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Exploiting Two-Photon Lithography, Deposition, and
Processing to Realize Complex 3D Magnetic Nanostructures

Joseph Askey,* Arjen van den Berg, Sandra Ruiz Gomez, Claire Donnelly, Dirk Grunder,
and Sam Ladak*

The integration of two-photon lithography (TPL) with magnetic material
processing has opened transformative avenues for designing and realizing 3D
functional nanomagnetic systems. This review presents a comprehensive
overview of how TPL can be leveraged to fabricate 3D architectures that
harness magnetism. The fundamental physics of TPL is examined, and recent
advances in voxel engineering, resolution, and throughput are reviewed.
Emerging strategies for magnetic functionalization, including physical vapor
deposition, electrodeposition, conformal coating, and direct writing of
magnetic nanostructures and composites, are thoroughly examined in the
context of the functional material systems they enable. Applications in 3D
nanomagnetism, such as artificial spin ices for neuromorphics, magnetic
racetracks, and magnetic microrobots, are highlighted to demonstrate the
versatility of TPL-based fabrication platforms. Finally, a forward-looking
perspective is provided, which provides future research directions and
associated challenges, including the integration of antiferromagnets,
spin-caloritronic materials, and altermagnets, as well as the development of
neuromorphic magnetic architectures. In doing so, TPL is positioned as an
essential method in the development of technologies based upon
next-generation 3D functional magnetic materials.

1. Introduction

Advanced nanofabrication techniques have opened new path-
ways for the realization of 3D nanoscale architectures with
functionalities that exceed what is possible with conventional
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planar devices,[1–4] Methods such as fo-
cused electron beam induced deposition
(FEBID),[5] electrohydrodynamic redox,[6]

and coupled electric and flow field printing
have found particular success in direct-
writing of metallic nanostructures,[7]

particularly FEBID for the realization
of 3D magnetic nanostructures,[8–10]

Laser-based technologies including
projection microstereolithography,[11]

continuous phase interface printing[12]

and tomographic volumetric additive
manufacturing,[13,14] offer scalable means
for realizing organic and hybrid component
functional materials over a range of reso-
lutions. Such technologies are thoroughly
covered in several important reviews[15–17]

and figure-of-merit comparisons.[18] Two-
photon lithography (TPL) has emerged
as a versatile direct-write fabrication
technique[1,2,19] for realizing complex 3D
structures with feature sizes that span from
micrometers to the nanoscale. By harness-
ing nonlinear, two-photon absorption of
femtosecond laser pulses, TPL enables
highly localized polymerization within a

resist, allowing the creation of arbitrary 3D geometries andmeta-
materials for precise control of mechanical, thermal, electronic,
and electromagnetic properties.[2]

Nanomagnetism, the study of magnetic materials subject to
2D nanoscale confinement, has attracted significant attention in
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the last 30 years due to the possibilities of controlling static and
dynamic magnetic behavior.[9,20–23] From a technological point of
view, 2D magnetic systems have revolutionized data storage de-
vices. The discovery of giant magnetoresistance (GMR) within
magneticmultilayers[24–26] led to the introduction of the commer-
cial spin-valve sensor, providing a means to drastically increase
storage areal density inmagnetoresistive hard disk read heads.[27]

However, improving storage areal density by reducing the in-
dividual magnetic element has reached fundamental physical
limitations which are commercially difficult to overcome. Next-
generation memory devices, such as racetrack memory,[28] have
been proposed to circumvent such limitations, which leverage
magnetic domain walls as digital bits.[29] Designing such a device
in 3D offers the possibility of ultra-high storage density and ultra-
fast domain wall motion, providing a means to potentially revo-
lutionize data storage devices. With the advent of advanced fab-
rication technologies, significant research has shifted toward the
study of 3D nanomagnetic systems. 3D geometries, with the in-
creased spatial degrees of freedom and additional curvature and
torsion-induced anisotropy terms, allow the existence of com-
plex magnetization textures including curvature-modified trans-
verse domain walls,[30] Bloch point walls,[8,31,32] magnetic hop-
fions stabilized by geometry,[33–35] and curling states,[36] which
are otherwise forbidden in analogous 2D systems. Such 3D
magnetization textures have fundamentally different dynamic
properties, including ultrafast domain wall motion,[37,38] do-
main wall transformations in cylindrical nanowires,[39] non-
reciprocal spin-wave dispersion,[40–42] and hybridization.[43] 3D
fabrication technologies allow direct routes to finely control such
complex 3D spin textures,[44–47] frustration-induced states,[48–51]

topologically protected configurations,[9,21,52,53] and the asso-
ciated dynamics,[54–56] as well as realize advanced magnetic
devices,[57,58] It is worth that such advances in 3D nanomag-
netism are only made possible with the advent of advanced 3D
characterization methodologies,[59–67] and micromagnetic mod-
elling software,[68–74] however discussing these is beyond the
scope of this present review.
Combining TPL with various deposition and post-processing

schemes provides a promising route for realizing functional
magnetic materials over a range of technological applications
(Figure 1). As already mentioned, TPL provides the opportunity
to realize complex 3D lattice architectures for the study of funda-
mental static,[48,49,51] and dynamic phenomena,[50,75] within frus-
trated systems. 3D systems are also being explored for high-
density, low-power memory and logic architectures, with a com-
mon example of 3D racetrack memory being actively pursued
using TPL,[58] where the freedom in design, range of resolu-
tions, and scalability could realize this potential technology as
a reality. The flexibility in design, coupled with the biocompat-
ibility and attractive physical properties (e.g., a wide range in
Young’s modulus as well as extrinsically controlled mechanical
properties[76]) of many commercially available resists, is a huge
advantage for microrobotics.[77] Additional functionalization of
such resists with magnetic materials (in the form of embedded
nanoparticles or coatings) allows for the remote actuation, ma-
nipulation, and deformation of such structures in a range of envi-
ronments using external magnetic fields.[78–81] This shows huge
potential in revolutionizing targeted drug delivery, cell manipula-
tion, sensing, and in situ micro-surgery. Finally, 3D magnetic ar-

Figure 1. Overview of topics which can be addressed using two-photon-
lithography and processing in order to realize 3D magnetic nanostruc-
tures. TPL allows for realization of structures that enable studies within
fundamental magnetism, unconventional computing schemes, energy
harvesting and magnetic microrobotics.

chitectures embedded within mechanically or thermally respon-
sive scaffolds may offer applications within energy and harvest-
ing, whereby the massive interfacial area is harnessed for in-
creasedmagnetoelectric coupling, catalysis, and systems that har-
ness vibrational motion.
This review explores the current state and prospects of TPL

for the fabrication of 3D magnetic nanostructures. In Section
2, an overview of the basic principles of TPL is provided, and
state-of-the-art TPL research is discussed with particular focus
on advancements in resolution and technological scalability. In
Section 3, an overview of the methodologies used to deposit or
functionalise TPL-fabricated structures with magnetic material
is presented, and fundamental insights into the relevant physics
discussed. In Section 4, post-processing techniques used to mod-
ify TPL produced nanostructures are outlined. Finally, in Sections
5 and 6 we provide a perspective that highlights possible future
directions and technological applications, respectively.

2. Principles of Two-Photon Lithography

2.1. Basic Principles

In TPL, a laser is tightly focused (typically diffraction-limited)
into a resist with sufficient intensity that two-photon absorp-
tion (TPA) is triggered within the components of the resist. Dis-
tinct chemical reactions proceed with TPA, depending on the
type of resist. For a positive-tone resist, TPA initiates depoly-
merization via polymer bond scission (Figure 2a), and subse-
quent development washes away these exposed regions, leav-
ing voids (Figure 2b). For a negative-tone resist, TPA initiates
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Figure 2. Schematics of TPL fabrication. a–b) Positive resist fabrication and development, resulting in a 3D helical channel. c–d) Negative resist fabri-
cation and development, resulting in a 3D polymer helix.

polymerization via monomer cross-linking of the exposed vol-
ume (Figure 2c), and development then removes unexposed re-
gions (Figure 2d).
Due to non-linear absorption, these chemical reactions are

confined to the focal volume, referred to hereafter as the voxel (3D
pixel analogue). By scanning the voxel with respect to the sam-
ple (or the sample with respect to the voxel), one can define arbi-
trary 3D patterns within the resist. This confinement of the (de-
)polymerization is a direct result of quadratic scaling (for TPA)
for the dose D (and the probability of absorption) with respect to
the light intensity I or quartic scaling with respect to the electric
field |E|, i.e., D ∝ I2 ∝ |E|4. This non-linear scaling is critical in
the suppression of any parasitic dose accumulation local to the
voxel and thus in the realization of 3D geometries.[82] For a one-
photon absorption process (OPA), the dose scales linearly, and so
parasitic dose accumulation leads to the eventual polymerization
of regions not confined to the voxel making 3D polymerization
effectively impossible.
For the remainder of this section, we will consider a negative-

tone resist which undergoes radical polymerization. We also as-
sume the resist polymerizes according to a simple threshold
model,[82] where the exposure dose exceeds some specific thresh-
old dose, Dth ≤ Dexp. A numerically simulated voxel, plotted as
isosurfaces of the threshold dose, is shown in Figure 3a for a cir-
cularly polarized 𝜆 = 780 nm beam focused through a numerical
aperture NA = 1.4 into an immersion mediumwith refractive in-
dex n = 1.518. Lateral and axial profiles in Figure 3b,c illustrate
the cylindrical symmetry in the lateral plane, and the ellipsoidal
geometry in the axial plane (due to reduced wavevector band-
width along the beam propagation direction). Lateral and axial
line profiles through the voxel are shown in Figure 3d, and the

voxel dimensions are calculated where the region dose exceeds
the threshold (red horizontal line, |E|4th = 0.8), with voxel width
lxy = 130 nm, and voxel length lz = 316 nm, and voxel aspect ratio
A = lz/lxy = 2.43.
The voxel width, lxy, and length, lz, are dependent upon the

supplied dose relative to the specific resist threshold. To quan-
tify these dimensions, an ascending scan method, writing sim-
ple lines, can be employed. Here, the voxel z-position is sequen-
tially offset with respect to the substrate surface, allowing one
to characterize both lxy and lz.

[83,84] For more complex nanos-
tructures, such as interconnected wires and lattices, it is neces-
sary to print arrays of structures where the exposure parameters
are varied systematically and then physically characterized, from
which optimized writing conditions can be used. The final geom-
etry and the exposure parameters are dependent on a significant
number of properties associated with the TPL system (e.g. wave-
length, numerical aperture, beam radius at the entrance pupil of
the objective lens, immersion configuration, beam polarization),
the physical (e.g., viscosity, thermal and mechanical strength)
and chemical properties (e.g., photoinitiator and cross-linking
monomer types, concentrations and state lifetimes) of the resist.
Additional post-printing curing, by way of heat treatment, UV
blanket exposures, and careful development procedures[85] can
improve the fidelity and long-term stability of the final prints,
with only minor degradation[86] and changes to the physical and
optical properties of manufactured structures.[87]

The lateral, dxy, and axial, dz, resolution of a TPL system, i.e.,
the minimum resolvable separation between two adjacent writ-
ten points or lines, is inherently limited by diffraction.[88] It is
directly defined by the excitation beam wavelength 𝜆, the numer-
ical aperture of the focusing lensNA, and, for the axial resolution,

Adv. Funct. Mater. 2025, e16383 e16383 (3 of 30) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. Voxel simulations and simplified Jablonski diagrams. a) 3D voxel represented by threshold isosurface in a diffraction-limited focusing system.
b–c) Cross-sections in the z = 0 lateral plane, and the y = 0 axial plane, respectively, d) Lateral (orange solid) and axial (green dashed) line profiles
through the focus showing the voxel dimensions. e) Simplified energy level diagrams illustrating one-photon absorption (OPA), two-photon absorption
(TPA), and multi-photon absorption (MPA), from ground (S0) to excited state (S1), intersystem-crossing (ISC) to a triplet state (T1) leading to free
radical generation R⋅. MPA at high exposure intensities can lead to avalanche ionization and further free radical generation.

the voxel aspect ratio A, and is given by the two-photon modified
Abbe diffraction limit:

dxy =
𝜆

2
√
2 NA

(1)

dz =
A𝜆

2
√
2 NA

(2)

These parameters effectively set the lower limit in spatial lat-
tice parameters of photonic crystals (e.g., woodpiles) and mi-
crofluidic channels (e.g., for electrolyte infiltration during elec-
trodeposition).
The polymerization mechanism can be understood using the

simplified Jablonski diagram in Figure 3e. Two-photon absorp-
tion (TPA) in the photoinitiator molecules leads to an excita-
tion from the ground singlet S0 state to an excited state S1. An
inter-system crossing (ISC) from the singlet to a triplet state
T1 leads to bond cleavage and the generation of radical species
R⋅Polymerization proceeds by the chain reaction of monomers
and radical species, ceasing once the density of monomer-radical
species is depleted in the region of the voxel.[89] MPA can lead to
free-radical generation via avalanche ionization, which can also
lead to over-exposure when the incident intensity exceeds the op-
tical damage threshold.

To drive efficient TPA, one must employ a sufficiently high
photon irradiance to compensate for the otherwise vanishingly
small absorption cross-section.[89–91] This is achieved by using
high peak power femtosecond pulsed lasers which can provide
peak intensities on the order of 1 TW cm−2 when focused to a
diffraction-limited volume.[1] The beam is focused into the re-
sist, either an oil-immersion configuration with a transparent
substrate, or a dip-in method where the focusing lens is directly
in contact with the liquid resist. The substrate is then controlled
with a three-axis piezoelectric stage for nanoscale positioning
with respect to the beam, allowing scan speeds of up to 200
μms−1. TPL systems also make use of galvanometric mirrors,
which scan the beam across the field of view of the focusing lens,
allowing scan speeds of up to mms−1 in the resist.

2.2. State-of-the-Art

TPL is an extremely versatile technology for realizing a diverse
range of 3D architectures for various fields of research and tech-
nological applications. However, there exists a range of clear chal-
lenges, especially in the context of using TPL for realizing func-
tional magnetic nano- and microstructures. Broadly speaking,
these fall into three main aspects: 1) resolution and feature size;
2) scalability and throughput; 3) and functionalizing structures
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with various materials, specifically magnetic materials. In this
section, the first two will be discussed, and Section 3 will be ded-
icated to the magnetic material challenges and progress.

2.2.1. Resolution and Feature Size

Commercially available TPL systems typically operate in the in-
frared with wavelength 𝜆 = 780 nm, limiting the available resolu-
tion to around dxy ≈ 200 nm and dz ≈ 500 nm. One route to reduc-
ing features is by employing smaller wavelength laser systems,
as demonstrated using 𝜆 = 405 nm over 10 years ago by Mueller
et al.[92] See Table 1 for a detailed list of resolution and feature
size benchmarks with associated exposure and focusing parame-
ters, as well as the corresponding photoresist compositions used.
Stimulated-emission depletion (STED) TPL, inspired by super-
resolution microscopy, has been extensively demonstrated to cir-
cumvent resolution limits as well as modify the voxel shape,[88]

first pioneered by Fischer et al.[93] In STED-inspired TPL, two
co-propagating beams, an excitation and a depletion beam, of
different wavelengths are focused into the photoresist. The de-
pletion beam is phase-shaped (e.g., into a donut or bottle-beam
profile) to create a central region of zero intensity, thereby sup-
pressing polymerization everywhere except at the focal center.
The depletion beam stimulates emission from the excited to the
ground singlet state, inhibiting radical generation in the extrem-
ities of the voxel.[88,93,94] Gan et al. have demonstrated STED-TPL
with lateral resolutions on the order of 52 nm and feature sizes
of 9 nm[95] (Figure 4a), which still stands today as the smallest
achieved benchmarks. STED-TPL brings significant experimen-
tal complexity both in terms of complex resist formulation[95] and
precise alignment of the beams.[88,93,96] Recently, single-color[97]

and quasi-single color STED[98,99] have been demonstrated with
sub-150 nm lateral resolutions and sub-100 nm lateral feature
sizes, Figure 4b–d respectively. 4Π super-resolution microscopy
has also inspired alternative TPLwith sub-diffraction resolutions.
Here, two counter-propagating beams are focused into a resist
and constructively interfere with one another to maximize the
axial wavevector bandwidth. Such a 4Π-TPL has been demon-
strated by Tičkūnas et al.[100] with voxel aspect ratio A < 1 and ax-
ial features of 150 nm (Figure 4e). Experimental complexity with
super-resolution TPL (in terms of beam alignment and custom
resists for STED, and precise phase and focus matching for 4Π)
and cost (in terms of multiple lasers for STED and high-NA ob-
jective lenses for 4Π) are high.
Two-step absorption stands as a promising alternative for scal-

able TPL whilst preserving the smallest resolutions and feature
sizes. First demonstrated by Hahn et al.[90] using 𝜆 = 405 nm
showed resolutions and features comparable to that of STED-
TPL at 𝜆 = 780 nm (Figure 4f). Here, the intermediary virtual
state is replaced with a real state with well-defined relaxation
timescales, circumventing the need for expensive and large foot-
print femtosecond lasers.[101] Wider adoption of two-step absorp-
tion relies on finding suitable photoinitiating species with sev-
eral reported for single and two-color, as well as depletion-based
two-step absorption,[102] (Figure 4g) as well as the fundamental
absorption mechanisms taking place.[103] Recent two-color, two-
step absorption demonstrations with sub-diffraction resolution
and ≈50 nm features even with scan speeds of up to 1 mms−1[104]

illustrate that chemical nonlinearities, which otherwise limit fea-
ture sizes to slow scanning velocities, can be overcome. Combin-
ing two-step single-color absorption with depletion-basedmecha-
nisms is a promising route to scalable diffraction-unlimited TPL
with large scanning velocities and some of the smallest reported
lateral and axial resolutions with sub-30 nm lateral features.[105]

2.2.2. Scalability and Throughput

Industrial-scale adoption of TPL is not yet possible due to sev-
eral scalability and throughput bottlenecks. First, the repro-
ducibility of structures is adversely affected by the develop-
ment stage, where large capillary forces can deform and de-
laminate structures, and anisotropic shrinkage due to insuffi-
cient cross-linking during exposures can lead to further struc-
tural defects. These effects can be somewhat mitigated using
post-exposure UV curing[85,106] or by using critical point driers,
the latter of which can cost upward of ≈$10000. Resist qual-
ity, which degrades over time, is critical to the fidelity of the fi-
nal print as well as the specific exposure conditions required for
a given print. For industrial-scale semiconductor processes, re-
sist quality and shelf-life are significantly more advanced com-
pared to TPL-based resists. Significant efforts are devoted to im-
proving the resist quality, reducing the environmental impact,
and enabling the recyclability of such TPL-based resists.[107,108]

Additionally, standard industrial processes such as lift-off steps
and automatic wafer handling are not yet commonplace within
TPL.
The main limiting factor is that commercial TPL systems typ-

ically operate in a serial printing procedure – i.e., single struc-
tures written at a given time in a layer-by-layer fashion. The total
print rate is then limited by the scanning speed of the sample
stage (on the order of μms−1 for piezoelectric stages) or the gal-
vanometric mirrors (on order of mms−1) used to scan the beam,
resulting in a typical throughput in the range of 100–1000 vox-
els s−1(see Table 1). This can be mitigated with on-the-fly voxel
shaping,[109] so-called grayscale lithography,[110,111] or by the adop-
tion of beam parallelization schemes. One such method of beam
parallelization is the use of diffractive optical elements (DOEs).
Hahn et al.[17] demonstrated a 3×3 array of foci elements with a
throughput on the order of rv ≈ 106 voxels s−1, with sub-micron
lateral feature sizes but with micron-scale axial feature sizes.
Kiefer et al.[112] then demonstrated a 7 × 7 array of foci elements,
improving the throughput by two orders of magnitude whilst
maintaining roughly the same feature sizes by Hahn et al. An
example of a large volume 3D chiral-roton lattice fabricated us-
ing this DOE approach is shown in Figure 4h–i.
Hahn et al.[113] demonstrated a two-color light-sheet mi-

croscopy approach to two-step absorption (discussed in Section
3.2.1), where a combination of light-sheet 𝜆 = 660 nm laser
and a projection 𝜆 = 440 nm are focused into a resist, and
the solidification only takes place where the combination of the
two lasers exceed the polymerization threshold, with example
linewidth test structures shown in the angled SEM image in
Figure 4j. This work was achieved by the careful design of the
resist with a photoinitiator initiator which absorbs light at two
specific wavelengths, the first absorption to an idle state and the
second absorption to the reactive radical generating state. This
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Figure 4. State-of-the-art TPL. a) Resolutions plotted as a function of inhibition beam power, demonstrating a minimum resolution of 52 nm, with insets
showing differences in linewidths between standard TPL and STED-TPL. Inset SEM scale bar 100 nm. Reproduced under the terms of the CC-BY 3.0.[95]

Copyright 2013, The Authors, published by Springer Nature. b) SEM of woodpile with 250 nm lattice period and lateral feature of 58 nm, fabricated
using single-color STED-TPL. Scale bar 200 nm. Reproduced under the terms of the CC-BY 4.0 license.[97] Copyright 2022, The Authors, published by
Springer Nature. c–d) SEMs of a woodpile fabricated using STED combined with radical quenchers, respectively. Scale bar in (d) 1 μm. Reproduced
under the terms of the CC-BY 4.0 license.[98] Copyright 2024, The Authors, published by Springer Nature. e) SEM of a suspended line using 4Π-TPL.
Scale bar 2 μm. Reproduced with permission.[100] Copyright 2020, AIP Publishing. f) SEM of woodpile lattice fabricated using two-step absorption TPL
with lattice period 300 nm. Scale bar 2 μm. Reproduced with permission.[90] Copyright 2021, Springer Nature. g) SEM view of single line fabricated using
two-step STED-TPL. Reproduced under the terms of the CC-BY 4.0 license.[102] Copyright 2022, The Authors, published by Wiley. h) Optical and i) SEM
image of a large chiral-roton metamaterial comprised of over 1×106 unit cells, fabricated via multi-focus TPL. Scale bars 10 mm and 20 μm, respectively.
Reproduced under the terms of the CC-BY 4.0 license.[112] Copyright 2024, The Authors, published by Light Publishing Group. j) SEM of suspended lines
fabricated via two-step two-color light sheet TPL. Scale bar 25 μm. Reproduced with permission.[113] Copyright 2022, Springer Nature. k) SEM of a 3D
lattice fabricated via spatiotemporal TPL using a digital micro-mirror device (DMD), with inset binary patterns used to define each printed slice. Scale
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methodology has been demonstrated to reach rv ≈ 7×106 voxels
s−1, but at the expense of a minimum lateral voxel size of 0.5 μm.
Projection-based TPL with spatiotemporal focusing has been

demonstrated in various reports by exploiting digital micro-
mirror devices (DMDs), allowing for simultaneous exposure of
layers defined by input binary masks, with Somers et al.[114] re-
porting on a peak throughput of rv ≈ 3×106 voxels s−1. Such
high-throughput parallel-based TPL often compromises resolu-
tion and feature size, which can be on the order ofmicrons. Liang
et al. reported on the simultaneous improvement of throughput,
yielding rv ≈ 4 × 106 voxels s−1, whilst maintaining sub-30 nm
feature sizes by use of few-photon irradiation coupled with dig-
ital optical projection[115] (Figure 4n). This work only reports on
2D structures, butmarks an important step toward scalable, high-
resolution and high-throughput TPL.
Saha et al. report on the spatial and temporal focusing via

DMD of fully 3D structures with sub-200 nm features and
throughput on the order of rv ≈ 3 × 106 voxels s−1,[116] demon-
strating that feature sizes need not be sacrificed at the expense of
speed. Digital holography TPL has been demonstrated allowing
for up to 2000 simultaneous laser foci, each with tunable phase,
amplitude and position using a DMD with the largest through-
put (to the best of our knowledge) of rv ≈ 3.33 × 108 voxels s−1,
by Ouyang et al.,[117] with examples of complex lattices shown
in Figure 4m–n. However, diffusion-related voxel expansion was
also reported upon drastically reducing the throughput by two
orders of magnitude to realize the smallest features, even when
using photoinitiators with large absorption cross-sections.
As stated previously, the development of resists is paramount

to expanding TPL to an industrial-scale setting. Specifi-
cally, the development of radical quenching and scavenging
components,[98] an improved dynamic range for repeatable print-
ing processes not subject to over exposures and damage,[90] and
additionally to improve the ability to fabricate structures using
high speeds and low powers.[112] Understanding the physical
and chemical processes that take place in such resists under-
going multi-photon absorption mechanisms is critical to this
endeavor.[103] Additionally, more intelligent writing schemes are
also necessary to fully exploit TPL as a technology for large-
scale, high-throughput, and importantly, high-reproducibility 3D
nanostructure fabrication. Unveiling and exploiting the under-
lying phenomena associated with the printing process, such as
thermal accumulation, diffusion, and proximity effects, will lead
to better-designed writing protocols which can overcome the
present challenges faced in TPL.[118] The design of more intelli-
gent and sensitive TPA resists, as well as developing and exploit-
ing more intelligent writing schemes, is a paramount challenge
facing this field at present.[119]

3. Magnetic Deposition and Functionalization

When optimizing thin film materials for magnetic technolo-
gies, one generally targets either soft or hard magnetic charac-

teristics, i.e., either extremely small or large coercive fields Hc,
respectively.[121] These metrics remain important in the design
of 3D architectures for specific applications. Soft magnets, whose
values μ0Hc reach down to ≈5 × 10−7 T, are important in the real-
ization of magnetic racetracks, reconfigurable nanomagnetic ar-
rays and systems, where rapid low energy switching and mini-
mal hysteresis are desirable. Hard magnets allow for structures
where permanent magnetism is important, such as micromag-
netic robotics. All these functionalities would, in general, bene-
fit from a large saturation magnetization Ms of the constituent
materials. The reference for record values is the Slater-Pauling
limit of μ0Ms = 2.45 T.[122] With these points in mind, we now ex-
plore the different means to add magnetic functionality to a TPL-
fabricated structure. The available suite of materials, equipment
costs, deposition conditions, and geometries, as well as resolu-
tion/feature size limitations, are discussed in Table 2:

1) Casting a magnetic layer upon a polymeric scaffold via phys-
ical vapor deposition, such as thermal evaporation or sputter-
ing, as shown schematically in Figure 5a, with an example
open-shell cross-section shown in the inset. See Section 3.1.

2) Deposition of magnetic material into a polymeric template
and subsequent removal, using chemical-assisted deposition
schemes such as template-assisted electrodeposition (using
both positive and negative resist templates), as shown in
Figure 5b, with a solid geometry cross-section. See Section
3.2.

3) The conformal coating of a magnetic material onto a poly-
meric scaffold via chemical assisted or chemical vapor depo-
sition, such as electroless or atomic layer deposition, respec-
tively, as shown in Figure 5c with a tubular cross-section. See
Sections 3.3.1–3.3.2.

4) The direct writing of magnetic materials using pre-
functionalized resists (predominantly with magnetic
nanoparticles) and subsequent polymerization and post-
processing or by the direct photoreduction of the magnetic
species into the desired geometry, as shown in Figure 5d with
a composite cross-section. See Section 3.4.

It is important to note that each functionalization method
yields different geometric implementations of the magnetic ma-
terial, which in turn affect the possible remanent spin textures,
field-dependent magnetization, and switching, as well as possi-
ble spin-wave modes. However, these phenomena are not sim-
ply dependent upon the geometry (e.g., 3D geometry, rough-
ness) but are also dictated by the intrinsic properties of the de-
posited material (e.g., magnetocrystalline anisotropy, damping,
saturation magnetization) As such, we refer the reader to several
studies that provide examples of the rich and diverse magneti-
zation textures[23,30,42,52,123–128] dynamics,[32,39,125,129–131] and spin-
wave behavior[22,23,40,54,56,68,132,133] that can be realized in specific
geometry-material combinations.

bar 50 μm. Reproduced under the terms of the CC-BY 4.0 license.[114] Copyright 2021, The Authors, published by Springer Nature. l) SEM of single lines
fabricated via few-photon irradiated TPL. Scale bar 100 nm. Reproduced under the terms of the CC-BY 4.0 license.[115] Copyright 2025, The Authors,
published by Springer Nature. m) SEM of an octahedral truss lattice fabricated via digital holography TPL using 64 foci and n) 400 foci. Scale bars 50
μm. Reproduced under the terms of the CC-BY 4.0 license.[117] Copyright 2023, The Authors, Springer Nature.
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Figure 5. Magnetic material depositions. a) Open-shell structures via physical vapor depositions such as thermal evaporation or sputtering. b) Solid
structures via template-assisted electrodeposition. c) Conformal tubular coatings via electroless deposition or atomic layer deposition. d) Direct writing
of magnetic structures using functionalized resists.

3.1. Open-Shell Geometries via Line-of-Sight Depositions

Physical vapor deposition (PVD) is a class of well-established
techniques for depositing highly pure films, with a wealth of lit-
erature exploring the processes.[122,153–155] Whilst electron-beam
evaporation has been demonstrated for realizing bio-compatible
magnetically actuated microrobots,[156,157] the main PVD tech-
niques used in the metallization of 3D nanostructures fabricated
using TPL, and form the main subject of this section, are DC
magnetron sputtering[60] and thermal evaporation.[48]

Both approaches yield line-of-sight (LOS) deposition: metal-
lization occurs for any point on the sample with a direct line of
sight to the source, with key implications for the resultant nanos-
tructures. Applied to a 1D single-voxel wide nanostructure, these
processes yield crescent-shaped cross-sections[138,158] with curva-
ture previously shown to introduce additional energy terms[52,132]

and a non-uniform thickness yielding a non-trivial demag-
netizing factor. In addition, inhomogeneous growth-induced
anisotropy can occur depending on the surface normal incli-
nation with respect to the LOS. This complexity presents chal-
lenges but also an interesting opportunity in, e.g., magnon-
ics, allowing for localization of spin-waves,[50] particularly at
the thinner edges,[54] opening potential for magnetic sensing
and information transmission devices without Joule-Lenz heat
emission.[159–161] Combining TPL with LOS sputtering also has
significant applications in micro-robotics and has also been
demonstrated as a viable 3D cell culture platform, with magnetic
actuation achieved via a Ni layer and biocompatibility with a Ti
layer.[162]

Key features of LOS depositions are shadowing and the pres-
ence of materials upon the substrate, placing constraints on the

design possibilities; the former results in discontinuity of the
functional material where structures overlap, and the latter can
introduce undesirable interactions with the nanostructure, ad-
ditional signal during characterization, risking spurious results,
and design challenges for electrical measurements where sub-
strate film introduces short-circuits. However, shadowing may
also be a useful tool to address limitations associated with the
substrate film. Recent work[58] on chiral domain wall conduits
exploited shadowing to produce disconnected regions upon the
substrate film and create convenient contacts for electrical mea-
surements (Figure 6a). Notable examples of 3D artificial spin ice
(3DASI) lattice fabrication used TPL scaffolds that are several
unit cells thick which elucidated a diverse phase diagram with
distinct charge crystal and spin ice phases (Figure 6b). Previous
studies on such systems using Brillouin light scattering (BLS) re-
vealed a rich magnon spectra for these 3DASI (Figure 6c). The
fundamental physics elucidated from these systems arises de-
spite only the top unit cell being exposed during evaporation,
where shadowing prevents magnetic material from being cast
upon the lower layers, such that the 3DASI structure is dis-
connected from the substrate with sufficient distance to min-
imize dipolar interactions.[48,49,163] Despite the effectiveness of
this approach in minimizing these unwanted interactions, sig-
nal from the substrate film may remain present in optical mea-
surements with distinct features in magnetooptical Kerr effect
(MOKE) measurements, indicative of switching in the substrate
at low fields.[48]

Low-field switching in the substrate film has, however, proven
beneficial. With a sinusoidal nanowire connected to the sub-
strate (Figure 6d–e), domain walls were injected into the wire
at low fields to probe local pinning potentials attributed to local
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Figure 6. Physical vapor deposition techniques used with TPL nanostructure fabrication. a) Scanning electron microscopy (SEM) of a twisted domain
wall conduit, metallized via sputtering, with wire ends connected to the substrate, a v-shaped structure shadows the substrate during deposition creating
discrete sections of film to be used for electrical connections. Scale bar 5 μm. Reproduced under the terms of the CC-BY 4.0 license.[58] Copyright 2025,
The Authors, published by Springer Nature. b) SEM of 4 unit-cell thick 3D artificial spin ice (ASI) lattice metallized via thermal evaporation, where
the lower layers are shadowed during evaporation to disconnect the lattice from the substrate. Scale bar 20 μm. Reproduced under the terms of the
CC-BY 4.0 license.[51] Copyright 2023, The Authors, published by Springer Nature. c) Brillouin light scattering (BLS) spectra for different applied fields
to a diamond lattice 3D ASI. Reproduced under the terms of the CC-BY 4.0 license.[50] Copyright 2021, The Authors, published by American Chemical
Society. d–e) SEM images of sub-100 nmwidth sinusoidal nanowires of different spatial wavelengths,metallized via thermal evaporation. Scale bars 1 μm.
Reproduced under the terms of the CC-BY 3.0 license.[131] Copyright 2024, The Authors, published by Royal Society of Chemistry. f) Electronic contrast
of a tripod structure imaged using soft X-ray laminography metallized via DC magnetron sputtering with wires connected to a sacrificial base used to
enable deformation free pyrolysis. Scale bar 1 μm. Reproduced under the terms of the CC-BY 4.0 license.[61] Copyright 2022, The Authors, published by
AIP Publishing. g–h) SEM and schematics of 3D magnetic micromachines consisting of magnetic and non-magnetic components fabricated using a
sacrificial mask and thermal evaporation. Scale bars 20 μm. Reproduced with permission.[165] Copyright 2015, Wiley. i) SEM of sacrificial stencil mask
with (j) the inside exposed via focused ion beam milling to reveal a thermally evaporated Cr wire. Scale bars (k) 20 μm, (l) 10 μm. Reproduced with
permission.[166] Copright 2019, Elsevier. k) EDX map of a magnetic nanowire raised above the substrate, fabricated using a poly-acrylic acid (PAA)
sacrificial layer to remove the substrate film. Scale bar 20 μm. Reproduced under the terms of the CC-BY 4.0 license.[168] Copyright 2023, The Authors,
published by Cardiff University. l) Hysteresis loop of 3DASI fabricated using a PAA sacrificial layer captured via MOKE magnetometry, showing no clear
contribution from substrate film. Reproduced under the terms of the CC-BY 4.0 license.[137] Copyright 2023, The Authors, published by Springer Nature.

roughness and the nanowire cross-section.[131] Domain wall in-
jection at lowfields has also been shown to enable control ofmore
complex structures such as artificial spin ice building blocks
(Figure 6f), where the magnetic texture of the film may be ex-
ploited to tune the degeneracy of different vertex configurations
or control the injection of magnetic charge.[61]

Despite the success of nanostructure design either minimiz-
ing or exploiting the impact of the substrate film, the presence
of substrate film limits design choices; the ability to selectively
remove deposited materials enables a broader range of accessi-
ble geometries and characterizationmethods. Sacrificial layers to

remove materials from regions where it is undesirable are well-
established in 2D device fabrication, with bilayer approaches us-
ing a lift-off-resist (LOR) covered with the positive-tone S1813
photoresist, shown to be suitable for 3D nanostructuring with
FEBID.[164] However, the chemical incompatibility often restricts
this approach for TPL fabrication due to TPL developer chemicals
dissolving the sacrificial layer before deposition can occur.
Selective deposition through PVD on devices written via TPL

may be achieved by exploiting shadowing during deposition us-
ing sacrificial masks. Huang et al.[165] reported on the fabrica-
tion of complex micromachines for the delivery of therapeutic
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payloads, requiring fine control over themovement of some com-
ponents relative to others via external magnetic fields. Selective
deposition was achieved with the sacrificial structure (Figure 6g),
that could be mechanically removed with a micromanipulator
probe. Using this approach, the authors were able to produce
magnetically actuated micro-scale transporters (Figure 6h), cap-
sules with removable caps, and syringes with sliding plungers.
Puce et al.[166] extended this approach by patterning the masks to
produce sacrificial stencil masks at a smaller scale, where mask
removal using micromanipulators may not be feasible. A layer of
SU-8 was spin-coated upon the substrate, followed by a drop-cast
layer of IP-L, with only the latter being soluble in isopropanol.
The structures are written across both resist layers, with the de-
sired structures anchored to the substrate and the sacrificialmask
anchored to the SU-8 layer only. An isopropanol alcohol (IPA)
bath removes the unexposed IP-L to leave the structures on the
SU-8 layer upon which metals are evaporated. The remaining
SU-8 layer is subsequently placed in a developer to wash away the
stencil mask. Figure 6i shows an SEM of the stencil after metal-
lization, with the stencil mask opened through focused ion beam
milling to reveal a well-defined Cr wire inside (Figure 6j). The Cr
wire deposition was shown to be slightly off-axis due to parallaxes
of the sample and source position. One can envisage a similar ap-
proach without the stencil mask; however, a brief flood-exposure
of the SU-8 layer is required to prevent diffusion of the resists
affecting their optical and chemical characteristics. This flash ex-
posure yields a thin skin on the SU-8/IP-L interface such that an
ultrasonic bath is required to remove the substrate film, render-
ing the procedure infeasible for delicate 3D nanostructures.
A material suitable for a sacrificial layer must remain un-

affected by the developers in the TPL process, and chemicals
used to perform the lift-off must not affect the polymer scaffolds
created using TPL. Although chemically compatible, the SU8
sacrificial layer requires an ultrasonic bath, damaging the 3D
nanostructures. In contrast, a LOR/S1813 bilayer process elim-
inates the need for an ultrasonic bath; the PGMEA developer
used to remove unexposed IP-L also removes the S1813. Poly-
acrylic acid (PAA) was identified as a useful material for sacri-
ficial layers in micromachining owing to good film uniformity
after spin-coating, stability upon immersion in conventional de-
velopment solvents, and solubility in water that remained after
photolithography.[167] Although its solubility in water is a desir-
able feature, the latter also indicates that the material cannot be
patterned using standard lithographic methods. One notable fea-
ture of PAA is that it can be ablated with relative ease using a
TPL system without modification. After spin-coating PAA onto
a glass substrate, the sample is mounted into the TPL system,
and trenches are ablated into the PAA. A key strength of this
approach is that IP-L photoresist may be drop-cast without re-
moving the sample from the sample holder, allowing for precise
alignment when writing structures into the ablated trenches. Af-
ter the standard development process and PVD deposition, the
sacrificial layer may be removed in a DI water bath. The outlined
approach was used to produce simple domain wall conduits with
DW injection pads,[137] with energy dispersive X-ray (EDX) maps
at the Ni L3 line showing complete removal of the substrate film
(Figure 6k).[168] When applied to the fabrication of 3DASI lattices,
signal from substrate film in MOKE measurements was elimi-
nated (Figure 6l), enabling deeper investigation into the switch-

ing behaviors of 3DASI without risk of spurious features from
these contributions.

3.2. Solid Geometries via Template-Assisted Electrodeposition

Template-assisted electrodeposition utilizes a prefabricated
porous template, such as ion-etched polymer or anodized alu-
mina oxide (AAO) templates, upon a working electrode. The
desired metal is deposited into the pores via electrodeposition,
and the deposited metal takes the form of the pore geometry, and
finally, the template is removed. The choice of working electrode
is a critical consideration in the design of the deposition scheme,
affecting the specific reduction potentials, pore filling fractions,
as well as the final structural morphology of the deposit.[169]

Additionally, the specific deposition scheme (potentiostatic, gal-
vanostatic, pulsed, etc.) is critical in determining the efficiency of
deposition, which can be limited by the formation of screening
double-layers.[142]

Ion-etched polymer templates, where heavy ions are bom-
barded upon a polymeric template, effectively damage the area of
impact, and following a cleaning procedure to remove the resid-
ual polymer, result in a hollow nanoscale pore with a range of
symmetric and asymmetric pore geometries.[170] These templates
have been used to realize high aspect ratio Co,[171] Fe,[172] Cu/Ni
core-shell,[173] Co/Cu multilayered[174] and Co81Cu19 alloy[175]

nanowires. The surrounding templates can be dissolved rela-
tively easily with solvents; however, custom pore geometries re-
quire the use of accelerator facilities.[141] AAO templates are the
more cost-effective and scalable alternative[176] of templates with
well-understood etching and anodization schemes, one can en-
gineer high-density pores with diameters ranging from tens to
hundreds of nm with micron lengths. There is a significant de-
gree of freedom in the pore geometries using pore etching tech-
niques, allowing the realization of geometric bamboo-like[177]

and continuously varying diameter modulations,[178] composi-
tional modulations,[179–181] as well as realizing 3D interconnected
networks of nanowires.[182] This methodology has paved the way
for important studies on domain wall nucleation and motion,[32]

chirality-dependent domain wall behavior,[183] experimental ob-
servation of Bloch-point domain walls,[31] and the associated
transformations under external fields.[39] Again, the templates
are relatively easily dissolved to reveal the nanowires, typically
by immersion in NaOH, and the nanowires can be extracted via
solvent dispersion. However, the major drawback of ion-etched
polymer or AAO templates is the inability to arbitrarily design
3D pores. Direct printing of templates with arbitrary pore geom-
etry is then an appealing feature afforded by TPL.
TPL has been combined with electrodeposition extensively

by using positive-tone resists, where the designed pattern di-
rectly equates to the final geometry of the empty channels,
which can then bemetallized via electrodeposition. Schürch et al.
demonstrated this methodology whereby an Indium-Tin Oxide
(ITO) conductive substrate was spin-coated with a positive-tone
resist, helical channels defined via TPL, followed by Ni elec-
trodeposition and resist removal via immersion in an ultrasonic
bath of acetone.[184] This work demonstrated arrays of nanocrys-
talline Ni micro-springs with custom geometries (Figure 7a).
Pore filling factors were improved by the use of electrodeposition
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Figure 7. Solid geometries via template-assisted electrodeposition. a) SEM of Ni micro-springs fabricated via positive resist template-assisted elec-
trodeposition. Scale bar 10 μm. Reproduced with permission.[184] Copyright 2020, Elsevier. b–c) Optical images of 20 μm length hybrid CoNi-polypyrrole
(head-tail) helical swimmers manipulated by rotating magnetic fields with varying magnitude. c) Swarm-like manipulation at different time intervals.
Reproduced with permission.[186] Copyright 2013, Wiley. d) SEM of interlocked Fe and PDMS structure. Scale bar 50 μm. Reproduced under the terms
of the CC-BY 4.0 license.[187] Copyright 2020, The Authors, published by Springer Nature. e) SEMs of Fe roller-type microrobots printed via positive
resist template-assisted electrodeposition. Scale bar 6 μm. Reproduced with permission.[78] Copyright 2019, Wiley. f) SEM of Co tetrapods fabricated via
positive resist template-assisted electrodeposition. Reproduced under the terms of the CC-BY 4.0 license.[143] Copyright 2018, The Authors, published by
Springer Nature. g) SEM of a toppled Ni nanowire fabricated with negative resist template-assisted electrodeposition. Scale bars 1 μm. h) Corresponding
magnetic force microscopy (MFM) images taken at remanence (top) and under a saturating easy-axis field (bottom). Scale bars 1 μm. Reproduced under
the terms of the CC-BY 4.0 license.[144] Copyright 2020, The Authors, published by MDPI. i) SEM of a Ni micro-bridges fabricated via negative resist
template-assisted electrodeposition. Scale bar 20 μm. Reproduced with permission.[189] Copyright 2018, Wiley.

simulations to inform the template design, as such voids were de-
signed at the electrolyte-substrate interface. Additional voids at
the entrance of the pore were fabricated to allow transfer of the
micro-springs from the original substrate for further mechanical
characterization, showing that such structures were able to un-
dergo repeated stress loads, and critically that this methodology
can tailor design micro-mechanical systems.
Another promising application of TPL template-assisted elec-

trodeposition is in magnetically driven micro-robotics, specifi-
cally in the context of in vivo targeted drug delivery, and in vitro
transport of microstructures,[77,185] where TPL offers the versatil-
ity in terms of the design and electrodeposition in terms of the
range of magnetic and biocompatible materials. Bi-component
magnetic and polymeric helical micro-robots, consisting of a
CoNi head formagnetic actuation, and an intrinsically conductive
polymer tail for propulsion in liquid environments, have been
demonstrated by Zeeshan et al.[186] Helical channels and a void
at the electrolyte-substrate interface were fabricated within a pos-
itive resist using TPL, followed by a two-step electrodeposition
of the magnetic-polymer parts, and finally release of the robots
by removal of the surrounding template. Example optical time-
lapse images in Figure 7b, taken at 1.25 s intervals, showcase the
differences in motion of two such structures with different heli-
cal radii, under a rotating external magnetic field. The geometry
and rotational frequency of the field allows precise control over
the velocity and propulsion regime, with swarms of microrobots
shown to be controlled in unison as the rotational axis is rotated
through 180° in Figure 7c.
Multi-material and multi-functional micro-robots consisting

of interlocked Fe and polymer structures have been shown by
Alcântara et al.[187] in which a positive resist was used to pattern

both themetallic and polymer components using electrically con-
nected and isolated channels, respectively, with an example Fe-
PDMS interlocked structure shown in Figure 7d. Such structures
were shown to exhibit complex motion under rotating magnetic
fields in liquid environments withmultiple locomotion strategies
afforded by the coupled design of the soft and hard components.
Purely ironmicrorobots, with an example angled SEM of a roller-
type microrobot shown in Figure 7e, with excellent biocompati-
bility, have been demonstrated by Alcântara et al.[78] Here, the au-
thors overcome the typical depth of field limitations and require-
ments for a transparent substrate associated with immersion-
configuration printing by using dip-in writing. This allowed thick
layers of resist to be spin-coated, and channels of up to 400 μm to
be realized, and the pores were designed with equal segmented
path lengths and includedmultiple outlets at the resist-electrolyte
interface and contact points at the electrolyte-substrate interface
to minimize plating issues and development time.
This methodology has also been demonstrated to realize com-

plex 3D Co nanostructures as shown by Williams et al.,[143] with
minimum lateral feature sizes on the order of 430 nm and
low surface roughness, with an example free-standing Co tetra-
pod shown in Figure 7f. Dark erosion of the exposed chan-
nels in this work was shown to be a significant detriment to
the minimum features achievable, resulting in structures firmly
within complex multi-domain magnetization patterns as char-
acterized using spin-polarized SEM. This work demonstrated a
first step toward using this methodology for magnetic nanos-
tructure fabrication, and such structures were further character-
ized by Sahoo et al.[75] using time-resolved magneto-optic Kerr
effect microscopy, revealing three spin-wave modes at 1, 10, and
30 GHz.
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A method of circumventing such dark erosion effects on min-
imum features is using a negative resist, where the minimum
pore size is determined by the lateral (for purely vertical pores)
and axial resolution (for angled or lateral pores) as given by Equa-
tions (1) and (2). Instead of directly patterning the desired struc-
ture into the pores, one polymerizes the entire template except for
the desired pore geometry. This methodology warrants the use of
pre-patterned electrodes or by using a protective non-conductive
layer upon the conductive substrate to avoid unwanted elec-
trodeposition and necessitates the use of harsher template re-
moval strategies, such as high-powered plasma ashing with vari-
ous gases. Askey et al.[144] demonstrated this negative resist TPL
template-assisted electrodeposition for the realization of cylindri-
cal Ni nanowires (Figure 7g), with a measured average feature
of 420 nm and a length of 2.82 μm. Magnetic force microscopy
of such systems revealed a complex multi-domain pattern at re-
manence (Figure 7h top), with an alternating bright-dark con-
trast throughout the nanowire akin to those of spiraling domains
found in cylindrical nanowires with compositional and diame-
ter variations.[181,188] Further optimization of such templates has
been shown to realize cylindrical nanowires with diameters be-
low 200 nm, which is on the order of the resolution limit for
𝜆 = 780 nm and NA = 1.4. Negative resist TPL templates have
been used to realize Ni microbridge architectures using reverse
pulse electrodeposition, where the design and deposition pulse
parameters were optimized by electrodeposition simulations as
shown by Schürch et al.[189] Microbridges were chosen due to
their geometrically challenging aspects in terms of electrodeposi-
tion (geometric bottlenecks, diffusion, and growth), and to allow
for direct mechanical testing of such complex 3D architectures.
Arrays of bridges were successfully fabricated (Figure 7i), using
this methodology with homogenous nanocrystalline and cavity-
free structureswith high shape fidelity with respect to the original
designs.

3.3. Tubular Geometries via Conformal Coatings

3.3.1. Electroless Deposition

One of the main challenges of transforming TPL scaffolds into
magnetic nanostructures is the fact that typical conformal depo-
sition techniques, such as atomic layer deposition and electrode-
position, often require high temperature processes or require
the scaffold to be conductive, while vacuum metallization tech-
niques, such as sputtering or thermal evaporation, often struggle
to cover 3D geometries uniformly, especially due to shadowing
effects. For the polymer scaffold, which is better suited to low
temperature post-processing to maintain the form of the scaffold
(particularly important for high resolution scaffolds), and which
is insulating, achieving conformal coating of magnetic materials
can therefore be challenging.
A promising alternative growth technique for the confor-

mal coating of 3D polymer nanoscaffolds comes with electro-
less deposition (ELD), which enables the growth of materi-
als onto complex geometries without the need for electrical
current/conductive substrates or high temperatures, Table 2.
ELD is particularly relevant for the deposition of materials
on polymer substrates[190] and is well established for the de-

position of Ni, Cu, Ag, Au, and related alloys, with a num-
ber of existing industrial applications such as electromag-
netic shielding, printed circuits, and in recording media.[145,191]

This ability to conformally coat non-conductive substrates
with Ni offers a promising opportunity for the field of 3D
nanomagnetism.
In the ELD process, the whole sample is immersed in a reac-

tive chemical bath, allowing for the uniform deposition of ametal
layer on the entire surface, regardless of geometry or substrate
conductivity. The principle behind electroless deposition is based
on a redox chemical reaction that occurs when a substrate is
placed in a solution containing metal ions and a chemical reduc-
ing agent.[146,147,192] When the reducing agent is oxidized, elec-
trons are donated to metal cations in the solution, which are re-
duced and deposited as a film on the activated surface. The chem-
ical bath typically contains several components:[146,147,192] metal
salts, a reducing agent, complexing agents to stabilizemetal ions,
pH buffers, and a variety of additives that influence deposition
rate, grain structure, surfacemorphology, or film thickness. Once
nucleation begins on the surface,metal deposition proceeds auto-
catalytically. As the process is performed at relatively low temper-
atures, typically below 100 °C, the technique is particularly com-
patible with heat-sensitive substrates/polymers. It also provides
good conformality even in deep or narrow features, allowing for
the deposition in high aspect ratio templates for the fabrication
of, for example, nanowires and nanotubes.[130,193] Furthermore,
ELD requires simple equipment and is scalable for batch pro-
cessing, offering a low-cost and accessible route to functional de-
vice fabrication. However, several challenges are associated with
ELD. The stability and composition of the plating bath are crit-
ical: small variations in temperature, pH, or concentrations can
lead to inconsistent deposition or layers with a high number of
impurities. Furthermore, the initial surface activation step, nec-
essary for initiating the redox reaction, is critical to produce uni-
form coatingswith good adhesion.Moreover, because the process
is autocatalytic, internal stresses may build up in the deposited
films, leading to cracking or delamination, particularly on flexi-
ble substrates.
While there have been a number of demonstrations of elec-

troless deposition for larger systems, there have recently been
a few works harnessing electroless deposition for the realiza-
tion of magnetic nanowires and nanotubes.[130,193–195] In partic-
ular, magnetic nanowires have been realized by self-assembly
of nanoparticles through electroless deposition under magnetic
fields.[194,195] Electroless deposition has also been used to real-
ize straight magnetic nanotubes of diameter 300 nm through
the conformal deposition in polycarbonate membranes.[130] The
nanotubes were shown to exhibit an azimuthal magnetic domain
configuration, which was then characterized with electrical trans-
port measurements.[130,193] For the realization of 3D nanostruc-
tures, the combination of electroless deposition with TPL rep-
resents a promising direction, with several demonstrations of
electroless plating of a variety of metals upon TPL-fabricated
scaffolds.[196–198] To the best of our knowledge, the first demon-
stration of electroless deposition of a magnetic layer on TPL-
fabricated polymer lattice was shown byMieszala et al.,[199] where
TPL was used to print a range of microcellular architectures and
then coated with < 100 nm of amorphous Ni78B22 as determined
by X-ray diffraction, demonstrating conformal coverage of the
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Figure 8. Tubular geometries via electroless deposition and atomic layer deposition. a) Electroless deposition scheme consisting of the fabrication of
the two- photon lithography scaffold, activation of the surface, functionalization, catalyzation and electroless deposition. b) 3D polymer nanostructures
with a magnetic Ni-Fe(B) layer: buckyball structure (b) and (c), Artificial pyrochlore lattice (d) and trefoil-knot (e). b–e) Reproduced with permission.[149]

Copyright 2020, Wiley. f) Schematic of atomic layer deposition (ALD), with c pulses of nickolecene and water molecules to produce a monolayer of NiO,
followed by n pulses of hydrogen plasma to reduce NiO to Ni. g) Transmission electron microscopy (TEM) image of ALD coated polymer, with green
line profile shown in (h) illustrating the compositional variations. g) Scale bar 50 nm. i) SEM image of a woodpile. Scale bar 1 μm. j) BLS spectra for a
woodpile under an externally applied magnetic field, showing up to 25 GHz resonances. g–j) Reproduced under the terms of the CC-BY 4.0 license.[64]

Copyright 2023, The Authors, published by Wiley.

polymer structures. However, only the mechanical properties of
the lattices were characterized. NiFeB layers were deposited via
electroless deposition onTPL-fabricated scaffolds by Pip et al.,[149]

with schematic of the activation, functionalization, catalyzation
and deposition steps on a polymer scaffold shown in Figure 8a.
Specifically, it was shown that the magnetic properties of the
NiFeB could be maintained when deposited on a polymer sub-

strate fabricated with TPL. Moreover, a robust, conformal coating
was demonstrated on a variety of complex 3D microstructures,
including a buckyball, a woodpile lattice structure, and a topolog-
ically non-trivial trefoil knot (Figure 8b–e). Bernasconi et al.[200]

further demonstrated a CoNiP magnetic coating via electroless
deposition upon TPL-fabricated micro-helices, which were actu-
ated via rotating magnetic fields, further highlighting the range
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of potential magnetic materials to be deposited using this metal-
lization route.
In summary, electroless deposition is a versatile method for

coating complex 3D TPL structures with magnetic materials.
By enabling uniform coating of magnetic materials on non-
conductive and high-aspect-ratio or complex geometries, ELD ex-
pands the functionality of 3D-printed nanostructures, paving the
way for advanced applications in nanomagnetism, soft robotics,
and next-generation microsystems.

3.3.2. Atomic Layer Deposition

Atomic layer deposition (ALD) has enabled 3D devices in micro-
electronics, such as deep-trench capacitors and field-effect tran-
sistors in which a gate electrode wraps around a vertical semi-
conductor channel.[201] ALD is a shadow-free deposition technol-
ogy on the wafer scale, which offers uniform conformal coatings
and thickness control down to themonoatomic layer. At the same
time, substrate temperatures can be low (<500 K). These are key
advantages that make ALD a standard technology in microelec-
tronics and enable the very large-scale integration in multi-level
device architectures. However, ALD-grown magnetic layers are
not yet an industry standard.
Many of the magnetic materials used in spintronics applica-

tions so far consist of transition metals like Co, Fe, and Ni. ALD
for suchmetals is, however, particularly challenging compared to
the many oxidic compounds for which optimized ALD processes
are available in production tools. The status of ALD processes
for, e.g., ferrimagnetic oxides and other magnetic compounds is
summarized in.[150] Though one finds a considerable number of
reported ALD processes for various magnetic materials, not all
of them include the characterization of relevant magnetic prop-
erties, such as those mentioned above (in the introduction). Still,
there have been some specific breakthroughs that substantiate
the potential of ALD for a scalable 3D magnetic device technol-
ogy. A detailed review of ALD of magnetic thin films has been
published recently by T. Jussila et al.[150] In this excellent review,
the authors have critically discussed the status concerning almost
40 different magnetic materials. However, they have not yet con-
sidered the recently performed combination of an ALD-grown
ferromagnetic element and a TPL-created nanotemplate, which
we discuss in the following.
There have been several attempts to create functional layers

containing Co, Ni, or Fe by either thermal or plasma-enhanced
ALD with and without post-annealing in a reducing atmosphere
of hydrogen. Following,[150] the in situ combination of these dif-
ferent materials synthesis strategies has so far led to the cur-
rently best quality of an ALD-grown ferromagnetic transition
metals.[66,67] Conformal layers of high-quality Ni were achieved
first on vertically standing semiconductor nanowires[67] and then
applied also to TPL-produced nanotemplates.[64]

First, a pulse of the metal-organic precursor molecule nicke-
locene (NiCp2) was applied to the nanotemplate, which was fol-
lowed by a pulse of water molecules after a purging step using
an inert gas flow. The sequentially offered precursor molecules
created a thin conformal layer of NiO via thermal ALD at 175 °C,
followed by a subsequent purging step. After repeating this ther-
mal ALD process for c times, an intermediate reduction process

was initiated by means of a hydrogen plasma (Figure 8f). This in
situ combination of thermal ALD and plasma-enhanced reduc-
tion was repeated n times to realize the target thicknesses of the
conformal Ni coating, typically between 10 and 30 nm. A final
post-annealing is performed at 350 °C in a hydrogen-containing
inert gas atmosphere for a few hours. All these temperatures are
below the thermal budget for the back-end-of-line processes in
microelectronics and the pyrolysis of the TPL resist.[202] They are
also low enough to avoid dewetting. The deposited Ni films with
c = 7 and a thickness of 30 nm showed the following properties:
a specific resistivity of 8 μΩcm at room temperature, a satura-
tion magnetization μ0Ms = 0.5 T, a relative anisotropic magne-
toresistance (AMR) effect of 3.9 % and a small damping param-
eter 𝛼 = 0.025 which was lower than reported for Ni thin films
grown on planar Si(1 0 0) substrates by electron beam evapora-
tion in an ultra high vacuum chamber at a base pressure of ≈5
x 10−10 mbar.[65] The coercive field μ0Hc was estimated to be ≈5
mT and hence close to 1.2 mT, defining the upper limit of coer-
cive fields for a technical soft magnet. The small coercive field
was consistent with the polycrystalline nature of the ALD-grown
Ni. The resulting Ni films were smooth and did not have voids.
A separate ALD growth study using a similar deposition strategy
confirmed the good structural quality of Ni, the uniformity, and
the low level of carbon contamination without reporting on the
magnetic properties, however.[203]

TheALDprocess developed in[67] started by intentionally grow-
ing first a thin (under)layer of Al2O3. Al2O3 is among the best
studied ALD processes and applicable to many substrate mate-
rials. The Al2O3 process was already applied to complex poly-
meric nanotemplates created by TPL when the authors Meza
et al.[204] aimed at a mechanical metamaterial. Consistent with
a speculation provided in,[203] the Al2O3 underlayer allowed H.
Guo et al.[64] to transfer the previously developed Ni process
(Figure 8f), to free-form polymeric nanotemplates without com-
promises in conformality and uniformity (Figure 8g–h). Figure 8i
shows conformal Ni shells deposited by plasma-enhanced ALD
on a several μmhigh 3D woodpile structure created by a TPL pro-
cess. When applying inelastic light scattering, the low damping
of the ALD-grown Ni allowed for the observation of a manifold of
collective spin excitations (magnons) in 3D ferromagnetic wood-
pile structures (Figure 8j).
To enable further progress in functional 3D magnonics and

spintronics, the ALD growth of ferromagnetic transition met-
als Fe and Co is important. Combining pulses of the precursor
molecule iron (III) tert-butoxide (Fe2(OtBu)6) with nickelocene
pulses in a so-called super-cycle ALD process,[150] Permalloy
(Ni80Fe20) with μ0Ms = 1 T was achieved on 3D topographies.[66]

Planar films exhibited a large AMR effect (5.6 %) at room temper-
ature. This value indicated appreciable spin-dependent scattering
of electrons, qualifying for sensing applications. The minimum
coercive field amounted to 3.6 mT, which was more than an or-
der of magnitude smaller than for previously published material.
The damping value of 𝛼 = 0.013 was improved compared to Ni
and enabled the experimental exploration of magnons controlled
by magneto-chiral effects in 3D nanotubes.[36] Again, Al2O3 was
used as an underlayer such that free-form 3D Permalloy devices
for spintronics and magnonics are within reach.
Reports about the magnetic properties of ALD-grown Co

are scarce, but the recently observed spin-dependent tunneling
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of electrons into a planar Co thin film produced by ALD is
encouraging.[205] The ALD-grown Co shows a coercive field of
≈130 mT qualifying for a hard magnetic material. The recent de-
velopments in ALD growth of ferromagnetic 3d transition met-
als, hence promise both to upscale fundamental research in 3D
nanomagnetism and to enable functional 3D spintronics and
magnonics devices based on both soft and hard magnetic ma-
terials.

3.4. Direct Writing of Magnetic Materials

So far, this review has covered work that leverages additional
deposition techniques to realize magnetic functionality in the
printed device. Despite the clear advantages (see Table 2) offered
by these techniques, these are coupled withmulti-step and some-
times complex and expensive post-fabrication processing to en-
able magnetic functionality. An extremely attractive prospect is
the ability to directly print a magnetic structure with little to no
additional post-fabrication deposition or processing to achieve
the desired functionality, akin to FEBID, which has paved the
way for important work in realizing almost arbitrary 3D ferro-
magnetic nanostructures.[10,206]

Direct writing of magnetic micro- and nanostructures via TPL
is often achieved by the functionalization of a negative resist
or a hydrogel with magnetic nanoparticles or a magnetic metal
containing species, as shown schematically in Figure 9a. TPL
then results in an organic/metallic hybrid composite with the
magnetic species embedded within a cross-linked monomer net-
work. This technique has been used extensively in the realiza-
tion of magnetic microrobotics with several important reviews
that detail important recent work in this field.[77,80,81,207–211] By
leveraging the freedom of 3D design with the underlying attrac-
tive properties of commercially available and custom resists, a
range of functionalities can be realized. Typical acrylate-based
resists exhibit minimal thermal degradation up to ≈600 K,[202]

indicating excellent stability across all biologically relevant tem-
perature ranges. Furthermore, the long-term mechanical stabil-
ity of commercial resists has been characterized by Koch et al.,[86]

showing negligible degradation in flexural properties over time.
Polymers with large Young’s Moduli on the order of GPa (e.g,
IESL-FORTH SZ2080;[212] Nanoscribe IP-L and IP-Dip;[213] and
UpNano resists[214]) allow for rigid actuation of structures un-
der external stimuli, e.g., microswimmers and micromechani-
cal systems. Polymers such as hydrogels with water absorbing
capabilities which emulate extracellular matrices,[211,215] and low
Young’s Moduli typically on the order of MPa (Nanoscribe IP-
PDMS resist;[213] and BIO INX hydrogels[214]) and even as low as
a few 100 kPa for custom hydrogel formulations,[216,217] allow for
elastic deformation and actuation under external stimuli, e.g., for
applications in biocompatible cell- and soft-robotics.
This methodology allows for the realization of a range of bio-

compatible 3D microstructures, particularly due to the attractive
magnetic actuation aspect of microrobotics, and for the vast ar-
ray of biocompatible surface functionalizations possible through
themetallic-organic composite structure.[218] Superparamagnetic
iron oxide Fe3O4 nanoparticles are a common choice of magnetic
species in resists, with demonstrations of SU-8/Fe3O4 compos-
ite twist-type actuators by Peters et al.[219] (Figure 9b). Particle

alignment by an external magnetic field during the film soft-
bake enables shape-independent magnetic properties, and such
actuators have also been surface-functionalized for increased
biocompatibility. Helical-type microrobots have been demon-
strated in a range of resist/nanoparticle composites with tun-
able corkscrew motion in SU-8/Fe3O4

[220] and high liquid veloc-
ity biocompatible PETA/FePt.[221] Ormocore resist has been com-
bined with superparamagnetic maghemite structure nanoparti-
cles Fe2O3 for the realization of polymer/metallic composite scaf-
folds (Figure 9c), for enhanced osteoblast cell attachment and
mineralization under external fields as demonstrated by Paun
et al.[152] Micro-gear pairs comprised of an acrylate/Fe3O4 com-
posite have been fabricated with no post-fabrication treatments
by Peng et al.[222] (Figure 9d). The authors demonstrated mag-
netic and non-magnetic micro-gear compatibility with a range
of possible transmission ratios, controllable motion via exter-
nal magnetic fields, dispensing of particles to target locations,
and conversion of continuous to discrete motion. Micro-tubes
fabricated via single exposure using an optical vortex focal vol-
ume have been demonstrated in SZ2080/Fe3O4 by Yang et al.,

[223]

shown to bemanipulable via rotating fields (Figure 9e), which has
allowed for the precise pick-up and delivery of SiO2 microparti-
cles in a liquid environment. Aside from biofunctional micro-
robots, 3D polymeric/metallic composites are extremely appeal-
ing for magnetically actuated micromechanical systems, which
are uniquely positioned to offer novel solutions in micro-scale
manufacturing.[81] In work by Xia et al.[224] Fe3O4 nanoparti-
cles have been surface functionalized to imbue dispersible and
photopolymerizable functionalities, to assist in the TPL step,
and subsequently dispersed in an acrylate-based negative resist.
TPL was then used to define an array of micromechanical struc-
tures ranging frommagnetically actuated helices and collar-joint
micro-turbines in acetone (Figure 9f). Hydrogel/Fe3O4 compos-
ites have been shown by Geid et al.[216] to act as surface-activated
biocompatible cell adhesion promoters which can be manipu-
lated via external magnetic field gradients, effectively stimulating
cellmorphogenesis (Figure 9g–h). Similar hydrogel/nanoparticle
composite materials have been used as biocompatible photother-
mally deformable 3D structures, withmillisecond response times
to the incident light, which can undergo multiple repeated de-
formations without structural degradation, as shown by Zheng
et al.[225] (Figure 9i,j).
Whilst nanoparticle and resist composites have been used ex-

tensively in fabricating a range of microstructures for biocompat-
ible andmechanical applications, there are significant drawbacks
to this methodology. Most importantly, the composite is an im-
puremetallic/organicmatrix, where themagnetic proportion typ-
ically comprises less than 10% of the relative weight of the struc-
ture. Magnetic nanoparticles inherently change the physical and
chemical properties of the resist, typically limiting the dynamic
range of exposure parameters, as well as the range of available
feature sizes and resolutions, and effectively inhibit polymeriza-
tion due to the often-times high absorption within the nanopar-
ticles on laser exposure.[81] So, to increase the proportion of the
magnetic component in the final structure, one would need to
increase the proportion of the magnetic nanoparticles, which
in turn further affects the dynamic range for polymerization.
Alternative routes to incorporating magnetic (and many other
metallic and functional) species into a resist are thus an active
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Figure 9. Direct writing of magnetic materials via TPL. a) Simplified TPL process in a functionalized resist consisting of a monomer, photoinitiator and
a metallic species (e.g., nanoparticles, metal containing acrylates), left zoomed inset. The final printed structure is a helix consisting of metallic clus-
ters embedded within a cross-linked monomer matrix, right zoomed inset. b) SEMs of magnetic helical microrobots with varying actuator geometries,
consisting of an SU-8 and superparamagnetic magnetite Fe3O4 nanoparticle composite. Scale bar 50 μm. Reproduced with permission.[219] Copyright
2014, Wiley. c) SEM of superparamagnetic cell scaffold consisting of Ormocore and maghemite 𝛾-Fe2O3 nanoparticles. Scale bar 100 μm. Reproduced
under the terms of the CC-BY license[152] Copyright 2019, The Authors, published by MDPI. d) SEM of micro-gears comprised of polymer and Fe3O4
nanoparticle composite. Scale bars 5um. Reproduced with permission.[222] Copyright 2024, Wiley. e) Fluorescence microscopy images of SZ2080/Fe3O4
composite micro-tubes manipulated by an external magnetic field. Scale bars 25 μm. Reproduced with permission.[223] Copyright 2019, Wiley. f) Optical
images of an acrylate-Fe3O4 composite collar-joint micro-turbine actuated via magnetic field. Scale bars 10 μm. Reproduced with permission.[224] Copy-
right 2010, Wiley. g) Schematic of the deflection of a magnetic-polymer composite hammer-like 3D structure, h) overlaid optical images of the deflected
(red) and undeflected (blue) structures. Scale bar is 20 μm. Reproduced under the terms of the CC-BY license.[216] Copyright 2024, The Authors, pub-
lished by Wiley. i) Optical image of a hydrogel-Fe3O4 composite under no laser illumination, j) with laser illumination illustrating light-actuation. Scale
bars 10 μm. Reproduced with permission.[225] Copyright 2020, Elsevier. k–l) SEMs of a Ni nanolattice following pyrolysis. Scale bars 2 μm and 500 nm,
respectively. Reproduced under the terms of the CC-BY license.[151] Copyright 2018, The Authors, published by Springer Nature. m–n) Ni and O energy
dispersive spectroscopy (EDS) maps in a pyrolyzed Ni magnetically actuated microrobot. Scale bars 3 μm. Reproduced with permission.[226] Copyright
2024, Royal Society of Chemistry. o–p) SEM and EDS Co mapping of a direct written alloy via two-photon decomposition. Scale bar 5 μm. Reproduced
with permission.[227] Copyright 2024, Springer Nature.

area of research. Instead of mixing magnetic nanoparticles, Vy-
atskikh et al.[151] showed that incorporating a Ni containing acry-
late with a conventional resist (containing typical cross-linking
monomers, photoinitiators) allows for the fabrication of com-
plex micro-architectures, as shown in Figure 9k, and in a post-
processing pyrolysis step the organic components are effectively
removed, leaving only a nanocrystalline (on order of 21 nm) 3D
Ni lattice (Figure 9l), withminimum features of 100 nmwith sin-

gle lines. Similar methodology with a Ni-acrylate based resist and
post-fabrication sintering has been used in work by Li et al., who
fabricated Ni micro-helices with high purity (Figure 9m–n), with
various geometric parameters which allowed for the precise ma-
nipulation in fast-flowing fluid environments, and demonstrated
impressive cargo-carrying capabilities with the ability to move
objects 200× the mass of the fabricated helix.[226] Recent work
by Wang et al.[227] demonstrated the direct writing of nanoscale
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metals and alloys via two-photon decomposition and optical trap-
ping using a direct laser writing TPL system. Critically, this work
forgoes the use of any polymer resists and instead leveragesmetal
precursors both in pure and oxide forms and demonstrates a
range of magnetic materials and alloys in complex 3D architec-
tures (Figure 9o,p). This work marks a significant step toward
optical-based direct writing of arbitrarymagneticmaterials on the
nanoscale.

4. Post-Processing

For the field of 3D nanomagnetism, the ability to fabricate com-
plex 3D geometries with nanoscale resolution – with feature sizes
below 100 nm – is key. TPL is a powerful technique for fabricat-
ing 3D geometries with submicron resolution – typically on the
order of 200 nm for commercial systems. However, as discussed
in Section 2.2.1, achieving feature sizes below 100 nm typically
requires advances in the process, such as the use of smaller wave-
length lasers[90,92,131] and the careful design of photoresists. An al-
ternative route to achieving smaller length-scales comes with the
implementation of post-processing steps, to enhance the spatial
resolution of larger scaffolds produced withmore “standard” TPL
setups. These steps are useful not only for pushing the resolution
beyond the inherent limits of TPL but also for tailoring mate-
rial properties such asmagnetic behavior andmechanical robust-
ness. Two particularly relevant post-processing methods that will
be discussed in this section are oxygen plasma treatment and py-
rolysis. These approaches address the following challenges: i) re-
ducing structural dimensions beyond the optical resolution lim-
its and ii) enhancing the physical and functional properties of
materials.
Oxygen plasma etching is an effective post-processing method

used to reduce lateral dimensions and remove residual polymers.
In this process, reactive oxygen species interact with organic ma-
terials, etching away unpolymerized or loosely bound photoresist
and, by providing good control of the etching rate, allowing for
fine-tuning of the geometries. The resolution achievable through
oxygen plasma etching depends on the geometry of the 3D struc-
ture itself. Although a significant reduction of the size is possi-
ble, structures can collapse or deform if the thickness is below a
critical threshold. This mechanical instability limits the shrink-
ing that can be done without compromising structural integrity.
In the literature, several studies have demonstrated the effective-
ness of plasma etching for TPL-fabricated structures.[140,204,228,229]

For instance, Montemayor et al.[140] combined TPL with oxy-
gen plasma etching, demonstrating the fabrication of 3D hol-
low metallic nanolattices with features down to 150 nm. In an-
other example by Meza et al.[204] oxygen plasma was combined
with conformal coating processes to produce ceramic nanolat-
tices with feature sizes below 100 nm, allowing for the creation
of mechanical metamaterials, for which the enhancement in the
resolution facilitated the reversible deformation of the structure.
Gross et al.[230] combined equiaxed printing trajectories during
TPL and oxygen plasma ashing, and realized nanostructures with
stable lateral features down to 40 nm, and reported on aspect ra-
tios close to 1 over a range of ashing times.
Another well-established post-processing method is

pyrolysis,[231] a thermally driven process typically carried
out in inert or reducing environments. By exposing the polymer

scaffold to high-temperature annealing, the organic components
decompose at temperatures typically above ≈600 K,[202] resulting
in the transformation into carbon, glassy carbon, or ceramic ma-
terials, depending on the initial composition of the photoresist.
This method induces isotropic shrinkage-typically by a factor of
≈5-allowing for significant size reduction while preserving the
overall geometry. However, if the structure is strongly adhered to
the substrate, this shrinkage can cause localized deformation in
those regions due to mechanical constraints. Such deformation
can be mitigated through the design of an appropriate base for
the nanostructure,[61,232] or by the transfer of the printed struc-
ture to a new substrate with an anti-sticking coating in order
to realize deformation-free pyrolysis of 3D architectures[233]

(Figure 10a,b). Seniutinas et al. showed that pyrolysis and
plasma etching can be combined sequentially to achieve better
miniaturization of 3D structures,[234] first by isotropic shrinkage
via pyrolysis, and then by further fine-tuning the cross-sectional
dimensions using oxygen plasma etching, with features as low
as 55 nm (Figure 10c–e).
When a TPL scaffold is miniaturized with pyrolysis, there are

several routes to creating 3D magnetic nanostructures. Standard
physical vapor deposition techniques, such as sputtering, can be
used to coat the structure to form a shell-like structure that has
been used to realize nano-tripod building blocks, whichwere sub-
sequently imaged to reveal the stabilization of spin ice vertex con-
figurations, as shown by Pip et al.[61] ALD has also been utilized
by Guo et al.[64] to conformally coat a pyrolyzed woodpile, with
original lattice periods of 1.5 μm, and then 0.5 μm following py-
rolysis. ALD has been used as an intermediate step for coating 3D
buckyballs with a conductive Ir layer, followed by Ni electrodepo-
sition, as demonstrated by Gliga et al.[235]

As well as shell-like structures, pyrolysis can also be combined
with photoresists that are doped with metallic nanoparticles or
metal-containing precursors,[151] as discussed at length in Sec-
tion 3.4. After the 3D structure is fabricated via TPL, pyrolysis
drives off the organic matrix and causes the metal clusters to
coalesce, forming a solid metallic architecture with metallic pu-
rities as high as 90%. This method has been harnessed by Vy-
atskikh et al.[151] to fabricate nanolattices with octet geometries
made of nanoporous nickel with a high amount of Ni in the final
structure, essentially achieving a 3D magnetic nanowire lattice
structure (Figure 10f,g). Pyrolysis has also been used to reduce
the features of a TPL-fabricated template for electrodeposition
by Gunderson et al.[232] (Figure 10h–k), and demonstrated com-
plex Au lattices and linewidths as low as 50 nm, and although
magnetic materials were not used in this proof-of-principle work,
this demonstrates that combining template-assisted electrodepo-
sition and pyrolysis can leverage the wide scope of available ma-
terials with vastly reduced feature sizes.

5. Future Challenges and Opportunities

The convergence of nanoscale additive manufacturing and mag-
netic materials science is enabling a new era of functional nano-
magnetic systems. Among fabrication approaches, TPL stands
out for its ability to rapidly generate complex 3D architectures
with sub-diffraction resolution, with full freedomover design and
with established methods to cast the polymer into one of many
available magnetic materials, whilst maintaining a high purity.
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Figure 10. Post-processing examples. a–b) SEM of a gyroid lattice (a) before pyrolysis on original substrate and (b) after pyrolysis on new substrate. Scale
bars 20 μm. Reproduced under the terms of the CC-BY 4.0 license.[233] Copyright 2023, The Authors, published by Springer Nature. c–e) Isotropic oxygen
plasma etching of polymerized 3D structures: (c) initial buckyball fabricated by TPL, (d) the same buckyball after 5, (e) and 7 etching cycles of isotropic
plasma etching. Scale bars 1 μm. Reproduced with permission.[234] Copyright 2018, Elsevier. f) SEM image of supported 20 μm tetrakaidekahedron
unit cell on a Si chip fabricated with a Ni-rich photoresist after pyrolysis. Scale bar 1 μm, respectively. g) Corresponding EDS maps showing Ni and
O composition throughout the structure. Scale bars 2 μm. Reproduced under the terms of the CC-BY 4.0 license.[151] Copyright 2018, The Authors,
published by Springer Nature. h–k) Process flow for the fabrication of nanoscale 3D electroformed samples together with SEM images. Pyrolysis is used
to shrink the template patterned with TPL, and subsequently electrodeposition was used to fill the template with metal. Reproduced with permission.[232]

Copyright 2021, Wiley.

Moving forward, there are multiple routes to realizing advanced
functional devices based upon 3D nanomagnetic architectures.
Below, we outline near-term directions that are technically feasi-
ble with incremental progress, and longer-term ideas whose pay-
off is high but require breakthroughs in materials synthesis, pro-
cessing, and 3D characterization.

5.1. Short-Term Opportunities

5.1.1. Interfacial Stacks on 3D Scaffolds

Summary: Work to date has provided a firm grounding in un-
derlying methods to realize multiple-connected 3D nanomag-
netic structures, largely based upon single magnetic materials.
A natural progression is the exploration of multilayered and in-
terfacial systems, particularly those exhibiting chiral interactions
such as the Dzyaloshinskii–Moriya interaction (DMI). Coating
TPL-fabricated networks with heavy-metal/ferromagnet multi-
layers (e.g., Pt/Co, W/CoFeB) would allow for the stabilization
of 3D chiral spin textures such as skyrmions, hopfions, and
vortex chains.[236] These textures are expected to behave differ-
ently in curvilinear space, where curved surfaces naturally mod-
ify exchange and anisotropy to generate extrinsic Dzyaloshinskii–
Moriya-like terms[52,237,238] and can lead to emergent chirality,
even in non-chiral materials.[239]

Critical barriers: i) Polymer scaffold compatibility has only
been characterized with a handful of different deposition

methodologies.[58,64] Interface quality between films deposited
on high-curvature TPL features has not been measured in de-
tail. Conventional PVD can yield shadowing. ALD offers confor-
mality but narrows the variety of alloys and often requires high-
temperature post-anneals, which can be incompatible with poly-
mer scaffolds. ii) Surface roughness, often in the range of 1–
10 nm,[131,144] can produce undesirable orange-peel coupling,[239]

change damping, and local anisotropy.[240] Typical values for TPL
fabricated structures are≈10 nm,[19,84,111] which can be optimized
with standard process parameters down to ≈7 nm for individ-
ual nanowires[131,144] and even down to ≈0.4 nm for extended
micron-scale ribbons.[58] Further investigation is required to ob-
tain the low roughness values achieved in traditional CMOS tech-
nologies (0.05-0.2 nm). Voxel engineering provides one possibil-
ity whilst also providing a route to tuned cross-sectional curva-
ture, allowing for effective DMI and anisotropy terms to be tun-
ing knobs in selecting spin texture within multilayer stacks. The
resolution of TPL is also important in the context of magnetic
nanostructures and limits the minimum achievable separation
between active magnetic nanowires or elements. This has direct
implications with respect to controlling dipolar coupling in com-
plex 3D systems or devices.

5.1.2. Low-Power Spin-Orbit Torque Switching

Summary: Achieving low-power spin–orbit torque (SOT) switch-
ing of magnetic bits is essential for the development of
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addressable 3D spintronic devices, since it allows determinis-
tic control of magnetic states without relying on the larger cur-
rent densities and Joule heating provided by spin-transfer torque
(STT). STT effects were explored in 3D nanowires with ferromag-
netic multilayers obtained by electrodeposition in porous mem-
branes as early as 1999[241–243] and patented as a 3D fabricated
non-volatile magnetic random access memory in 2001.[244] SOT,
which arises from spin currents in adjacent heavy metals[245] is
expected to reduce critical thermal effects in spintronics but re-
mains an underexplored phenomenon in 3D systems. 3D struc-
tures with graded thickness or local curvature variations could
be used to modulate the direction and magnitude of spin ac-
cumulation, potentially enabling spatially programmable SOT
switching. This is particularly relevant in systems with Rashba-
type interfaces, where geometric constraints in TPL-built geome-
tries could break inversion symmetry locally and enhance SOT
efficiency.[246]

Critical barriers: i) Reliable electrical contacts. Making reli-
able electrical contact to 3D magnetic nanostructures and lat-
tices remains a major bottleneck for advancing spintronic func-
tionality beyond the planar limit. Unlike thin films, where con-
tacts can be patterned directly on flat surfaces, 3D architectures
introduce curved, elevated, and interconnected geometries that
complicate both lithography and metallization. Though several
studies[58,247] have demonstrated proof-of-principle approaches,
including multi-step lithography to simple wire structures and
simple TPL pads to more extended lattices,[248] significant chal-
lenges remain. At the level of individual devices, ensuring inti-
mate, low-resistance contact without damaging fragile scaffolds
is non-trivial, particularly when conformal coverage of high-
aspect-ratio features is required. ii) Non-uniform current flow.
Though this can be an advantage, as stated above, allowing the
control over spin-accumulation, it can also hinder by leading to
local hot spots. Thus, controlled SOT, when considering ther-
mal effects, requires advanced design, ideally with full 3D Multi-
physics simulation of current mapping.

5.2. Long-Term Opportunities

5.2.1. Beyond Conventional Ferromagnetic Materials

Summary: TPL also offers a route for integrating emerging ma-
terial classes into 3Dmagnetic systems. Though there is no work
to date, we outline here several promising avenues. Among the
most exciting are 2D magnetic materials,[249] whose atomically
thin nature and tunable magnetic order make them particularly
attractive for conformal integration with 3D scaffolds. For ex-
ample, a conformal coating of 2D ferromagnetic materials (e.g.,
Fe5GeTe2

[250]) onto TPL scaffolds provides a hybrid platform for
coupling spin, valley, or charge transport to 3D magnetic tex-
tures. These systems, with their layer-dependent magnetic prop-
erties combined with the geometric freedom of 3D design, of-
fer exceptional opportunities for the realization of 3D magnetic
metamaterials where intricate functionalities can be enhanced
by design. Antiferromagnetic materials[251] are promising due
to their high-speed dynamics and zero net magnetization, mak-
ing them robust against external fields. 3D nanostructuring may
allow for tunable anisotropy, novel domain morphologies, and

spin textures unique to these compensated systems. Such ma-
terials are also predicted to harbor a family of curvature-driven
phenomena[22] which have not been explored in 3D nanostruc-
tured systems, due to constraints on material fabrication. Alter-
magnets represent a recently identified class of magnetically or-
dered materials that combine the compensated, zero net magne-
tization of antiferromagnets with a symmetry-protected spin po-
larization usually associated with ferromagnets.[252] This arises
from their peculiar crystal symmetries (e.g., in MnTe or certain
Heuslers), where opposite spin sublattices are not simply re-
lated by inversion symmetry. As a result, electronic bands ex-
hibit momentum-dependent spin splitting even though the ma-
terial as a whole has no macroscopic moment. This “hidden
spin polarization” yields highly anisotropic transport properties,
including giant anisotropic[253] and direction-dependent spin
conductivity.[254] For 3D nanostructured systems, these features
open intriguing opportunities. Since spin splitting is symmetry-
protected, introducing curvature or designed lattice distortions
could engineer the degree and orientation of spin polarization
locally via, e.g., non-relativistic spin-orbit coupling or strain, re-
spectively. 3D TPL scaffolds coated with altermagnets might en-
able direction-sensitive functionalities, such as current rectifica-
tion or geometry-driven anisotropic spin injection, that a homo-
geneous and planar material does not provide.
Critical barriers: i) Material growth. Most 2D magnetic mate-

rials (e.g., Fe5GeTe2, CrI3) are fabricated by exfoliation or van der
Waals epitaxy, both of which are inherently planar. Transferring
such materials onto even simple 2.5 or 3D geometries without
tearing or unintentionally buckling is a major challenge. Chem-
ical vapor deposition (CVD) routes have shown promise for scal-
able synthesis, demonstrated in large area growth of layeredmag-
nets such as Fe3GeTe2,

[255] yet the complexity of growing such
materials conformally over 3D architectures means achieving
uniform coverage around intricate 3D scaffolds and at relatively
low temperatures remains uncharted territory. Altermagnets,
meanwhile, are at an even earlier stage of development compared
to 2D magnets and technologically important antiferromagnets.
To date, most altermagnetic compounds such as MnTe and vari-
ous Heusler alloys have been realized either as bulk single crys-
tals or as epitaxial thin films grown on carefully lattice-matched
substrates.[252] These conditions are essential to preserve the
crystal symmetries that underpin their symmetry-protected spin
splitting and anisotropic transport. However, such requirements
make the transition to 3D architectures particularly difficult:
epitaxial growth strategies cannot be straightforwardly applied
to non-planar scaffolds in general. Conventional bulk synthesis
routes provide no obvious route for nanoscale integration. Un-
like metallic antiferromagnets, for which sputtering or polycrys-
talline growth can still yield functional exchange bias, altermag-
nets appear to demand high crystallographic fidelity,[252] with dis-
order or strain rapidly suppressing their unique band-structure
features. Extending altermagnetic synthesis to scalable, confor-
mal coatings, for example, through non-epitaxial thin-film depo-
sition, chemical methods, or templated growth on amorphous
supports, therefore, remains an open long-term challenge. To
explore fundamental properties, one might start from altermag-
netic 3D shells grown on single-crystalline nanotemplates[36,66,67]

and nanomembranes,[256] which offer side facets with engi-
neered lattice constants, which could serve as reference systems
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before exploiting TPL fabricated nanotemplates. Equally impor-
tant is ensuring that these growth approaches are compatible
with CMOS process flows, where temperature budgets are, in
general, critical. However, low-temperature processes are already
being considered within CMOS to realize stackable 3D transistor
systems.[257]

ii) Role of interfaces. The most technologically important
metallic antiferromagnets, such as IrMn, FeMn, PtMn, and
NiMn, form the backbone of exchange-bias stacks in magnetic
memory and sensor technologies.[258,259] Their functionality re-
lies heavily on achieving the correct crystallographic texture and
interfacial order, which typically requires carefully engineered
seed layers. For example, IrMn is usually grown on Cu or Pt to
stabilize the (111) texture.[260] Translating these stringent growth
requirements into 3D geometries is highly non-trivial since cur-
vaturemay introduce local strain, directly impacting the crystallo-
graphic texture, antiferromagnetic ordering, and potentially sup-
pressing interfacial exchange. Finally, such systems often require
a high-temperature annealing step,[261] which may damage the
polymer support or distort the 3D structure. In such cases, it may
be prudent to take advantage of a pyrolysis step in order to realize
glassy carbon, which is stable to very high temperatures.[262,263]

Here, the high conductivity may also be advantageous for spin-
tronic applications, providing both thermal stability and an elec-
trically active backbone for transport integration.

6. Applications and Outlook

In parallel to fundamental studies, the potential application
space for functional 3D nanomagnetism is rapidly expanding.
These opportunities can be naturally divided into near-term,
medium-term, and long-term horizons, reflecting both the ma-
turity of available material platforms and the challenges of inte-
gration. Importantly, the underlying fabrication technologies are
progressing toward industrial deployment: two-photon lithogra-
phy (TPL), once confined to laboratory-scale demonstrations, is
now entering manufacturing pipelines in adjacent fields such as
micro-optics and photonic packaging, with commercial systems
already producing components at scale. This suggests that trans-
lation of TPL-based magnetic systems is no longer a purely aca-
demic aspiration but increasingly a question of materials com-
patibility and device integration.

6.1. Near-Term (0–5 years)

Magnetic metamaterials, engineered composites with tailored
permeability and anisotropy, can now be realized at the nanoscale
using TPL and processing. Such systems are well-suited to
act as tunable magnonic crystals and non-reciprocal microwave
devices, extending recent advances in planar magnonics into
the 3D regime on a chip.[53,264–266] For magnonics, a key chal-
lenge is integration with a technologically relevant material such
as yttrium iron garnet (YIG), which remains difficult to pro-
cess in 3D architectures.[264] While ALD of YIG has shown
early promise,[267] the absence of lattice-matched Gd3Ga5O12
(GGG) substrates and corresponding nanotemplates complicates
conformal growth. Metallic ferromagnets (e.g., Co, NiFe) and

their multilayers represent practical near-term candidates with
larger damping compared to planar YIG, enabling microwave
filtering, waveguiding, and on-chip magnonic networks in 3D
nanoarchitectures.[264,265] Here, careful control of geometric pa-
rameters in complex 3D magnetic lattices such as artificial spin-
ice networks can produce tunablemagnonic spectra through con-
trolled vertex populations, providing a pathway to reconfigurable
filters operating across themulti-GHz range, relevant to 5G com-
munication technologies.[264]

6.2. Medium-Term (5–10 years)

Thermal spin phenomena, such as the spin Seebeck effect (SSE),
offer opportunities to exploit 3D geometries for spatial control of
spin current generation and localized energy harvesting. An SSE
system such asNiO/Pt[268] could be embedded into TPL scaffolds,
with pyrolyzed glassy carbon frameworks providing both thermal
stability and electrical conductivity.[262] Such designs could en-
able low-power energy harvesting and localized magnetocaloric
refrigeration in microscale devices.[269] Pioneering steps in 3D
spin caloritronics have already been achieved in multilayered
3D nanowires fabricated in porous membranes,[270] suggesting
that such applications are a realistic medium-term goal, espe-
cially once conformal growth techniques upon TPL templates
mature. In parallel, 3D nanomagnetic scaffolds decorated with
catalytic nanoparticles (for example, via low-cost electrophoretic
deposition[271]) can serve as magnetically switchable catalytic
platforms. Under alternating fields, hysteresis-driven nanoscale
heating enables selective catalytic activation,[272] a pathway with
significant implications for green chemistry and microscale re-
actors. Magnetic alloys are often used within battery electrodes,
yet in these cases, their intrinsic magnetic properties are not ex-
ploited. 3D nanostructured electrodes have already been widely
investigated[273] using a variety of fabrication methodologies. We
anticipate that combining TPL with electrodeposition will allow
for more precise control over geometry and surface area than ex-
isting methods.

6.3. Long-Term (10+ years)

Neuromorphic magnetism represents one of the most transfor-
mative opportunities. By designing interacting 3D nanomagnetic
networks that mimic neuronal connectivity, it is possible to cre-
ate highly non-linear, history-dependent systems suited to reser-
voir computing by exploiting the nano-volatile storage capac-
ity of magnets at the same time. Compared to planar architec-
tures, 3D geometries offer vastly increased interconnectivity and
state-space, potentially allowing orders-of-magnitude enhance-
ment in computational richness.[274–276] Antiferromagnets rep-
resent compelling candidates since their compensated nature
suppresses dipolar fields, enabling dense packing, while their
THz dynamics allow for ultrafast signal processing.[277] Here, the
growth challenges discussed in Section 5 likely limit applications
to the long-term future.
Another long-term frontier is magnetomechanical and

biomedical platforms. Here, 3D magnetic nanostructures can
exert programmable forces on biological systems, allowing for
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stem cell differentiation,[278,279] targeted therapy[280] and remote
actuation.[281]

In summary, TPL is not only a fabrication tool but a plat-
form for conceptualizing and realizing entirely new classes of
3D nanomagnetic systems. The ability to tailor geometry, couple
multiple functionalities, and incorporate advanced materials of-
fers fertile ground for discovery in nanomagnetism and beyond.
Continued advances in deposition, post-processing, and charac-
terization will push this field forward, allowing TPL-based mag-
netic systems to play a key part in next-generation 3D functional
materials research.
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