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ABSTRACT Arrays of interacting 2D nanomagnets display unprecedented electromagnetic
properties via collective effects, demonstrated in artificial spin ices and magnonic crystals.
Progress towards 3D magnetic metamaterials is hampered by two challenges: fabricating 3D
structures near intrinsic magnetic lengthscales (sub-100 nm) and visualizing their magnetic
configurations. Here, we fabricate and measure nanoscale magnetic gyroids, periodic chiral
networks comprised of nanowire-like struts forming 3-connected vertices. Via block co-polymer
templating, we produce NizsFezs single-gyroid and double-gyroid (an inversion pair of single-
gyroids) nanostructures with a 42 nm unit cell and 11 nm diameter struts, comparable to the
exchange length in Ni-Fe. We visualize their magnetization distributions via off-axis electron

holography with sub-nm spatial resolution and interpret the patterns using finite-element



micromagnetic simulations. Our results suggest an intricate, frustrated remanent state which is
ferromagnetic but without a unique equilibrium configuration, opening new possibilities for
collective phenomena in magnetism, including 3D magnonic crystals and unconventional

computing.

Artificial lattices (2D metasurfaces and 3D metamaterials) can manifest unprecedented properties
due to the control they offer over material parameters, via tailoring both the lattice units and the
interactions between them. Fully-connected 3D networks offer particularly rich prospects for new
topological phenomena, extending interactions and collective effects into all three spatial
dimensions, and also allowing emergent chiral effects tunable by the shape of the 3D lattice unit.

A particularly interesting example is the gyroid, a fully connected network periodic in all three
dimensions notable for being entirely composed of chiral triple junctions.*® Chitin gyroids with
unit cells several hundred nanometers across were discovered to act as photonic crystals in
biological systems,*® inspiring intense research into the fabrication of artificial gyroids,®2° with

particular focus on optical effects arising from their periodicity and chirality.
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Figure 1. Structural units and symmetries of the single-gyroid network. Schematics (left to right)
show a single vertex pair and a ball-and-stick model highlighting the vertices (red spheres) and
the chiral twist angle of cos™(1/3) = 70.5°, a single cubic unit cell and 2x2x2 unit cells of the
single-gyroid network with volume fraction 20%, oriented with the [110] direction along the
virtual substrate normal. Dimensions (strut diameter, vertex spacing, radii of curvature, unit cell
edge length) are typical for the gyroid networks studied in this work. To improve clarity, the
vertex pair and the single unit cell have been magnified relative to the 2x2x2 block of unit cells

by factors of 2 and 1.3, respectively.

Dielectric and noble metal gyroids were observed to act as chiral beamsplitters,** photonic crystals
and non-linear optical metamaterials’®® with ultra-fast responses.! These achievements were
supplemented by the groundbreaking prediction? and discovery?® of Weyl points and line nodes
in the microwave response of a millimeter-scale machined ceramic gyroid. Known in different
fields variously as the Laves net (or graph), the srs net and the Ka crystal?*?s, the gyroid has a
body-centered cubic unit cell containing triple-junction vertices formed from nanowire-like struts
whose cross-sections transition between circular and elliptical (Figure 1). The three struts
composing each vertex meet at 120° in the same plane; neighboring vertices share one of the struts
and are offset from each other by a chiral angle of cos™(1/3) ~ 70.5°. This defines helices along
high-symmetry directions of the unit cell and generates a honeycomb-like structure within the
{111} planes. This single-gyroid network has space group 14132; a double-gyroid with space group
la3d can be formed from two interpenetrating single-gyroids which form an inversion pair with no

intersections.



The chiral and topological effects already observed in gyroids suggest a new avenue of
exploration for magnetism. Magnetic gyroid nanostructures with at least one dimension
comparable to the exchange length are prime candidates for realizing in 3D collective phenomena
such as monopole-like excitations currently only observed in 2D.?627 The 3D structural units of
nanoscale gyroids display not only chirality, but also curvature, recently highlighted as a new route
towards controllable non-collinear spin textures.?®-% Curvature in bent and helical nanowires has
been predicted to induce magnetochiral anisotropies, Cherenkov-like effects for magnons and an
emergent Dzyaloshinskii-Moriya interaction (DMI),31%* even when no intrinsic DMI is present.
This phenomenon makes gyroids perfect candidates to realize artificial magnetoelectric materials
in which the geometry and magnetic states are strongly coupled.® Analogous effects for spin
waves such as the non-linear optical transmission seen in photonic gyroids would position
magnetic gyroids as highly sought-after true 3D magnonic crystals.®® Finally, the connectivity of
the struts and vertices make gyroids potential active elements in unconventional computing
architectures, if they are shown to adopt a large number of energetically equivalent stable states.%

However, apart from measurements of the coercivity of Ni gyroid catalysts,* magnetic gyroids
currently remain unexplored even from the point of view of their magnetostatic properties. To
obtain a deep understanding of their magnetic behavior, it is necessary to go beyond techniques
which report the averaged/ensemble properties of multi-domain gyroid networks and instead
examine the magnetization texture and dynamics of individual gyroid nanostructures and their unit
cells, vertices and struts. Spatially resolved magnetization textures in magnetic nanoparticles,*
nanorods,”® nanospirals** and skyrmions*? have successfully been retrieved with nanometer

resolution by off-axis electron holography (EH)**** and Lorentz microscopy.*® These transmission



electron microscopy (TEM)-based techniques detect quantitatively the phase shifts of coherent
electron waves caused by their interaction with local magnetic fields in and around the sample.
Here, we demonstrate fabrication of magnetic gyroid nanostructures with unit cell dimensions
smaller than 50 nm. Electrodeposition into block co-polymer templates produces NizsFezs gyroids
with 42 nm unit cells, making the diameters of their struts (11 nm) and the lattice parameters of
their honeycomb-like {111} planes comparable to intrinsic length scales such as the exchange
length, domain wall width and characteristic spin wave wavelengths. We measure the magnetic
field distribution of both single-gyroid and double-gyroid NizsFe2s nanostructures by quantitative
off-axis EH and interpret the images by comparison to finite-element micromagnetic simulations.
Our results suggest nanoscale gyroids adopt a complex remanent state with multiple energetically
equivalent magnetic configurations and frustration in 3D, with implications for the discovery of
new emergent phenomena and applications such as unconventional computing and magnonics.
Gyroids with unit cells in the millimeter to sub-micron range may be successfully fabricated by
top-down methods.**? However, obtaining gyroid nanostructures with unit cells below 100 nm
currently requires bottom-up methods,**%* particularly self-assembled block co-polymer
templating.*>-'® Microphase separation of a co-polymer with blocks in an intermediate segregation
regime produces gyroid networks of the minority polymer block in a matrix of the majority
block.*6#° Selectively dissolving the minority block creates a hollow gyroid template within the
majority block matrix. If the template is assembled on a conductive surface, free-standing gyroid
nanostructures can be fabricated by filling the template by electrodeposition and then dissolving
the matrix, as illustrated in Figure 2a. In this work, we used a di-block co-polymer composed of
poly(4-fluorostyrene) (PFS) and 38% poly(lactic acid) (PLA), where PFS and PLA are the

majority and minority blocks, respectively.>° Polymer films, 1-2 um thick, were spin-coated onto



Au-coated Si or fluorine-doped tin oxide (FTO)-coated glass substrates and annealed for 20 mins
at 173 °C in a vacuum oven, following procedures from previous work®5! described in the
Supporting Information.

Figure 2b shows scanning electron microscopy (SEM) images of the multi-domain double-gyroid
PFS template with around 38% porosity assembled on FTO after PLA removal. Structural domains
200-300 nm across tend to order with the same double-gyroid plane normal to the substrate, but
adopt a variety of in-plane orientations rotated about the plane normal (exemplified by the three

highlighted domains).
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Figure 2. Fabrication and structural characterization of gyroid nanostructures. (a) Schematic of
fabrication of free-standing metal gyroid nanostructures via thermal annealing of a block co-
polymer template, selective dissolution of the minority block and electrodeposition, as detailed
in® and in the Supporting Information. (b) SEM image of voided double-gyroid PFS templates
showing structural domains on average around 200-300 nm across. Here, the double-gyroid’s

(211) face is shown consistently, but with various in-plane orientations. (c) TEM image of



lamella of free-standing Ni-Fe double-gyroids with a 42 nm unit cell and a 38% volume fraction
(19% for each gyroid network) cut from gyroid films formed by Ni-Fe electrodeposition into
PFS templates on fluorine-doped tin oxide (FTO)-coated glass (after PFS removal). The
honeycomb-like {111} planes can be clearly seen. (d) High-resolution TEM image of Ni-Fe

gyroids, showing the Ni-Fe nanocrystals which make up the struts (inset shows the selected area

electron diffraction pattern). Nanocrystals are around 5 nm in size. (e) Low-field (+300 Oe) and

high-field (+15 kOe) magnetic hysteresis (M-H) loops taken at 300 K on 1 mm diameter dot

samples of Ni-Fe double-gyroids grown on Au-coated Si (gyroid film thickness 150 nm). Fields
were applied in-plane and out-of-plane with respect to the substrate, showing an easy plane

parallel to the substrate and an in-plane coercivity of approximately 25 Oe.

Ni-Fe was electrodeposited into the channels of the PFS gyroid templates from a mixed Ni:Fe
solution held at 50°C using a conventional three-electrode potentiostat setup. The
electrodeposition potential during Ni-Fe growth was chosen to lie between those of Ni and Fe in
order to allow a Ni-Fe alloy close to permalloy (NisoFe20) to be deposited. Further details on the
Ni-Fe electrodeposition are available in the Supporting Information.

Figure 2c shows TEM images of a lamella cut from a Ni-Fe gyroid film after dissolving the PFS
template and Figure 2d shows high-resolution TEM images of a few unit cells of Ni-Fe gyroids
and the selected-area electron diffraction pattern, revealing that the struts are composed of Ni-Fe
nanocrystals with dimensions around 5 nm. The struts themselves are around 11.2 = 0.5 nm in
diameter and the vertex-vertex spacing is 13.8 £ 0.5 nm. The cut edge of the lamella exposes the
(111) plane of a single-gyroid network, showing the unit cell to be 42 nm and the inner diameter

of the honeycomb patterns to be 21.5 £ 0.5 nm. Energy-dispersive X-ray spectroscopy (EDX)



measurements of these electrodeposited Ni-Fe gyroid samples showed that the composition of the
Ni-Fe is close to that of permalloy, around Ni 75% and Fe 25% (Supporting Information, Figure
S2). The Ni-Fe gyroids’ dimensions and composition invite comparison to the dipolar exchange
length of permalloy (about 5 nm) and the domain wall width in 10 nm permalloy cylindrical
nanowires, predicted to be around 10-15 nm. This raises the possibility that the magnetization
in the struts will not be completely tangential due to the curvature-induced DMI, following
predictions for magnetic nano-helices where the pitch is close to the exchange length.3* Another
comparable length scale comes from exchange-dominated spin waves, which can have
wavelengths of a few tens of nanometers.

Samples were also grown on Au-coated Si substrates in order to characterize the 150 nm thick
multi-domain NizsFezs gyroid films by vibrating sample magnetometry (VSM). For these samples,
a photoresist pattern applied to the substrates confined electrodeposition to a 1 mm diameter
circular dot. Magnetic hysteresis loops (Figure 2e) clearly show an easy plane parallel to the
substrate and an in-plane coercivity of approximately 25 Oe.

To study the magnetic structure within struts and vertices of the nanoscale NizsFezs gyroids,
samples optimized for EH measurements were prepared on copper TEM grids coated on one side
with a bi-layer of “lacey” carbon and graphene oxide films. The web-like structure of the lacey
carbon allows nanostructures to be suspended between the bars of the TEM grid, reducing
background and signal loss from the relatively thick, inhomogeneous metal grid. The graphene
oxide helps to remove electrostatic charging and mechanical vibrations. After annealing and PLA
removal as before, the PFS gyroid templates were filled with NizsFexs by a two-step
electrodeposition process. Firstly a higher voltage pulse was applied to seed the grid surface with

a low density of NizsFezs nanoparticles to provide sparse nucleation centers, followed immediately
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by constant-potential growth, as described in the Supporting Information. Electron micrographs of
the PFS-free samples in Figure 3a and 3c show isolated gyroid nanoparticles around 150 nm
across, the deliberate fabrication of which satisfies the requirement of off-axis EH of free space
around the sample for the reference wave, but also allows variations in sample morphology to be
studied. Because the two gyroid networks in the double-gyroid are physically separate (only
coupled magnetostatically), it is possible for nanoscale local variations (e.g. in the density of
NizsFezs nanoparticles in the seeding step) to favor the growth of one network over the other.>® It
is therefore possible to increase the likelihood of single-gyroid regions by restricting the amount
of NizsFezs deposited into the gyroid polymer template during constant-potential growth, via
limiting the total charge supplied by the potentiostat. Figure 3a shows a double-gyroid
nanoparticle from a sample deposited with a total charge of 20 mC, whereas in Figure 3c the
sample was deposited with total charge of only 5 mC, showing a (111)-oriented nanoparticle
containing a double-gyroid region and a single-gyroid region, allowing the properties of a single-
gyroid network to be studied as well.

The magnetic state of the gyroid particles was studied by mapping the electron optical phase
shift within and around the struts by off-axis EH measurements using an aberration-corrected
transmission electron microscope operated at 300 kV.5* The preparation of the gyroid samples as
isolated small grains and the mechanical and electrical properties of the graphene oxide coatings
on the grids helped to reduce background in the experiments. The sample was magnetized using
the field (~1.4 T) of the objective lens of the microscope and the remanent state was recorded. By
combining images taken with the sample magnetized in opposite directions, the phase shift from
the sample could be separated into contributions from the mean inner potential (the volume

average of the local electrostatic potentials) and from the magnetic phase shift induced by the in-
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plane magnetic vector potential in the sample, as described in detail in the Supporting Information
(Figure S3). The magnetic flux around the gyroids was then visualized by adding contours and
colors showing the magnitude and direction of the in-plane magnetic field.

Figure 3a and 3b display the mean inner potential contribution to the electron optical phase
shift of the double-gyroid particle and the corresponding magnetic induction map, respectively.
The external stray field around the gyroid is similar to that of a dipole aligned to the saturating
field (H). Internally several flux-closed loops can also be identified which enclose as few as one
unit cell, although identifying their chirality is complicated as the magnetic induction map is
integrated through the thickness of several unit cells and both interpenetrating gyroid networks.
However, the single-gyroid region in the particle in Figure 3c is only one unit cell thick, with the

[111] direction normal to the substrate.
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100 nm

Figure 3. Magnetic imaging of Ni-Fe double- and single-gyroid structures. Insets show a few
simulated unit cells of double-gyroids and mixed double-/single-gyroid structures, in which the
two gyroid networks are highlighted in red and blue. (a, b) Mean inner potential and magnetic
induction map of a double-gyroid nanoparticle. The double-headed arrows indicate the direction
of the magnetic field (H) used to saturate the sample. The magnetic flux contour lines show the
stray field around the nanoparticle. In the inner part the field density varies due to the random

field directions (shown by the single-headed arrows). The contour of the nanoparticle is
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generated from the mean inner potential contribution to the phase shift and depicted in (b). (c, d)
Mean inner potential and the corresponding magnetic flux contour map of a nanoparticle with
both double-gyroid and single-gyroid regions. In (d), the gyroid particle was masked, shaded
with green color and then overlapped with the contour lines to show the field lines relative to the
gyroid struts. Locations where flux contours cut across gyroid struts or encircle vertices are
indicated with closed and open single-headed arrows, respectively. The contour spacing in both

(c) and (d) is 2n/64 radians.

In the single-gyroid region, the relationship between the structure and magnetization of the
ferromagnetic gyroid becomes clearer (Figure 3d). The external stray field is still dipole-like, but
the single-gyroid’s remanent state is not a simple network of flux-closed loops. The flux contours
largely follow the structure, but in some locations (highlighted in the figure) the flux lines cut
directly across struts, buggesting that the magnetization is transverse to the strut axis. In other
locations, the flux contours encircle certain vertices, possibly indicating that the magnetizations of
the three constituent struts all point towards or all away from the vertex center. The magnetic phase
shift ¢m across a single gyroid strut, as presented in Figure 3d, is measured experimentally to be
in the range of 0.15 to 0.2 rad. Assuming a cylindrical permalloy structure, the predicted magnetic
phase shift can be calculated from the expression ¢m = n-(e/h)-Bo-a?, where e is the elementary
charge, h is the reduced Planck’s constant, Bo is the saturation magnetic induction (1 T for
permalloy) and a is the radius of the cylinder. The magnetic phase shifts of permalloy cylinders
with diameters of 11 and 12 nm are predicted to be 0.14 and 0.17 rad, respectively. The consistency

with the experimentally measured values is encouraging.\
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Off-axis EH experiments confirm that gyroids are ferromagnetic at room temperature and have
a remanent state with a dipole stray field. However, as the recorded electron optical phase shift
maps are 2D projections integrated through the gyroid unit cell thickness bnd the approach that we

used to achieve magnetization switching cannot be verified to perfectly reverse the magnetic state

in the sample, the 3D magnetization distribution cannot be recovered unambiguously. As magnetic

L Kommentiert [JL3]: Added to answer referee’s comment #2

field tomography®® is not yet feasible for samples like the gyroid networks studied here, in order
to interpret the off-axis EH images we employed finite-element micromagnetic simulations using
the GPU-accelerated finite-element package TetraMag®® to model the 3D magnetization. Details
of the micromagnetic simulations are given in the Supporting Information. Figure 4a shows the
magnetization configuration of a simulated Ni-Fe nanoparticle similar to that in Figure 3c divided
into double-gyroid and single-gyroid regions with a 42 nm unit cell and a filling fraction of
approximately 19%. The simulation mesh (4x5x1 unit cells) is oriented to show the (111) plane
and shows the remanent state after relaxation of a randomly magnetized initial state. The color
indicates the angle of the projected in-plane magnetization vector relative to +x (the [T10]
direction), according to the color wheel. A subset of struts in the single-gyroid region has been
decorated with arrows which identify the average in-plane magnetization direction. As expected,
even this 2D projection of the full 3D magnetization pattern is extremely complex. By examining
pairs of vertices, which share one of their struts, two situations can be distinguished. In the first
(Figure 4b), the strut connecting the two vertices has nearly uniform magnetization along its axis.
The remaining two struts in each of the two vertices also adopt nearly uniform magnetizations,

leading to a “1-in, 2-out” (and vice versa) configuration at each vertex.
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Figure 4. Micromagnetic simulations of gyroid structures. (a) Micromagnetic configuration of

model Ni-Fe gyroid particle after relaxation from a randomly magnetized state, obtained using
the TetraMag finite-element package®® as described in the Supporting Information. The unit cell
length was set to 42 nm. The color wheel shows the direction of the in-plane magnetization
vector. White single-headed arrows show the average magnetization direction of a subset of
struts. (b, ¢) Magnified views of two common types of vertex-pair magnetization configurations,
with colored arrows indicating the directions of the local magnetization vector. The horizontal
color bar between the two images indicates the relative direction of the magnetization to the line
joining the two vertices (vertical along the page). (d) 2D-projected magnetic phase shift of the
simulated Ni-Fe gyroid nanoparticle in (a) calculated by projecting the in-plane magnetization
components (Mx and My) along the z-axis (the beam direction in the experimental off-axis EH
images) and (e) the resulting magnetic induction map, generated from the phase map by adding a

cosine to the phase change. Dashes mark the same subset of struts decorated with arrows in (a).
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In the second situation (Figure 4c), the magnetization of the connecting strut is still uniform but
is now mostly transverse to its axis, twisting in space to allow the magnetizations of the pairs of
remaining struts at the two vertices to point in the same direction. This behavior explains why flux
lines cut across gyroid struts in some locations in the magnetic induction map in Figure 3d,
although these configurations seem to occur more frequently in the (ideal) micromagnetic
simulation. Such configurations permit the gyroid to relieve frustration by a completely different
mechanism than is seen in 2D artificial spin ice systems, and are only allowed by the 3D nature of
the struts and the chiral twist between vertices.

In the double-gyroid region at the left of Figure 4a, the presence of magnetostatic interactions
between the two gyroid sub-networks may be discerned. When adjacent, parallel struts in the two
sub-networks are both magnetized along their mutual axis (the first situation described above), the
struts attempt to adopt alternating magnetization directions. However, the competing demands of
magnetization continuity at the vertices within each sub-network seem to overcome the
magnetostatic interactions between sub-networks. It also appears that struts with transverse
magnetization (the second situation described above) are less common within the body of the
double-gyroid region.

To support the conclusions drawn from the micromagnetic simulations, we use the obtained 3D
magnetization distribution shown in Figure 4a to calculate the 2D projection of the resulting
magnetic phase shifts (Figure 4d), from which magnetic induction maps (Figure 4e) can be
derived using the same method used to produce the experimental maps. Good qualitative
agreement is obtained between the calculated result from the simulated micromagnetic
configurations in Figure 4e and the magnetic induction images obtained from the off-axis EH

measurements in Figure 3. Features such as flux lines encircling vertices or cutting across struts
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are reproduced in the simulations. We note that we have performed a large number of simulations
employing various initial conditions, including both different randomized states and saturated
conditions with the field applied along directions encompassing the full angular range (both in-
plane and out-of-plane). In all cases, a dipolar stray field pattern appears, but no unique well-
defined equilibrium microstate is observed.

The appearance of the gyroid’s {111} planes invites comparison to honeycomb and kagomé
artificial spin ices,?5°"-% in which planar Ising-like nanomagnets form a 2D network of Y-shaped
vertices. However, it is prudent to recall that the hexagonal structures forming the gyroid’s {111}
planes are sections of a helix viewed end-on, rather than a planar lattice. Direct correlations to 2D
artificial spin ices must therefore be drawn with caution.

In summary, we have produced double-gyroid and single-gyroid nanostructures from
electrodeposited NizsFezs with unit cells below 50 nm and obtained maps of the magnetic induction
that can be related to the magnetization of gyroid struts and vertices. Simulations indicate complex
zero-field magnetization patterns, constructed from pairs of interacting vertices which tend to
adopt one of two preferential configurations. The experimental measurements and simulations
indicate that the 3D gyroid network permits many equivalent magnetization configurations, which
may be prospective for applications such as reservoir computing®® where a nanoscale system with
high interconnectivity and a large number of possible stable states is advantageous. For gyroids
with slightly larger unit cells and thicker struts which favor the formation of more confined domain
walls, the non-uniform curvature of the struts creates a periodic network of natural pinning sites
which could be exploited to create a “reset” state. The characteristic dimensions of the magnetic
gyroids shown in this work highlight their potential as 3D magnonic crystals,® though further

work will be required to evaluate magnetization dynamics and spin-wave propagation, including
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the prospect of the same non-reciprocal transmission observed for light in gyroid photonic
structures.!2%62 Although spin and charge transport properties in gyroids remain to be
investigated, we expect our results to spur the application of nanoscale magnetic gyroids to fields
such as spintronics and take a first step towards 3D nanoscale magnetic metamaterials displaying

new emergent phenomena.
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