions (Fig.
5a)”. These distortions modify the programmed magnetization direction
according to the sign and magnitude of A in the magnetic layers, thereby
degrading sensing fidelity—including (i) bias/offset stability, (ii) linearity
and hysteresis, and (iii) temporal stability/repeatability—or elevating noise
arising from local strain fluctuations that map into an equivalent
magnetic-field noise'”. The extent of this deviation is governed by structural
parameters such as film thickness, bending radius, and interfacial adhesion
strength at the film-substrate interface'’. From a mechanical standpoint, the
coupled film-substrate system is effectively described by the Stoney
equation'”, which relates the biaxial stress 0y in the film to the substrate
curvature (K = 1/R) and its elastic properties:

or = Esith (12)
T 6(1— vk
where E and v, are the Young’s modulus and Poisson’s ratio of the sub-
strate, while A, and hf denote the substrate and film thickness. In typical
flexible spintronic sensors, with nanometer-thick magnetic layer on a
micrometer-thick substrate, the mechanical neutral plane is located within
the substrate'”. Consequently, the magnetic layer undergoes substantial
strain and retains residual stress compared to its free-standing state. In
heterostructures, stress further localizes at interfaces between dissimilar
layers'”, generating interfacial stress gradients that may be obscured in
layer-averaged values but nonetheless exert a critical influence on magnetic
anisotropy (Fig. 5b).
Furthermore, surface roughness and low interfacial affinity at the film-
substrate serve as strain concentrators, amplifying local magnetoelastic

npj Spintronics | (2026)4:3


www.nature.com/npjspintronics

https://doi.org/10.1038/s44306-025-00122-y

Review

((a)

Flexible spintronic sensors

Strain-driven interfacial defects

Spintronic Q
sensors — ;
s % - ¢ -
Electrode _l_ A3, St’.’am.
- ~—&8 | [ocalization
Polymer el
substrate —L\ — Sl C\)E-'Bf-’planel

deformation .
Delamination
e cm——

.

\_
@) y )
Filmliayeaz)
& \$

Film layer 1
Substrate

Ya

Y  Film stress o;

Substrate

Stress variance

in multi-layer films

- .

Fig. 5 | Strain and interlayer coupling effects in flexible spintronic thin-films.
a Strain localization in flexible spintronic sensors induces interfacial defects such as

cracks and delamination. b Thermal-expansion mismatch and lattice deformation
generate stress across multilayers. ¢ RKKY interaction. Thickness-dependent
indirect exchange coupling mediated by conduction electrons, modulated by strain
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through spacer thickness changes. d Néel orange-peel coupling. Magnetostatic
dipolar interaction from interfacial roughness, tuned by tensile or compressive
strain. Together these mechanisms explain how strain/stress-induced morphology
and deformation govern magnetoelastic responses in multilayer spintronic devices.

coupling. As documented in representative studies, these mechanisms
appear consistently across different sensor platforms and loading scenarios.
The thickness-dependent indirect exchange interactions such as
Ruderman-Kittel-Kasuya-Yosida (RKKY)"'""** coupling can be modu-
lated by stress, since strain alters spacer thickness and shifts the balance
between ferro- and antiferromagnetic alignment (Fig. 5¢)'*. Also, orange-
peel coupling, a dipolar interaction originating from interfacial roughness,
can be modified by deformation'*. Tensile strain can suppress coupling by
reducing surface asperities, while compressive strain may enhance coupling
and promote synchronized switching (Fig. 5d). Although distinct in origin,
both mechanisms are governed by stress-induced changes in layer mor-
phology and thickness across the spintronic multilayers, providing

additional pathways to tune the effective magnetoelastic response. Under
cyclic loading, these effects may further occur initiating mechanical failure
such as cracking or delamination™. Thus, ensuring magnetic stability under
strain requires minimizing unintentional anisotropy modulation—parti-
cularly through strain-decoupling approaches—by precisely tuning /\:ff,
controlling grain size and orientation, preserving robust anisotropy, and
reducing extrinsic mechanical mismatch—key factors summarized in Table
1, within a design strategy tailored to the target application.

Strain-decoupled flexible spintronic sensors
Strain-decoupled operation in flexible spintronic sensors requires two
coordinated strategies. (i) suppressing the intrinsic magnetoelastic
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Adhesion buffer layers (Ti/Cr/Ta)'”®, chemical

Control strategy

Easy-axis drift'’’; domain pinning'’, 1/f noise

Magnetic impact
increase'’?.

Poor adhesion — stress concentrators,
higher local strain (¢) at the interface.

Effect to magnetic layer

Work of adhesion, interfacial affinity,

Physical origin/metric
interlayers

Table 1 | Nanoscale structural factors influencing strain transfer in magnetic materials on flexible substrates

Interface Adhesion/

Factor
Chemistry

activation'’*, 2D/soft buffer to relax mismatch®>'7.

Planarization'”®, deposition optimization'’®,
controlled roughness to tune coupling'”®.

Orange-peel coupling'’®, H,, increase'”".

Geometric stress amplification, roughness-

induced coupling (strain-induced).

RMS/€ of topography (&: correlation

length)

Surface Roughness

Annealing'®, texture control'®, nanocrystalline

stabilization (d < L,)'™.

Barkhausen noise'®, H,, variability'®,

inhomogeneous reversal'®'.

Non-uniform load paths, local anisotropy

variation AK.

Sub-L,, (Exchange length),

Grain Boundary (Size d

Vs Lex)

heterogeneity, crystallographic disorder.

Seed/templating'®, post-anneal'®’, disorder

engineering to As ~0'%

Hy (anisotropy field) reshaping’®, 1. deviation

from bulk'®.

Anisotropic elastic response, 1 sign/

magnitude shifts.

Preferred orientation, Phase

coexistence, Ag

Film Texture/Crystallinity

Spacer tuning'®’, capping'®’, robust pinned/

reference layer design'®’.

FM/AFM alignment shifts'®, loop symmetry
change (Exchange Bias)'®, H,,, modulation'®.

Stress-modulated coupling, effective

thickness and anisotropy.

RKKY (long-range exchange) and dipolar

roughness coupling.

Layer Sequencing /
Spacer Thickness

Thickness balancing®, compliant buffer layers'®’,

mesh/serpentine geometry'°.

Reduced E_, (effective stress)

Lower surface strain (eg,s) When magnetic

layer is near neutral plane.

Stack geometry and modulus mismatch,

distance from neutral axis.

Neutral-Plane / Buffer

Modulus

susceptibility of the sensing layer and (ii) reducing stress propagation
through engineered layer design. In the product A, - ¢ that governs inverse
magnetostriction, A, is suppressed by compositional and microstructural
engineering of magnetic thin-films, whereas ¢ is minimized by engineering
film substrate mechanics to suppress stress propagation. In general, spin-
tronic devices exhibit several dominant noise sources, including thermal
noise originating from frequency-independent electron motion'”’, flicker
noise arising from carrier trapping and detrapping at defects or imperfect
interfaces'™'”, shot noise generated at tunneling junctions'*’, and magnetic
noise caused by domain-wall motion' and magnetization
nonuniformity'*. Beyond these intrinsic noise sources, flexible spintronic
devices experience additional noise contributions due to their susceptibility
to mechanical deformation. Such deformation or processing-induced stress
can further destabilize domain rotation'*'** and electrical contacts'*'*,
thereby amplifying low-frequency magnetic noise'”'"**, To clarify this
aspect, we introduce a field-referred formulation that quantitatively relates
local strain fluctuation to equivalent magnetic-field noise via magnetoelastic
coupling, positioning strain-induced magnetoelastic noise within the
broader framework of intrinsic and extrinsic noise sources. Under
mechanically constrained condition, the applied strain (¢ = ¢/Y) produces
an effective magnetoelastic field (H,,.)"*

2K 3., Y
Hme = 7 = S_¢ (13)
AuOMs AuOMs

This internal field shifts the equilibrium state of magnetization'”,
which can be expressed as an equivalent magnetic-field (AB,,) offset:

30,Y
M

S

ABeq = HOHme = € (14)

The field sensitivity of a magnetic sensor can be generally defined as

5= 10X (15)

X oB
where X represents the measurable output quantity—such as resistance
(MR sensors)", impedance (MI sensors)””"", or Hall voltage (Hall
devices)™*'””. Because the output variation under strain follows any change
in the AB,, directly modulates the apparent sensitivity"”*'". Thus, an
increase in the A or applied ¢ enlarges AB,, changing the field sensitivity of
any spintronic sensing element. In addition, following the formulation of the
magnetic-noise power spectral density'*, the strain-induced magnetoelastic
contribution to the output-voltage noise can be expressed as

.= (%) (%) I OPs0) 0

where S,(f) represents the spectral density of local strain fluctuations and
|H mech (f) | denotes the mechanical transfer function that associates sub-
strate deformation to the magnetic layer. This relationship quantitatively
describes how mechanical strain noise is converted into magnetic-field noise
and subsequently to output-voltage (V) fluctuations through the field-to-
voltage responsivity (dV/0B) of sensor. It further implies that both material
parameters (A, Y, M) and structural design factors embedded in H,,,., (f)
govern the overall noise magnitude. Therefore, optimizing the magnetic
material for low A, and engineering mechanical architectures to suppress
strain transmission are essential strategies for minimizing magnetoelastic
noise in flexible spintronic sensors.

Compositional and microstructural engineering is directed toward
minimizing )L:ff without compromising the electronic and magnetic func-
tionalities that enable precise and stable spintronic sensor operation. Rivkin
et al. demonstrated this approach in self-assembling electroactive-polymer
microcatheters incorporating Permalloy-based AMR bridges (Fig. 6a, b)™".
Field sweeps before and after rolling confirmed stable magnetic field
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selectivity despite complex 3D deformation (Fig. 6¢). This robustness is 0.1 mm, the devices remained sensitive to axial fields along the catheter
attributed to the near-zero magnetostriction (A, &~ 0) of 30 nm-thick Per- ~ while suppressed cross-axis response. Minimizing A, together with
malloy combined with IrMn exchange bias that pins the sensing axis during  exchange-bias stabilization effectively suppresses stress-driven anisotropy
self-assembly (Fig. 6d, €)'”"'”’, as demonstrated in flexible spin valves and  drift. Ota et al. demonstrated a complementary approach in which high-A,
magnetoelastic tuning of anisotropy under stress***’. The magnetic stripes ~ ferromagnets such as Co can be rendered effectively strain-insensitive
were patterned orthogonal to the catheter axis, and after rolling toaradiusof ~ through crystallinity-disorder engineering (Fig. 6f)**. In a GMR trilayer, the
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Fig. 6 | Strain-modulated flexible spintronic sensors via material-level engi-
neering. Permalloy-based AMR sensors. a Self-assembled AMR microcatheter
shown flat and after rolling. Layer stack and rearranged Wheatstone bridge are
indicated with optical micrographs. b Feedback-controlled positioning by AMR
microcatheter. Multiple reference-magnet displacements and corrective motor
responses. ¢ Field-sweep signal before and after self-assembly (1 V bias). d AMR
sensor sensitivity versus top NiFe layer thickness. e Exchange bias of the AMR stack,
measured by Kerr microscopy. a-e Reproduced by*' Copyright © 2021, AAAS.
Crystal structure designed GMR sensors. f Flexible MR device consisting of a strain-

sensitive free layer and strain-insensitive pinned layer, separated by a non-magnetic
spacer on a flexible substrate. Under tension, only Mg, rotates toward the stress
direction, while My;,, remains fixed. g Experimental set-up for strain direction
sensing (h) GMR curves demonstrating strain-insensitive sensing when disordered-
Co Mg layers are used. i Cross-sectional TEM images of Co on Cu (disordered,
strain-insensitive) versus Co on Pt (highly crystalline, strain-sensitive). j In-plane
magnetoelastic constant B,, versus grain structure, showing suppression in Cu/Co/
Pt (fj). Adapted™ with permission, Copyright © 2018, Springer Nature.

integration of strain-insensitive and strain-sensitive Co constituents enables
directional sensing analogous to differential signal processing (Fig. 6g, h). In
Cu/Co/Pt stacks deposited on flexible PEN, the poor crystallinity of the Cu
underlayer induced random crystallinity in a 12-nm-thick Co film, resulting
in near-zero in-plane magnetoelastic coupling constant (B,,). By contrast,
Pt/Co/Pt promotes high crystallinity and a positive B,,,, leading to strain
sensitivity (Fig. 6i, j). Material-level control of magnetoelastic response
supports miniaturization, process versatility, and seamless system integra-
tion, yet it cannot fully remove stress concentrations at heterogeneous
interfaces or device boundaries.

Geometric factors such as film thickness and bending radius, together
with design strategies including multilayer configurations and engineered
interfaces, provide complementary pathways to reduce o by redistributing
mechanical load. In thin-film heterostructures, the local strain profile is
determined by elastic moduli, curvature, and boundary constraints, and
mismatches give rise to heterogeneous stress distributions. To further
reduce interfacial stress, compliant geometries or controlled heterogeneity
can be introduced, limiting stress transmission to the magnetic layer without
compromising electrical continuity. A representative strategy involves pre-
stretching and releasing elastomeric substrates, with the elastic modulus
mismatch between magnetic thin-films and elastomers providing the
driving force for buckled structure formation. Melzer et al. deposited GMR
multilayers onto biaxially pre-stretched elastomer substrates’. Upon
release, the films formed periodic micro-buckles that acted as strain-relief
features (Fig. 7a). According to thin-film wrinkling mechanics, such
buckling reduces the in-plane strain in the film approximately in proportion
to the square of the amplitude-to-wavelength ratio of the wrinkles'.
Therefore, the buckled devices preserved magnetoresistance performance
up to 270% elongations over 1000 cycles and conformed to soap bubbles
without rupture (Fig. 7b, c¢). Open-mesh structures also reduce strain by
accommodating deformation within the mesh, thereby preventing stress
propagation to the magnetic layer. Makusho et al. patterned GMR thin films
into 100 pum-pitch interconnected meshes (Fig. 7d), producing localized
strain in conductive lines while allowing open regions to deform freely.
Additionally, finite-element analyses confirmed that open-mesh or ser-
pentine geometries accommodate tensile deformation through out-of-plane
bending, twisting, and local rotations (Fig. 7e)”, resulting in an order-of-
magnitude reduction in local strain compared to continuous films (Fig.
7£)'?*1°%57 This design enabled large-area field mapping (120 x 120 mm?)
with ~1 mm resolution, optical transparency, and three orders of magnitude
lower power consumption than transistor-based matrices, all with skin-
conformal integration for VR/AR applications (Fig. 7g).

In addition, soft composite matrices can provide a complementary
strategy, encapsulating rigid magnetic layers to decouple them from external
stress and strain and thus preserve their functional integrity'’. Ha et al.
suggested embedding GMR micro-flakes within an elastomeric
poly(styrene-butadiene-styrene) (SBS) binder and printed them on ultra-
thin (3 um) polymer foils (Fig. 7h)*. The viscoelastic SBS binder dissipates
mechanical impact through elastic energy storage and time-dependent
relaxation'*, thereby protecting the integrity of the composite. Importantly,
the large modulus contrast between the soft binder and rigid fillers ensures
that the GMR micro-flakes undergo minimal deformation'” and thus
maintain their functional stability. Within the composite, the embedded
GMR micro-flakes form a robust percolated network that preserves

electrical continuity. With the elastomeric matrix absorbing mechanical
stress, the GMR sensors sustained bending down to a 16-pum radius and
biaxial strains exceeding 100% (Fig. 7i, j). In parallel, the percolated network
of GMR micro-flakes reorganizes without losing connectivity, a feature
crucial for stable device performance in skin-mounted gesture-control
applications (Fig. 7k).

To offer a comprehensive overview, Table 2 summarizes representative
studies that implement strain-decoupling strategies at both the material and
device levels in flexible spintronic sensors, emphasizing their performance
metrics, fabrication complexity, and potential for large-scale integration.
These design strategies highlight that effective strain decoupling is best
achieved when intrinsic and extrinsic mechanisms are integrated in a
coordinated manner. Material-level suppression minimizes the amplitude
of magnetoelastic anisotropy modulation, whereas structural engineering
reduces the actual stress propagation to the magnetic layer. In optimized
systems, OE icoropy/00 approaches zero, ensuring sensor stability even
under severe or cyclic deformation. Looking ahead, predictive multiscale
modeling that couples micro-magnetics to finite-element mechanical ana-
lysis will enable the systematic tuning of /\:ff, crystallographic distributions,
and stress-propagation or strain-redistributed geometries. Such combined
approaches are poised to deliver next-generation flexible spintronic sensors
that operate reliably under continuous, multidirectional deformation—
unlocking transformative opportunities in soft robotics, bio-integrated
navigation, and adaptive human-machine interfaces.

Outlook and future perspectives: toward mechanically
resilient, shape-conforming spintronic sensors
This review redefines inverse magnetostriction as a controllable parameter,
allowing the tailoring of magnetic field selectivity to improve sensitivity and
functional specificity in flexible spintronic devices. Such flexible spintronic
sensors encompass systems capable of tolerating gentle bending as well as
substantial uniaxial and multiaxial stretching, where mechanical com-
pliance must be precisely engineered to preserve magnetic stability under
complex deformation. Reliable magnetic sensing on curved and dynami-
cally deforming platforms becomes feasible when the effective thin-film
magnetostriction is reduced through compositional tuning and crystal-
lographic engineering of magnetic thin-films, together with device-level
architectures that prevent stress propagation into the active regions. While
these material and structural strategies effectively suppress magnetoelastic
noise, they inevitably involve trade-offs. Introducing structural buffers
improves mechanical resilience but can increase stack thickness and fabri-
cation complexity. Buckled or mesh geometries relieve mechanical stress yet
compromise surface planarity and device fill factor. An alternative is algo-
rithmic compensation via post-signal processing, which can correct strain-
induced artifacts'”. However, this approach demands large training datasets
spanning magnetic-field ranges and deformation states, and leads to longer
calibration times and higher on-device power consumption'*"'*>, Therefore,
achieving an optimal balance among noise suppression, sensitivity pre-
servation, and fabrication practicality in device-level designs remains central
to the development of strain-decoupled flexible spintronic sensors.
Magnetic stability in strain-decoupled spintronic sensors can be
enhanced by positioning magnetic layers close to the neutral mechanical
plane, incorporating reference channels and bias networks to suppress offset
drift, and employing island'” or meta-structured'® layouts to physically
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Strain-decoupled architectures
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Fig. 7 | Strain-decoupled flexible spintronic sensors via structural engineering.
Pre-stretched buckling. a Top: Schematic of a GMR multilayer on ultrathin PET
laminated face-down onto pre-stretched elastomer. Relaxation induces out-of-plane
wrinkles that permit subsequent re-stretching. Bottom: Optical (Scale bar, 200 um)
SEM (100 um) images showing compressed-state wrinkle morphology. b Ultralight
sensor array floating on a soap bubble. c GMR curves under different areal strains are
shown; insets display the biaxially wrinkled sensor at 0% and 175% strain.

a—c Adapted by'”, Copyright © 2015, Springer Nature. Mesh-structured sensors.

d Magnetoreceptive e-skin applied to a human wrist. Inset, NdFeB composite
magnetic skin on a fingertip. Right: SEM image of a perforated magnetoreceptive
mesh. e Finite-element strain maps before (35% pre-strain) and after (70% applied
strain) stretching'”’, Copyright © 2008, The National Academy of Sciences of the
USA. f Spatial map of GMR-induced resistivity variation. g Concept of magnetically

responsive interaction layers enabling virtual interface control via electrical mag-
netoresistive tomography (EMRT). Demonstration with a transparent, compliant
contact lens and reconstructed angular tracking. d, f, g Adapted by”’, Copyright ©
2025, Springer Nature. Printable GMR composites. h Schematic of a printed GMR
sensor. [Py/Cu]so micro-flakes dispersed in an SBS tri-block matrix on ultrathin
foils. SEM image of dried GMR paste on Mylar (Scale bar: 100 pm). i Left: Cross-
sectional SEM of a bent device (radius down to 16 um, inset, and Scale bars: 100 um,
20 pm, inset). Right: GMR magnitude and sensitivity versus bending radius (Planar
to 16 um). j Transition from 100% stretched to relaxed. (Scale bar: 5 mm) Bottom:
Time-depenkdent normalized resistance under a moving permanent magnet.

k Touchless interactive control by sensing finger-magnet distance and mapping to
scrolling/zooming functions. h-k Adapted by”, Copyright © 2021, Wiley-VCH.
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isolate active regions. When processing involves high thermal budgets or
energetic inputs such as plasma, ion, or laser exposure, the lattice and
modulus mismatches between soft supports and magnetic layers are
intensified, making direct growth on soft substrates impractical'*". Thus, by
fabricating films or devices on rigid wafers and subsequently transferring
them onto soft supports, process compatibility with conventional micro-
fabrication can be preserved'**'®. However, the release and lamination steps
often introduce additional interfacial stress that degrades film integrity and
device performance. Minimizing local stress concentrations and improving
interfacial adhesion during the transfer process can be achieved through
interfacial engineering strategies, such as using adhesion-modifying buffer
layers, modulus-matching interlayers, and chemical surface treatments.
Ultimately, the mechanical and functional reliability of deformable spin-
tronic systems is enhanced when the active magnetic layers exhibit intrin-
sically low effective magnetostriction and when elastic modulus and
interfacial adhesion at heterogeneous interfaces are carefully controlled. In
this aspect, using first-principles calculations, micromagnetic simulations,
and finite-element mechanics within unified multiscale frameworks will
enable quantitative prediction of strain-dependent magnetic responses
across length scales. Coupling these physics-based models with deep
learning and data-driven optimization can further accelerate the discovery
of low-magnetostriction alloys and the design of strain-decoupled archi-
tectures, ultimately guiding predictive and adaptive development of flexible
spintronic sensors. In addition to compositional control of FM materials,
implementing AFM materials with compensated magnetic moments and
ultrafast spin dynamics can further benefit from mechanical strain isolation,
which stabilizes the exchange bias and anisotropy fields during integration
on compliant substrates™'. On the other hand, by enhancing other ani-
sotropy contributions—such as magnetocrystalline, shape, and interfacial
exchange anisotropies—which effectively dilutes the relative influence of the
magnetoelastic term'® and thereby stabilizes magnetization under
strain'”'®. Beyond optimizing material and interfacial properties, further
opportunities arise from reconfigurable device geometries'®. Designs such
as kirigami-inspired patterns® or rolled-up configurations”” transform
conventional 2D stacks into compact 3D architectures, enabling simulta-
neous detection of in-plane and out-of-plane magnetic components without
sacrificing fabrication simplicity or integration compatibility. Sustained
performance under mechanical and environmental variation requires
devices that are miniaturized, compliant, and geometrically adaptable. As
summarized in Fig. 8, advances in curvilinear and shapeable spintronics, on-
device signal conditioning, and transfer technologies are now aligning to
address these issues toward flexible spintronic sensors that deliver selective
and stable responses under continuous multiaxial deformation. Yet, open
challenges remain, especially in suppressing progressive baseline drift under
cyclic deformation—which undermines long-term signal fidelity—and in
achieving reliable 3D field resolution in highly deformable devices. In par-
ticular, deformable spintronic sensors have shown that, under large out-of-
plane deformation, the magnetic layer can tilt with respect to the external
field, leading to angular misalignment and signal distortion. This tilting
effect degrades field-direction accuracy and causes amplitude drift during
multidirectional deformation. Overcoming this limitation will require co-
design of mechanical structures and magnetic functionality. Symmetric
stacking and positioning of active sensing layers can suppress curvature-
induced tilt. In parallel, calibration and algorithmic correction including
direction-cosine compensation and real-time vector reconstruction may
restore true field alignment during complex motion. These approaches
collectively point toward deformable spintronic platforms capable of
maintaining vector accuracy and signal fidelity even under large, three-
dimensional deformations. Progress along these directions will broaden the
application spectrum of flexible spintronic sensors. In e-skin’ and wearable
systems”, strain-decoupled magnetic sensor arrays enable vector-resolved
magnetic mapping for gesture recognition and proprioception on com-
pliant surfaces. In implantable platforms*', mechanically adaptive magnetic
sensors integrated on biocompatible materials demonstrate the potential for
stable signal fidelity under physiological motion, supporting wireless cardiac
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Fig. 8 | Outlook and future perspectives for strain-modulated flexible spintronic
sensors. Flexible spintronic sensors open pathways to applications including elec-
tronic skin, implantable bioelectronics, and microrobotics, yet their performance
remains constrained by strain sensitivity and fabrication limits. Advances in cur-
vilinear and shapeable layouts, intelligent circuit integration, and transfer techniques
provide routes toward devices with long-term stability under repeated deformation.
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and neural monitoring. Furthermore, magnetically guided microrobots and
reconfigurable actuators rely on strain-insensitive magnetoresistive feed-
back for precise real-time control’. Consequently, these advances highlight
the versatility of strain-decoupled spintronic sensors as conformable,
miniaturized, and intelligent building blocks for next-generation soft-elec-
tronic architectures, enabling the development of environmentally adaptive
electronics and autonomous micromachines.
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