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We present a realization of highly frustrated planar triangular antiferromagnetism achieved in a
quasi-three-dimensional artificial spin system consisting of monodomain Ising-type nanomagnets
lithographically arranged onto a deep-etched silicon substrate. We demonstrate how the three-dimensional
spin architecture results in the first direct observation of long-range ordered planar triangular
antiferromagnetism, in addition to a highly disordered phase with short-range correlations, once competing
interactions are perfectly tuned. Our work demonstrates how escaping two-dimensional restrictions can
lead to new types of magnetically frustrated metamaterials.
DOI: 10.1103/PhysRevLett.125.267203

Artificial frustrated spin systems comprising monodomain Ising-type nanomagnets lithographically arranged
onto a variety of two-dimensional lattices enable direct
visualization of geometrical spin frustration and its fascinating consequences. Prominent examples, among others
[1,2], include emergent magnetic monopoles in macroscopically degenerate artificial spin ice [3,4], vertex frustration [5–7], polaronic states [6,8], field-induced phase
coexistence [9], topological frustration [10,11], and the first
steps towards artificial spin glasses [12,13]. Proposed
applications range from user-defined writing and manipulation of magnetic configurations [14,15] to reconfigurable
magnonic band structures [16]. In all of these examples,
freedom within the two-dimensional space is used to design
systems that feature desired properties or emergent
phenomena of interest, whether it is in restoring spin ice
degeneracy in artificial square ice [17,18], lifting spin ice
degeneracy in artificial kagome spin ice [19], or all other
aforementioned examples. However, the restriction to
two-dimensional lattices limits the number of naturally
occurring phenomena that can be modeled by such artificial
systems. For instance, a prominent example of spin
frustration occurring in nature, the triangular antiferromagnet [20–22], has not yet found an artificial classical analog
that exhibits thermally driven moment fluctuations, thus
impeding the direct visualization of the statistical
physics of triangular antiferromagnetism. The only twodimensional triangular antiferromagnets are quasifrozen
0031-9007=20=125(26)=267203(6)

systems exhibiting out-of-plane spins [23,24]. In addition,
a geometrically frustrated system analog to a triangular
antiferromagnet has been explored using close-packed
colloidal spheres between parallel walls [25]. There,
in-plane lattice distortions tend to relieve the ground state
degeneracy, resulting in long-range ordered patterns. This
raises the question of whether an artificial triangular
antiferromagnet can be created that exhibits an extensive
ground state degeneracy and allows for thermal fluctuations
at accessible temperatures, as it will allow for a direct
visualization of the statistical physics of highly frustrated
triangular antiferromagnetism.
Here, we report the first realization of an artificial
analogue to a planar triangular antiferromagnet that exhibits thermally induced moment fluctuations. We achieve this
by placing parallel chains of Ising-type nanomagnets on top
of a deep-etched silicon (100) substrate [4] (see also
Supplemental Material [26]), which breaks the two-dimensional barrier by introducing variable height offsets h
between neighboring nanomagnets [Figs. 1(a), 1(b)].
One set of nanomagnets [blue framed nanomagnet in
Fig. 1(a)] is grown on top of etched plateaus [deep yellow
frame in Fig. 1(a)], while the other set is grown on the base
of the substrate [red framed nanomagnet in Fig. 1(a)]. In
addition to the height offset h, the collinear center-to-center
nanomagnet distance b is lithographically tuned [see b in
Fig. 1(a)]. In other words, we are generating a rectangular
lattice consisting of two sublattices which are increasingly
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FIG. 1. (a) Scanning electron microscopy image of an artificial
triangular antiferromagnetic lattice consisting of nanomagnets
(length ¼ 400 nm, width ¼ 100 nm) placed on a deep-etched
silicon substrate (top view). One set of nanomagnets (blue frame)
is placed on top of etched plateaus (deep yellow frame), while
another set of nanomagnets (red frame) is patterned on the base of
the substrate. The lattice parameter a ¼ 330 nm is kept constant,
while b is varied between 475 and 680 nm. (b) Side-view SEM
image highlighting how competing interactions J 1 to J 4 vary by
changing h and b. The magenta-colored bar indicates a length of
400 nm. (c)–(e) Illustration of collinear antiferromagnetic (c),
planar antiferromagnetic (d), and ferromagnetic ordering (e).

separated into different planes and whose mutual interaction is adjusted by varying both h and b. In purely twodimensional systems (h ¼ 0 nm), such arrays are known to
exhibit long-range ordered collinear antiferromagnetic
domains consisting of antiparallel chains of magnetic
moments [12,27] [see Fig. 1(c)]. Magnetic ordering in
our spin lattice with h ≠ 0 nm is best understood by
considering the competing interactions involved [see
Fig. 1(b)]: J1 and J2 are antiferromagnetic in nature,
involving nearest- [α and β in Fig. 1(a)] and nextnearest-neighbor parallel nanomagnets [α and γ in
Fig. 1(a)], with their balance being directly controlled by
the height offset h. J3 and J 4 [Fig. 1(b)] are ferromagnetic
in nature involving collinear [α and ϵ in Fig. 1(a)] and
coplanar nearest neighbors [α and ν in Fig. 1(a)], respectively. The balance between these interactions is controlled
both by the height offset h and lattice parameter
b [Fig. 1(a)]. An increasing height offset adds a rising
triangular coordination to J1 and J2 [Fig. 1(b)] and their
strengths equalize at a critical offset hc [Supplemental
Material [26], Fig. 1(c)]. While this condition resembles the
spin frustration and ground state degeneracy of triangular
antiferromagnets [Supplemental Material [26], Figs. 1(a),
1(d)], two more competing interactions between spins
within the two planar sublattices need to be taken into
account. Ferromagnetic J3 is controlled both through h
and b, while coplanar J4 is tuned by a variation of b [see
Figs. 1(a), 1(b)]. Considering these competing interactions
and the possibility of varying both h and b, it is expected
that the quasi-three-dimensional artificial structure exhibits
a considerable variation of possible spin configurations
(see Supplemental Material [26], Fig. 2), as both parameters are varied. Prior to sample fabrication, we used

FIG. 2. (a)–(i) XMCD images of frozen-in configurations
(T ¼ 150 K) for structures with various height offsets
(h ¼ 80, 280, and 350 nm) and lattice parameters (b ¼ 475,
525, and 680 nm). Moments pointing towards the incoming
x-rays (deep yellow arrow) appear dark, while moments opposing
the incoming x rays appear bright, as illustrated in the dark-andbright color bar on top of (b). The magenta-colored bar in
(a) indicates a length of 1 μm. Dashed blue, yellow, and red
frames highlight collinear antiferromagnetic, planar antiferromagnetic, and ferromagnetic domains, respectively.

micromagnetic simulations [28] (see also Ref. [26]) to
determine the critical height offset to be hc ¼ 280 nm [see
J1 ¼ J2 in Supplemental Material [26], Fig. 1(c)] and show
how J3 and J4 vary as a function of b for structures
possessing various height offsets (Supplemental Material
[26], Fig. 3). We directly visualize the magnetic configurations and thermal fluctuations in our system using
cryogenic x-ray photoemission electron microscopy
(X-PEEM) [29], employing x-ray magnetic circular dichroism (XMCD) at the Fe L3 edge [30].
As a first step, we apply a thermal annealing protocol
that has previously shown to be effective in accessing
low-energy configurations [4,8,31,32]. For this purpose,
a set of samples was prepared with a blocking temperature T B ¼ 200–240 K, where we define T B as the
temperature where thermally driven moment reorientations within the patterned nanomagnets occur at a timescale of acquiring a single XMCD image (7–10 sec per
image) [8,32]. Lattice parameter a ¼ 330 nm is fixed
[Fig. 1(a)], while b and h are varied. Following sample
fabrication, the sample is kept in high vacuum at room
temperature (300 K) for several days. After this, it is
transferred into the PEEM and cooled down to 150 K, so
that quasifrozen low-energy magnetic configurations are
imaged [see Figs. 2(a)–2(i)].
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FIG. 3. (a)–(c) Nearest-neighbor spin correlation measures for
artificial triangular antiferromagnets plotted as a function of
lattice parameter b with height offsets of 80, 280, and 350 nm,
respectively. (d) Trident types that obey a quasi-ice rule of two
moments pointing left and one right or vice versa.

In the magnetic configurations achieved after thermal
annealing [Figs. 2(a)–2(i)], we observe clear transitions as
both h and b are varied. At a small lattice parameter
(b ¼ 475 nm), we find a transition from a dominance
of collinear antiferromagnetic patterns [blue frame in
Fig. 2(a)] at a low height offset (h ¼ 80 nm), to growing
ferromagnetic and planar antiferromagnetic ordering as the
height offset increases [red and yellow frames in Figs. 2(b),
2(c)]. As we increase b to 525 nm, we observe a similar
transition [see Figs. 2(d)–2(f)], but with one distinct feature
at h ¼ 280 nm (critical offset) that the mixing of ferromagnetic and planar antiferromagnetic order becomes more
evident, as domains of both ordering types emerge with
comparable sizes [Fig. 2(e)]. At larger values of the b
parameter, the columns of nanomagnets start to decouple
and ordering within individual columns becomes more
random as the height offset increases [Figs. 2(g)–
2(i)]. While collinear antiferromagnetic domain patterns
have been observed in various two-dimensional artificial
spin systems [6,27,33], it is the first time that a planar
triangular antiferromagnetic phase is realized in an artificial
spin system.
The visual observations are quantified by spin correlation measures of nearest- and next-nearest neighbor magnetic moments [34–36]. Figure 3(a) depicts correlation
functions for spin structures with increasing b and a
constant height offset h ¼ 80 nm. The most striking feature
is the opposing trends of Cαβ and Cαγ , while Cαϵ and Cαν
remain close to zero for all values of b. As b increases, the
influence of the ferromagnetic couplings J3 and J4 diminish (see Supplemental Material [26], Fig. 3), which leads to
an increase in antiferromagnetic ordering along the
columns of nanomagnets. In other words, tiles of so-called

type A tridents [32] [see Fig. 3(d)] become more dominant.
Around the critical height offset (h ¼ 280 nm), the trends
can be best understood through the decreasing strength of
J4 with increasing b [see Supplemental Material [26],
Fig. 3(b)], with the J1 and J2 couplings now equal in
strength. For lower values of b, the ferromagnetic J 4
coupling is strong and favors an extensive multidomain
planar antiferromagnetic phase, interspersed with smaller
ferromagnetic patterns associated with tiles of type B,
together with domain boundaries. This leads to more
ferromagnetically leaning correlations for Cαγ , Cαν , and
Cαϵ . Around b ¼ 525 nm, all spin-spin correlations equalize near to zero, strongly suggesting that the highest degree
of ordering competition, spin frustration, and degeneracy is
achieved at a combination of h ¼ 280 and b ¼ 525 nm. At
larger values of b, J 4 becomes weaker and the degeneracy
within the triangular chains becomes more relevant.
This leads to type A and type B tridents [see Fig. 3(d)]
dominating the configurational landscape, with an increasing trend towards short-range order. The degeneracy
between type A and type B tridents (twice as much type
B than type A) drives Cαγ negative due to there being four
available type B trident states compared to only two
possible type A tridents. In structures with a height offset
h ¼ 350 nm Cαβ remains ferromagnetic (positive) for all
values for b [Fig. 3(c)]. This tendency towards ferromagnetic ordering can be understood by the fact that ordering
patterns now have to minimize both J2 and J4 simultaneously. Thus, type B tridents shown in Fig. 3(d) become
more favorable and expectedly dominate. It is only tiles
from these four trident types that can minimize both J 2 and
J4 . These observations, in particular the highest degree of
frustration at h ¼ 280 and b ¼ 525 nm, are confirmed by
micromagnetic simulations of lattices with differing values
of h and b (Supplemental Material [26], Fig. 3).
Focusing on the critical height offset h ¼ 280 nm, we
imaged the temperature dependence of moment fluctuations on two sets of structures with b ¼ 475 and
b ¼ 525 nm, following a waiting period of five months
at room temperature. This long waiting period was added to
allow for long relaxation times expected due to the
influence of fabrication-induced intrinsic disorder [31].
Representative XMCD image sequences of the two structures are shown in Supplemental Material [26], movies 1
and 2. The sample with b ¼ 475 nm exhibits robust longrange planar antiferromagnetic order, interspersed by small
ferromagnetic patterns. Visually, a dramatic change is
observed for b ¼ 525 nm, as neither ferromagnetic nor
antiferromagnetic ordering patterns are able to dominate
throughout all accessible temperatures. This transition from
long- to short-range order is quantitatively characterized,
when looking at the magnetic structure factors [3,4,17],
which we extracted as a function of temperature (see
Fig. 4). For the system with b ¼ 475 nm, we see sharp
peaks in the magnetic structure factors, which remain
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FIG. 4. (a),(b) Magnetic structure factors generated from moment configurations of a planar triangular antiferromagnet at a height
offset of h ¼ 280 nm and lattice parameter b ¼ 475 nm, recorded at (a) T ¼ 250 and (b) T ¼ 290 K. (c) Structure factor intensities
plotted as a function of temperature, at a chosen point in q space, for the b ¼ 475 nm system. Chosen points (1,0), (0,2), and (1,1) reflect
collinear antiferromagnetism, ferromagnetism, and planar antiferromagnetism, respectively. (d) Entropy density upper bounds plotted as
a function of temperature. (e),(f) Magnetic structure factors for a highly frustrated system at the critical height offset of 280 nm and
lattice parameter b ¼ 525 nm, recorded at (e) T ¼ 220 and (f) T ¼ 260 K. (g) Same structure factor intensities as in (c). (h) Entropy
densities for the highly frustrated case. The dashed lines in (d) and (h) are entropy upper bounds for perfectly random moment
configurations (black dashed line) and random tiles of type A and type B (quasi-ice rule) tridents (green dashed line).

robust throughout all accessible temperatures [see
Figs. 4(a), 4(b)]. Comparing these structure factors with
those derived for a fully ordered planar antiferromagnet
[see Supplemental Material [26], Fig. 4(a)], we see that the
peaks overlap [see, e.g., the (1,1) point in Fig. 4(a), 4(b)],
confirming long-range ordered planar antiferromagnetism.
In addition to these peaks, we see contributions to the
structure factors at points, for example at (0,2) in Fig. 4(a),
that correspond to ferromagnetic ordering [compare with
Supplemental Material [26], Fig. 4(c)]. Collinear antiferromagnetic ordering [compare to Supplemental Material
[26], Fig. 4(b)] seems fully absent. Plotting structure factor
intensities at points of interest as a function of temperature
reveals an interesting trend, with the planar antiferromagnetic order gradually weakening [see open blue triangles in
Fig. 4(c)] and ferromagnetic order moderately rising with
temperature [see open red circles in Fig. 4(c)]. These trends
are also reflected when plotting the population of the
fourteen possible building-block ordering patterns (see
Supplemental Material [26], Fig. 2) as a function of
temperature [see Supplemental Material [26], Fig. 5(a)].
These long-range ordering patterns stand in contrast to
those observed in the b ¼ 525 nm structure. There, the
magnetic structure factors appear far more diffuse [see
Fig. 4(e)], strongly reflecting the high level of frustrationinduced disorder in the system, as none of the ordering

patterns is able to dominate. As the temperature rises, the
population of several competing moment configurations
rises [see Supplemental Material [26], Fig. 5(b)], leading to
an even more diffuse structure factor [see Fig. 4(f)] and a
collective rise in structure factor intensities at all the
aforementioned points [see Fig. 4(g)]. To further illustrate
these observations, we applied a method of direct entropy
determination [26,37]. For b ¼ 475 nm, entropies start at
lower values and rise with increasing temperature
[see Fig. 4(d)]. This stands in contrast to the b ¼
525 nm system, which remains stuck in a high-entropy
phase, throughout all temperature regimes [see Fig. 4(h)].
Furthermore, when comparing these experimentally
extracted entropy densities with those derived for totally
randomized moment configurations [black dashed line in
Figs. 4(d), 4(h)] and patterns with short-range order, the
b ¼ 525 nm system appears to fall within this “ice-rule”
regime [see green dashed line Fig. 4(h)]. This confirms the
persistent short-range ordering, when competing interactions are perfectly tuned.
At b ¼ 525 nm each nanomagnet is coupled with equal
strength to six other nanomagnets in the same plane, two
antiferromagnetically and four ferromagnetically, along
with two antiferromagnet couplings to nanomagnets in
the other plane. Calculating the energies associated
with various building-block moment configurations
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(see Supplemental Material [26], Figs. 2 and 6), the planar
antiferromagnet emerges as the expected ground state,
for all values of b (and h ¼ 280 nm), most crucially
b ¼ 525 nm. However, previous work on artificial kagome
spin ice showed, that looking at ground state patterns in
building block structures does not fully reflect ordering in
extended arrays [36,38]. The observed robust coexistence
of short-range ferro- and planar antiferromagnetic order
places the ground state as an open question, that needs to be
addressed in future work. The tunable competition between
such ordering patterns and the high levels of competitioninfused entropies will allow for a direct comparison to
analog situations emerging in naturally occurring glassy
systems [39] or newly emerging high-entropy oxide multiferroics [40], where ferro- and antiferromagnetic order
compete for dominance.
In summary, we introduced a quasi-three-dimensional
artificial frustrated spin system, which not only allows the
first artificial realization of long-range ordered planar
triangular antiferromagnetism, but can also get stuck in a
highly disordered phase marked by short-range correlations, when competing interactions are perfectly tuned.
Our results demonstrate how a quasi-three-dimensional
spin architecture can generate novel geometrically frustrated and extensively degenerate spin systems that go
beyond the archetypes of ice-rule obedience [34,36] and
vertex dominated phenomena [5–7,11].
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