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ABSTRACT

Long-range magnetic ordering can be stabilized in arrays of single-domain nanomagnets through dipolar interactions. In these metamateri-
als, the magnetic properties are determined by geometric parameters such as the nanomagnet shape and lattice symmetry. Here, we demon-
strate engineering of the anisotropy in a dipolar magnetic metamaterial by tuning of the lattice parameters. Furthermore, we show how a
modified Kittel’s law explains the resulting domain configurations of the dipolar ferromagnetic arrays.
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In magnetic metamaterials made from arrays of single-domain
nanomagnets,””” long-range magnetic order can emerge as a result of
dipolar interactions.” ” The nature of this ordering is determined by
the nanomagnet shape and the lattice symmetry of the array.

The stray field of a single-domain nanomagnet can be approxi-
mated to that of a dipole. For circular disks, the magnetization will
have in-plane shape anisotropy. As pointed out by Politi et al.” it is
helpful to think of an array of nanomagnets as composed of chains of
magnetic dipoles, where the dipole interaction results in ferromagnetic
alignment of the spins along the length of each chain. The coupling
between neighboring chains favors ferromagnetic or antiferromagnetic
ordering dependent on the lattice symmetry, and the coupling between
chains decreases exponentially with increasing separation.” "

Long-range ordering of magnetic point dipoles on a crystalline
lattice was first described by Luttinger and Tisza'"'* and later by
Rozenbaum'” for two-dimensional arrays. Ferromagnetic order was
predicted for a hexagonal lattice and antiferromagnetic order for a
square lattice. This magnetic order is reinforced when taking into
account the finite size of the disks.'*

Experimental exploration of dipolar magnetic metamaterials is
scarce, presumably due to the challenges of fabricating nanomagnet
arrays with a low blocking temperature and strong dipole-dipole inter-
actions. State-of-the-art electron beam lithography now facilitates fab-
rication of such metamaterials, in which the geometric parameters are
controlled with a precision of a few nanometers." "

In this work, the domain formation in dipolar magnetic metama-
terials with antiferromagnetic and ferromagnetic ordering is controlled
by changing the spacing of the nanomagnets. The magnetic domain
structure was imaged using x-ray magnetic circular dichroism photo-
emission electron microscopy (XMCD-PEEM). Our work demon-
strates how the unit cell symmetry and size provide handles for tuning
the magnetic properties of these metamaterials, thus providing an ave-
nue for magnetic materials by design.

Arrays of ferromagnetic nanodisks with nominal diameter 100 nm
and thickness 4.5 nm were patterned on a silicon wafer using electron
beam lithography followed by electron beam evaporation of Niyg;Feg 19
(Permalloy) and liftoff. A 2 nm thick Al capping layer was deposited on
top to prevent oxidation of the Permalloy. The disks were arranged on
square and hexagonal lattices with lattice constants a and b, as shown in
Fig. 1. Additional lattices were prepared with an incremental increase in
one of the two lattice constants and thus in the separation of the nano-
magnet chains. The stretched square and hexagonal lattices then
become rectangular and face-centered rectangular, respectively. For sim-
plicity, we refer to the face-centered rectangular lattices as hexagonal.
The arrays have overall dimensions of approximately 20 um X 20 um
and are truncated to a square or hexagonal shape. For the hexagon-
bound arrays, their termination is chosen to ensure an invariable num-
ber of disks along every edge. Scanning electron micrographs of the
arrays show that the circular disks are well-defined with an average ellip-
tic distortion of less than 5%.
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FIG. 1. Scanning electron micrographs of arrays with rectangular (a) and hexagonal
(b) lattice symmetry and with lattice constants a and b, as defined in the schematics
on the left. The scale bars are 100 nm.

Magnetic contrast images were recorded using XMCD-PEEM at
the Surface/Interface Microscopy (SIM) beamline of the Swiss Light
Source.'® The sample was rotated in-plane in order to obtain magnetic
contrast along two perpendicular directions. Before imaging, the arrays
were heated to approximately 500 K. At this temperature, the magnetic
contrast in the arrays vanished, suggesting superparamagnetic behav-
ior of the individual nanomagnets. Subsequent images were recorded
at room temperature.

Figure 2(a) shows XMCD-PEEM micrographs of three arrays
with rectangular lattice symmetry. Magnified views of the center sec-
tion of seven such arrays are displayed in Fig. 2(b). The rectangular lat-
tice with @ = 130 nm and b = 155 nm shows a pattern of black and
white horizontal stripes extending throughout the array, every stripe
corresponding to one chain of nanomagnets. This pattern implies
magnetization along horizontal chains with the direction alternating
between neighboring chains, i.e., antiferromagnetic order. This is one
of two degenerate ground states predicted for an ideal square lattice of
point dipoles."”

The horizontal stripes predominate for a spacing b > 130 nm
between the chains, cf. Fig. 2(b). For the square lattice a =1b
= 130 nm, magnetic contrast can be discerned along both the hori-
zontal and the vertical directions. However, horizontal stripes prevail
even though the symmetry of the square lattice cannot explain this
preference over vertical stripes. This finding could be explained by a
small elliptic distortion of the lithographically patterned disks.” Based
on scanning electron microscopy image analysis of the square lattice
array with a = b = 130 nm, we find a 4% elliptic distortion of these
disks with an average major axis orientation of —38° with the horizon-
tal. For a = 135nm, horizontal and vertical stripes appear concur-
rently in different regions of the array, indicating a balance between
lattice anisotropy and disk anisotropy at this spacing. At a = 155nm,
the stripe pattern runs predominantly in the vertical direction in keep-
ing with a minimum dipolar coupling energy for spin alignment along
the close-packed direction of the array.

XMCD-PEEM micrographs of the hexagon-bound hexagonal lat-
tices are shown in Fig. 3. These arrays display stripes (with homoge-
neous contrast) several micrometers wide, which implies ferromagnetic
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FIG. 2. XMCD-PEEM micrographs of rectangular lattices with 20 um field of view
(@) and 2 um field of view (b). The XMCD-PEEM contrast is indicated by the black/
white double arrow. The scale bars are 10 um (a) and 1 um (b).

alignment across tens of elements. The length of the domains extends
across the arrays.

The undistorted hexagonal lattice [Fig. 3(a)] has a sixfold
symmetry. However, the magnetization observed for this lattice is
oriented predominantly along the horizontal direction, similar to
that of the undistorted square lattice. With increasing lattice
parameter b, i.e., the vertical separation of the nanomagnet chains,
the magnetization is aligned distinctly along the horizontal direc-
tion. We also note that the number of stripe domains increases with
the chain separation.

Corresponding domain patterns for square-bound hexagonal lat-
tices are shown in Fig. 4. In the same way as for hexagon-bound
arrays, magnetic stripe domains extend across the entire array. For
a =130nm and b = 113 nm, the magnetic contrast in the XMCD-
PEEM images with the x rays incident along the horizontal (Fig. 4,
top) and vertical (Fig. 4, bottom) directions is almost identical, indicat-
ing that the domains are magnetized along the diagonal of the square.
When the lattice is stretched vertically by increasing b, the dipolar-
coupled magnets form horizontal domains, and the number of
domains increases.

From our experimental data, we observe that the size of the dipo-
lar ferromagnetic domains changes [Figs. 3(a)-3(f)]. Their width
appears to be correlated with the domain length and the lattice param-
eter b. Kittel'” has offered a theory for the domain structure in
magnetic thin films. For films with stripe domains of alternate out-of-
plane magnetization, he finds that the domain width, d, scales with the
domain wall energy per unit area, g4y, the film thickness, T, and the
saturation magnetization, My, as
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FIG. 3. XMCD-PEEM micrographs of hexagon-bound hexagonal lattices. The XMCD-PEEM contrast is indicated by the black/white double arrow. The lattice parameter b is

gradually increased from 113 nm in (a) to 141 nm in (f). The scale bar is 10 m.
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The coplanar stripe domains in our hexagonal lattice metamate-
rial can be explained in terms of this simple scaling law if we replace
the film thickness, T, with the domain length, /, which will be the cor-
responding dimension for in-plane magnetization.

With continuous ferromagnetic thin films, the domain wall
energy, o4y, is attributed to exchange and anisotropy energies. In a
dipolar metamaterial, these contributions are absent since the nano-
magnets are physically separated. Moreover, the anisotropy contribu-
tion to the domain wall energy is zero as long as the magnetization
direction changes from one direction to the opposite between two
neighboring chains, ie., the domain wall width is in effect zero.
However, as neighboring chains in the hexagonal lattice favor ferro-
magnetic alignment, there must be an energy cost associated with
breaking this coupling which is of dipolar origin. The interchain dipo-
lar coupling falls off exponentially with the chain separation,” '’ which
will also be the case for the domain wall energy. Hence, as the hexago-
nal lattice is stretched vertically, the domain wall cost for formation of
horizontal stripe domains decreases exponentially.

In our data, we observe a reduction of the domain width d as the
lattice parameter b is increased (Fig. 3, left to right), in keeping with
the decrease in cost of domain wall energy with increasing b.
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Equation (1) predicts a reduced domain width d for shorter
domains. This is in good agreement with our observations of a smaller
domain width d for the shorter domains close to the top and bottom
edges of the hexagon-bound arrays in Fig. 3. The same trend is seen
for the square-bound hexagonal lattice when the domains run diago-
nally across the array [Figs. 4(a)-4(d)]. When the domains are aligned
with the horizontal edge of the array, the domain length / is constant.
This leads to little variation in domain width d for these arrays [Figs.
4(e) and 4(f)].

We note that the domain width d in Eq. (1) is inversely propor-
tional to the saturation magnetization, Mg,. In this metamaterial, we
take Mgy to represent the saturation magnetization of Permalloy
scaled to the nanomagnet areal density, 772 /ab, where r is the disk
radius and a and b are the respective lattice parameters.

The domain width d is thus related to b in terms of the domain
wall energy cost, 04y, and saturation magnetization Mg,. The observed
trend of decreasing domain width with increasing vertical spacing is
explained by the predominant exponential reduction of the domain
wall energy.

In summary, arrays of single-domain ferromagnetic nanodisks
were used to form a magnetic metamaterial. In the absence of exchange
interactions between the nanomagnets, the dipolar interaction results
in long-range magnetic order. The magnetic anisotropy in these lattices
was controlled by stretching the arrays in one direction. As a result, the
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FIG. 4. XMCD-PEEM micrographs of square-bound hexagonal lattices. The XMCD-PEEM contrast is indicated by the black/white double arrow. The lattice parameter b is

gradually increased from 113 nm in (a) to 141 nm in (f). The scale bar is 10 um.
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magnetization was found to align with the direction of closest packing.
This approach offers a direct way to tailor the magnetic properties of
dipolar-coupled metamaterials. We show that the magnetic domain
formation can be explained in terms of a modified Kittel’s law. This
approach provides a powerful tool for engineering of the domain state
in dipolar-coupled magnetic metamaterials.
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