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We investigate the design of magnetic ordering in one-dimensional mesoscopic magnetic Ising chains by
modulating long-range interactions. These interactions are affected by geometrical modifications to the chain,
which adjust the energy hierarchy and the resulting magnetic ground states. Consequently, the magnetic ordering
can be tuned between antiferromagnetic and antiferromagnetic dimer phases. These phases are experimen-
tally observed in chains fabricated using both conventional electron-beam lithography and ion implantation
techniques, demonstrating the feasibility of controlling magnetic properties at the mesoscale. The ability of
attaining these magnetic structures by thermal annealing, underlines the potential of using such systems instead
of simulated annealers in tackling combinatorial optimization tasks.
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The origin of magnetism can be traced to quantum mechan-
ical phenomena at the atomic level. Despite this fact, it is still
useful and instructive to adopt classical models for the study
of magnetic properties, such as emergent magnetic ordering
and dynamics. Such models build upon atomistic models,
making use of mostly nearest-neighbor spin-spin interactions.
Even though this approach has been extremely successful,
providing deep insight into many magnetic materials, it still
fails to capture subtle effects arising at the boundaries and
cases where beyond nearest-neighbor spin-spin interactions
can no longer be neglected [1]. The truncation of interac-
tions has an impact on the received order and its finite-size
scaling. Addressing this theoretically or computationally is
demanding, but can successfully capture finite-size effects, for
example, in thin films [2]. Similarly, beyond nearest-neighbor
spin-spin interactions can strongly affect the system’s order-
ing. In the last years, the impact of the magnetic interactions
can be investigated experimentally using the artificial analogs
of spin systems, the mesoscopic spin systems [3–5].

Mesoscopic spin systems consist of arrays of lithographi-
cally patterned magnetic elements—mesospins—that interact
through dipolar interactions. The shape of mesospins dictate
their spin dimensionality [6], while the gap between them
determines the strength of the interactions. Previous studies
have mainly focused on close-packed arrays of mesospins,
where the magnetostatic interactions are strong, leading to
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the emergence of collective magnetic order [7–9] and dy-
namic behavior [6,10–13]. Extensive efforts have been made
to tailor the ordering and dynamics of these systems anew,
by controlling the interactions between mesospins [4,14–16].
These interactions are of a long-range nature whose effects
have been reported for systems with in-plane [15,17–19] and
out-of-plane [20,21] moments. While many studies neglect
this long-range nature, the importance of considering it can
change dramatically the result. For example, in Chioar et al.
[21] it resulted in an enrichment of the phase diagram for
the classical dipolar kagome Ising antiferromagnet. Another
example can be found in square artificial spin ices, where
the fine tuning of beyond nearest-neighbor interactions has
been the key ingredient for the recovery of degeneracy and
observation of Coulomb phases [17–19].

In this Letter, we take advantage of the long-range nature
of dipolar interactions and focus on designing the order of
a mesoscopic spin system by controlling them. The specific
system of choice is a quasi-infinite chain of stadium-shaped
mesospins placed side by side, being simple enough to iden-
tify and discern the ramifications of long-range interactions.
The interactions are controlled through a geometrical modifi-
cation of the lattice [Fig. 1(a)]. Subsequent thermal demagne-
tization and magnetic imaging of the chains reveals the impact
of long-range interactions on the received magnetic order.

Two samples were patterned into mesoscopic chains:
One sample was fabricated by postpatterning performed
on a film, using electron-beam lithography. This film
was deposited using dc magnetron sputtering on a SiO2

substrate and consists of a 20 nm permalloy (Py) layer with
a 1.5 nm Ta adhesion layer and 3 nm Ta capping layer.
This procedure results in athermal (at room temperature)
mesoscopic elements that interact through air. The second
sample was fabricated by implanting 56Fe+ into a Pd film
through a Cr patterned mask. The Pd film was deposited using
dc magnetron sputtering on a MgO substrate and composed of
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FIG. 1. (a) Illustration of a mesoscopic magnetic chain. The
stadium-shaped elements have typical length L = 1500 nm and
width W = 150 nm, while the gap between neighboring mesospins
is g = 75 nm. A periodic vertical shift s is applied to every second
element to tune the magnetic interactions. These interactions are
described by the coupling strength Ji. (b) The amplitude and (c) sign
of coupling strength for the first (J1), second (J2), third (J3), and
fourth (J4) nearest neighbors calculated for Py material with MUMAX3

[23].

a 60 nm Pd layer with a 5 nm V adhesion layer. This additive
fabrication yields flat FexPd100−x (where x stands for at. %)
ferromagnetic structures interacting through the Pd matrix.
A detailed description about the fabrication process can be
found in Vantaraki et al. [22].

In both samples, the building blocks have a length of L =
1500 nm and width W = 150 nm, while the gap between two
adjacent elements is g = 75 nm (see Fig. 1). The aspect ratio
of L/W = 10 ensures a strong shape anisotropy, thereby forc-
ing the magnetization of the elements to lie along their long
axis, whereas the short distance between the building blocks
enables sizable interactions between the elements. A geomet-
rical vertical shift s is applied to every second mesospin as a
way of tuning the coupling strengths between the elements.
Six different chains with s/L = 0%, 8.7%, 25%, 50%, 75%,
and 100% are studied. Thirty-three chains of the same s were
fabricated with a distance of 1.5 µm between them in the
vertical direction to prevent interchain coupling, while each
chain contains approximately 450 mesospins, mimicking a
quasi-infinite chain.

The effect of the vertical shift s on the dipolar interac-
tions is explored performing micromagnetic simulations using
MUMAX3 [23]. The demagnetization energy was computed
for a pair of mesospins coupled ferromagnetically Efm (par-
allel alignment) and antiferromagnetically Eafm (antiparallel

alignment), with a spacing between them corresponding to the
pair of interest (first, second neighbors, etc.) while the ratio
s/L varies from 0% to 100% with a step 0.2%. Subsequently,
we calculate the coupling strength as J = (Eafm − Efm )/2
[15]. To imitate the experimental conditions, the simulations
were performed with stadium-shaped elements with dimen-
sions 1500×150×20 nm3. The gap between the mesospins
is g = 75 nm for the calculation of the coupling strength
between the first nearest neighbors J1, and 2g + W , 3g + 2W ,
and 4g + 3W for the calculation of the coupling strength
between the second J2, third J3, and fourth J4 nearest neigh-
bors, respectively. For the simulations, we use Py as material.
Hence, the magnetic properties of mesospins, such as the satu-
ration magnetization, Msat = 8.6×105 A/m, and the exchange
stiffness constant, Aex = 13×10−12 J/m, were chosen based
on Py literature data [23]. The mesospins were discretized into
grid cells with cell size 2.5 nm. The magnetization within the
elements is forced to be uniform, without allowing for any
relaxation.

The magnetic state of the mesoscopic chains was in-
vestigated using real-space imaging. The Py conventional
patterned chains were examined by performing magnetic
force microscopy (MFM), whereas the magnetic state of
FexPd100−x implanted chains was determined by photoemis-
sion electron microscopy, employing x-ray magnetic circular
dichroism (PEEM-XMCD) experiment at the CIRCE (bl24)
beamline at the ALBA synchrotron [24]. Prior to microscopy,
the chains were thermally demagnetized by heating them in
ultrahigh vacuum to a temperature above the Curie tempera-
ture of the ferromagnetic material, and subsequently cooled
down with a controllable rate. The magnetic images were
recorded far from the boundaries.

We begin by discussing the effect of the geometrical verti-
cal shift s on a quasi-infinite chain. To this end, we examine
the amplitude and sign of the coupling strength between
the first (J1), the second (J2), the third (J3), and the fourth
(J4) nearest neighbors. The amplitude of coupling strength
determines the strength of interactions, whereas its sign de-
termines the ground state. Here, we define that J > 0 for the
ferromagnetic interaction (parallel alignment of neighboring
mesospins) and J < 0 for the antiferromagnetic interaction
(antiparallel alignment of neighboring mesospins). The calcu-
lations demonstrate that the vertical shift s allows the tuning of
the coupling strengths J1 and J3, in both amplitude [Fig. 1(b)]
and sign [Fig. 1(c)]. As a consequence, the hierarchy of inter-
actions varies, while conflicting coupling forces are present in
the system.

To explore the impact of the competing coupling forces on
the magnetic ordering, we proceed by fabricating mesoscopic
chains and performing real-space imaging. We fabricate con-
ventional lithographic chains of Py material with six different
vertical shifts (s/L = 0%, 8.7%, 25%, 50%, 75%, and 100%),
and image them with MFM after thermally demagnetizing
them. Representative MFM images are displayed in Fig. 2(a).
The observed magnetic contrast confirms that the chains
have mainly obtained two types of order: antiferromagnetic
(antiparallel alignment between neighboring mesosopins) for
s/L = 0%, and antiferromagnetic dimer (antiparallel align-
ment between two neighboring pairs of mesosopins) for
s/L � 25%.
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FIG. 2. (a) Scanning electron microscopy (SEM) (left) and Mag-
netic force microscopy (MFM) (right) images of the Py chains. The
dark and bright regions correspond to the magnetic poles of the
elements. (b), (c) Correlation numbers for a full (b) antiferromag-
netic and (c) antiferromagnetic dimer order. (d) Correlation numbers
extracted from the MFM images of Py chains.

The magnetic order of each chain is quantified by calculat-
ing the correlation number. This number is defined as

Cn =
∑N−n

i mimi+n

N − n
, (1)

where n is the class of neighbors, i.e. n = 1, 2, . . . for the
first, second, . . . nearest neighbors, N is the total amount of
elements, and mi and mi+n are the magnetization of the ith and
(i + n)th element, respectively (mi = 1 if the magnetization
points upwards, or mi = −1 if the magnetization points down-
wards). The correlation number Cn determines the extent to
which mi and mi+n are related, and can take values from −1 to
1. Cn = −1 (Cn = 1) corresponds to an antiparallel (parallel)
alignment between mi and mi+n, while Cn = 0 indicates a
random alignment. The correlation numbers for a full anti-
ferromagnetic and antiferromagnetic dimer order are shown
in Figs. 2(b) and 2(c), respectively. The correlation numbers
extracted from the MFM images are shown in Fig. 2(d). Here,
two trends are observed: One indicates antiferromagnetic or-
der for s/L = 0%, whereas the other trend for s/L � 25%
resembles that of antiferromagnetic dimer order. The modified
chain with s/L = 8.7% exhibits a negative correlation of the
nearest mesospins, but no correlation for further neighbors.

Another way of studying the collective magnetic order
is by calculating the fast Fourier transform (FFT) of the
real-space images. For the FFT analysis, the number of
elements per chain have been standardized to ensure uni-
form statistics. FFT intensities (|FFT|2) are presented as a

FIG. 3. FFT intensities as a function of the reciprocal lattice
vector q in reciprocal lattice units (r.l.u.) for the Py chains. The
reciprocal lattice unit vector is defined by the structural periodicity
(W + g). The data show well-defined peaks for s/L = 0%, 25%,
50%, 75%, and 100%, but a diffused spectrum for s/L = 8.7%,
indicating ordered and disordered configurations respectively.

function of the reciprocal lattice unit vector q in Fig. 3, where
q is the inverse of the magnetic periodicity. Two mirror-
symmetric peaks are observed for s/L = 0% and s/L � 25%.
The positions of the peaks reflect antiferromagnetic order-
ing for s/L = 0 and antiferromagnetic dimer ordering for
s/L � 25%. Low-intensity peaks are also noticed at q = 0 for
s/L = 75% and 100%. The q = 0 peak indicates the forma-
tion of ferromagnetic domains, which reflect that the chains
possess a net moment. The modified chain with s/L = 8.7%
is characterized by a diffuse spectrum, and hence a disordered
configuration in the real space.

To understand the role of interactions in the received
ordering, we need to take a look at the total energy per
mesospin. For the calculation of this energy, we make an
analogy between mesospins and spins. This analogy allows
us to consider that the total energy of a chain of N mesospins
is given by Ei j = −∑

i j Ji jsis j , where here si and s j are the
magnetization of mesospins i and j that interact with energy
Ji j . Consequently, taking into account the contribution of first
to fourth nearest neighbors [Figs. 1(b) and 1(c)], the total
energy for antiferromagnetic, antiferromagnetic dimer, and
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FIG. 4. Calculated total energy per mesospin at room tempera-
ture for the antiferromagnetic (↑↓ or ↓↑), antiferromagnetic dimer
(↑↑↓↓ or ↓↓↑↑), and ferromagnetic (↑ or ↓) ordering. To calculate
the energy per mesospin, we used the simulated coupling strengths
for Py chains.

ferromagnetic ordering is given by

Eafm = 2(J1 − J2 + J3 − J4), (2)

Edimer = 2(J2 − J4), (3)

Efm = −2(J1 + J2 + J3 + J4). (4)

The results are summarized in Fig. 4. The antiferromagnetic
ordering has the lowest energy for s/L < 15.2%, while for
larger vertical shifts the antiferromagnetic dimer ordering is
favored. As evidenced by Eqs. (2) and (3), the emergent order
is a consequence of the long-range interactions. The antiferro-
magnetic dimer to antiferromagnetic transition point is close
to the s/L = 8.7% case, providing insight into the diffuse FFT
spectrum. It is worth noting that the phase diagram remains
valid even if considering higher-order neighbors (see Sup-
plemental Material [25]). To a good approximation, previous
theoretical models have also predicted the observed phase
diagram by considering competing interactions only between
the nearest and next-nearest neighbors in spin chains [26]. It
is also important to mention that Eqs. (2)–(4) confirm our
experimental findings because the chains are quasi-infinite,
and hence characterized by uniform interactions far from the
boundaries. For finite-size chains, whose interactions are trun-
cated, a multiphase diagram has been observed [15].

To explore the extent of the impact of the geometrical
vertical shift on the ordering, we choose to investigate the
same chains made by a different material. In this system,
the magnetic functionality of elements originates by the im-
plantation of Fe+ into a Pd film. The implanted chains were
imaged with XMCD-PEEM technique at room temperature
after thermally demagnetizing them. The correlation numbers
(Fig. 5) and Fourier analysis (Fig. 5 and Supplemental Ma-
terial [25]) for the implanted chains are again in line with
the antiferromagnetic dimer to antiferromagnetic order phase
diagram. However, in comparison to conventionally patterned
chains, a different behavior is encountered for s/L = 8.7%
and 25%. Both real and reciprocal space analyses show an-
tiferromagnetic ordering for s/L = 8.7%, and a less ordered
state for s/L = 25%. This difference indicates the shift of the

(a)

s/L = 8.7%

s/L = 0%

s/L = 50%

s/L = 75%

s/L = 100%

s/L = 25%

1 μm

(b)

(c)

FIG. 5. (a) XMCD-PEEM images of the implanted chains.
(b) Correlation numbers extracted from the XMCD-PEEM images
for the implanted chains. (c) FFT intensities for the implanted chains
with s/L = 8.7% and 25%.

antiferromagnetic dimer to antiferromagnetic transition point
towards higher s values. A possible reason for this shift is
the inhomogeneous depth distribution of the implanted Fe
within the Pd matrix resulting from the implantation pro-
cess [22]. It is also important to mention that the implanted
chains are characterized by lower correlation numbers and
intensities in reciprocal space than the conventional patterned
chains, indicating higher disorder. This difference might be
a consequence of the lower magnetic moment of FexPd100−x

compared to Py sample (for continuous films MPy
sat/MFePd

sat ∼ 9),
and hence weaker interactions.

While the observed magnetic configurations are static, they
result from the thermal-driven dynamics during the annealing
protocol. To investigate if the annealing protocols were effec-
tive for the chains to reach their ground state, we examine
if the mesoscopic systems are in thermal equilibrium. To do
so, we take a look at the energy distribution of states at the
blocking temperature TB, under which the mesospins become
athermal (i.e., the magnetization does not fluctuate at the
timescale of the measurements). For this calculation, we count
the experimental probabilities from the real-space images,
and compare them to the theoretical probabilities from the
Boltzmann distribution at TB. The experimental probabilities
are measured at room temperature, but since the magnetic
configuration is frozen, they are comparable to those at TB.
For the experimental probabilities, we count the populations
of all possible five-element magnetization permutations from
the real-space images. These permutations include the 25 five-
element magnetic configurations as ↑↑↑↑↑,↑↑↑↑↓,↑↑↑↓↓
, . . .. The energy of the ith permutation is calculated as de-
scribed above, and the corresponding ground-state energy for
each s is subtracted from it, yielding the relative permutation
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FIG. 6. Experimental probabilities of the permutation pi as a
function of the energies at the blocking temperature Ei(TB) =
fE Ei(TR) for (a) conventional patterned and (b) implanted chains
with s/L = 0% and 50%. The solid lines show the fitted Boltzmann
distributions pi.

energy Ei(TR), where TR stands for room temperature. The
populations are normalized by the total number of elements,
yielding the experimental probabilities pi. If the system is at
thermal equilibrium at TB, the experimental probabilities will
follow the Boltzmann distribution, which is given by

pi = 1

Z (TB)
exp

(−Ei(TB)

kBTB

)
, (5)

where Z (TB) = 1
kBTB

∑
i Ei(TB) is the partition function at TB,

Ei(TB) is the energy of the ith permutation at TB, and kB is the
Boltzmann constant. Since only the energies at room temper-
ature Ei(TR) are known, we consider Ei(TB) to be proportional
to Ei(TR) by a dimensionless factor fE , so that Ei(TB) =
fE Ei(TR) for each s. As the mesospins interact solely through
dipolar interactions, these energies are proportional to Msat.
Thus, we expect that near the Curie temperature of the fer-
romagnetic material, the relative permutation energies Ei(T )
will decrease abruptly in a small temperature range, facilitat-
ing the magnetization reversal of the mesospins. Therefore,
we can assume TB to be equal to the Curie temperature of
the ferromagnetic material (T Py

C = 790 K [27] and T FePd
C =

335 K) and we extract the fE for each s from fitting pi to pi

(see Fig. 6 and Supplemental Material [25] for the individual
fits). The fitting yields an average factor fE = 0.005(1) for
the conventional patterned chains and fE = 0.0011(1) for the
implanted chains. As fE � 1 for each s, we conclude that the
energy differences at TB are considerably smaller compared
to the ones at room temperature. This result indicates a TB

close to TC , confirming our original hypothesis and showing
that the hierarchy of interactions holds up even close to TC . In
addition, the good agreement of the data with the exponential
decay (see Fig. 6) shows that the mesoscopic chains are in
thermal equilibrium at TB.

In conclusion, we have demonstrated that mesoscopic mag-
netic chains exhibit two distinct ground states, depending
on the shift parameter s modifying the interactions: an anti-
ferromagnetic phase and an antiferromagnetic dimer phase.
These two configurations arise from the competition between
long-range magnetic interactions and an energy hierarchy that
remains robust even near the Curie point. While the focus
of this study is on fundamental physics, our results reveal
that this mesoscopic system autonomously converges to a
low-energy state from an extended landscape of metastable
configurations, in a fashion similar to addressing a combinato-
rial optimization challenge [28,29]. In essence, these magnetic
chains behave analogously to a physical Ising machine, pro-
viding a tangible platform for solving complex optimization
problems [30,31]. Looking ahead, future research could build
on these findings by exploring the influence of long-range
interactions on chains of varying sizes, which would not
only deepen our understanding of long-range magnetic in-
teractions but also define the operational limits of such Ising
machine analogs. Investigating these systems under different
geometric configurations or environmental conditions could
further illuminate the boundaries between fundamental mag-
netic phases and their applicability in solving real-world
optimization problems. This will potentially pave the way for
practical implementations of mesoscopic Ising machines in
computational tasks, as demonstrated previously by Bhanja
et al. [32].
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