& frontiers | Frontiers in Materials

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Nicole Benedek,
Cornell University, United States

REVIEWED BY
Kemp Plumb,
Brown University, United States

*CORRESPONDENCE

Arnau Romaguera,
arnau.romaguera-camps@psi.ch

Marisa Medarde,
marisa.medarde@psi.ch

RECEIVED 13 June 2024
ACCEPTED 29 July 2024
PUBLISHED 19 August 2024

CITATION

Romaguera A and Medarde M (2024) Room
temperature magnetoelectric magnetic
spirals by design.

Front. Mater. 11:1448765.

doi: 10.3389/fmats.2024.1448765

COPYRIGHT
© 2024 Romaguera and Medarde. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Materials

TYPE Mini Review
PUBLISHED 19 August 2024
Dol 10.3389/fmats.2024.1448765

Room temperature
magnetoelectric magnetic spirals
by design

Arnau Romaguera®?* and Marisa Medarde?*

Paul Scherrer Institute, Center for Photon Science, Villigen, Switzerland, ?Paul Scherrer Institute,
Center for Neutron and Muon Sciences, Villigen, Switzerland

Frustrated magnets with ordered magnetic spiral phases that spontaneously
break inversion symmetry have received significant attention from both
fundamental and applied sciences communities due to the experimental
demonstration that some of these materials can couple to the lattice and
induce electric polarization. In these materials, the common origin of the
electric and magnetic orders guarantees substantial coupling between them,
which is highly desirable for applications. However, their low-magnetic ordering
temperatures (typically < 100 K) greatly restrict their fields of application.
Recently, investigations on Cu/Fe-based layered perovskites uncovered an
unexpected knob to control the stability range of a magnetic spiral-chemical
disorder-, which has been successfully employed to stabilize magnetic spiral
phases at temperatures as high as 400 K. These unexpected observations, which
are hard to conciliate with traditional magnetic frustration mechanisms, were
recently rationalized in terms of an original, local frustration model that explicitly
accounts for the presence of disorder. In this mini-review, we summarize the
main experimental observations on Cu/Fe layered perovskites, which show
excellent agreement with the predictions of this novel magnetic frustration
mechanism. We also present different strategies aimed at exploiting these
experimental and theoretical developments for the design of materials featuring
magnetoelectric spirals stable up to temperatures high enough for daily-life
applications.

KEYWORDS

layered perovskite, chemical disorder, frustrated magnetism, spiral magnetic order,
magnetoelectric coupling

1 Introduction

The spiral is a common pattern in nature and can be found in items as diverse
as snail shells, pea tendrils, galaxies, and DNA. One of the distinctive characteristics
of spirals is the presence of chirality, a term introduced by Lord Kelvin for describing
objects that cannot be superimposed on their mirror image (Thomson, 1894; Kelvin, 1904).
Chirality is of enormous importance in biology, chemistry, and physics (Wagniére, 2007;
Lee and Yang, 1956; Lee et al., 1957; Balents and Fisher, 1996; Emori et al., 2013; Everschor-
Sitte et al., 2018; Taguchi et al., 2001; Tokura et al., 2014), with various definitions used
across different (sub)disciplines (Simonet et al., 2012; Fecher et al., 2022; Cheong and Xu,
2022). In the context of spin networks, which includes the magnetic spirals discussed
in this mini-review, the word chirality is usually employed as a synonym of helicity,
a vector quantity (S; x §;) that indicates the direction of rotation of two consecutive
spins S; and §; along an oriented link. Spin spirals are relatively uncommon among
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magnetically ordered phases, but they can be stabilized in
certain materials as a result of the presence of competing
magnetic interactions between magnetic moments that cannot be
simultaneously satisfied (Herpin, 1968). Until very recently, the
interest in these objects was limited to the scientific community
working on frustrated magnetism. However, they are now also in
the focus of applied sciences due to the experimental demonstration
that, in insulators, certain magnetic spirals can couple to the
lattice and induce electric polarization P in the absence of external
electric (E) or magnetic (H) stimuli. This was first reported for
TbMnOj;, which develops spontaneous electric polarization P and
gigantic dielectric anomalies when the Mn®" magnetic moments
order into a cycloidal spiral below Ty, = 28 K (Kimura etal,
2003), and other materials exhibiting similar behavior followed soon
after (Lawes et al., 2005; Kimura et al., 2006; Arkenbout et al., 2006;
Kimura et al., 2008; Johnson et al., 2012). The control of the electric
polarization orientation with magnetic fields (Kimura et al., 2005;
Taniguchi et al., 2006) and the spiral’s sense of rotation with electric
fields (Cabreraetal, 2009; Fingeretal, 2010; Babkevich et al.,
2012) were also demonstrated. These discoveries—particularly the
possibility of using electric fields for controlling the magnetic
state—raised great expectations regarding the possible use of
magnetoelectric (ME) cross-control in a number of technological
applications, and have been the subject of some excellent reviews
(Kimura, 2007; Tokura et al., 2014). At the same time, a number
of questions arose, including the origin of this phenomenon and
possible strategies for designing materials featuring magnetoelectric
spirals suitable for applications (Fiebigetal., 2016; Spaldin and
Ramesh, 2019; Liang et al., 2021).

2 Status and challenges for
magnetoelectric magnetic spirals

For a large number of insulating spiral magnets, the generation
of polarization is believed to originate from spin-orbit (SO)
splitting on the magnetic ions (Katsura et al., 2005; Mostovoy, 2006;
Sergienko and Dagotto, 2006); this exchange coupling can result in
polar charge displacements when the magnetic order exhibits non-
vanishing torques §; x S; between neighboring magnetic moments
S; and S, as found in spiral patterns (Figure 1A). A spin pair at
(r;, ;) contributes to the polarization by the double cross product
P~ (r; -
rotate in a plane that is not perpendicular to the spiral propagation

r) x §; x S;, a condition that requires the spins to

vector k,. The spirals satisfying this condition are known as cycloids,
while those that do not are called proper spirals (Figure 1B). Proper
spirals can also induce polarization in some particular cases, but this
requires both SO coupling and a particular crystal lattice symmetry
(Kimura et al., 2006; Kurumaji et al. (2011, 2013)). In the case of S =
% chain helical magnets, where quantum fluctuations are believed to
influence the ME response, the details of the magnetic order and
origin of the polarization are still under debate (Seki et al. (2008,
2010); Zhao et al.,, 2012).

Despite their promising multifunctionalities, three main
shortcomings have hindered the implementation of magnetic
spirals able to create polarization (henceforth magnetoelectric
spirals) in real devices. One of them is that they do not have a net
magnetization M, a characteristic that makes the magnetic detection
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of the spiral rotation sense, directly related to P, more difficult than
the M sense in ferromagnets. A more favorable situation is found
in transverse conical cycloids, characterized by a ferromagnetic
(FM) component perpendicular to the cycloid rotation plane
that guarantees the simultaneous presence of spontaneous M
and P (Figure 1B) (Yamasakietal,, 2006; White etal., 2012).
Unfortunately, conical magnets are often not stable in the absence
of a magnetic field (Murakawa et al., 2008; Kitagawa et al., 2010;
Ramakrishnan et al., 2019). Another important drawback is the low
polarization values reported for ME spirals, typically far below 1
uC/cm?, which is considered the minimum limit for applications
(Scott, 2013; Tokura et al., 2014). This is a consequence of (usually)
rather weak SO interactions in these materials, which result in
modest charge displacements. However, the main limitation is
perhaps the very low magnetic ordering temperatures Tyy;, of most
known spiral magnets, typically lower than 100 K. The underlying
reason is that the spiral order requires the presence of magnetic
frustration, characterized by magnetic interactions that cannot be
satisfied simultaneously (Herpin, 1968). Such frustration can have a
geometrical origin or arise from a competition between nearest-
neighbor (NN) ] and next-nearest neighbor (NNN) magnetic
interactions J’. In the first case, the large degeneracy of the ground
state drastically lowers the ordering temperature, even in the
presence of large NN couplings. In the second case, ] and J' should
have comparable strengths, but in insulators (metals cannot sustain
P), J' is usually much smaller than J. As a consequence, magnetic
spirals generally appear in materials with small NN couplings, and
this naturally leads to low T, values (Goodenough, 1963). The
main challenge in magnetoelectric spiral magnet research is thus to
identify design principles to obtain materials with magnetic spiral
phases stable well above room temperature (RT) and spin-orbit
coupling large enough to induce significant polarization.

3 Stabilizing magnetic spirals far
beyond RT

3.1 Chemical disorder as a tool for T,
control

Recently, an unexpected knob for controlling both the ordering
temperature and periodicity of a magnetic spiral has emerged:
chemical disorder. The positive impact of this variable on Ty,
was first demonstrated in YBaCuFeOg (Morin et al., 2016), a simple
layered perovskite whose crystal structure is shown in Figure 1C.
This material was first synthesized in the 1980s (Er-Rakho etal,,
1988) and was mostly investigated in connection with the
structurally related high-temperature superconductor YBa,Cu;Og, 5
(Meyer etal., 1990; Atanassovaetal, 1993; Dikoetal, 1993;
Mombru et al., 1994). However, it has received renewed attention
after the recent reports of spontaneous polarization, dielectric
anomalies, and magnetoelectric effects linked to the presence
of spiral magnetic order at temperatures as high as 230K
(Kundys et al., 2009; Kawamura et al.,, 2010; Morin et al., 2015).
YBaCuFeOj; is thus one of the rare insulating oxides where the
spiral magnetic order can be stabilized at temperatures close to
RT in the absence of a magnetic field. However, what makes this
material truly exceptional compared with the other few exceptions
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FIGURE 1

Bragg reflections (F): (% % %

commensurate collinear (G) and spiral (H) phases (Morin et al.,, 2016).

(A) Illustration of the coupling between magnetic chirality and electrical polarization driven by the antisymmetric Dzyaloshinskii—Moriya (DM)
interaction under electric (E) and magnetic (H) fields. (B) Examples of magnetic spiral structures. Only spiral structures with a cycloidal component may
give rise to polarization. (C) Crystal structure of YBaCuFeOg showing the Cu/Fe disorder in the bipyramidal layers, d; and d, interatomic distances, and
nearest-neighbor magnetic couplings J;, J, and J,,. (D) Phase diagram showing temperature dependence of collinear and spiral phases with varying
cooling rates (i.e., Cu/Fe disorder) (Morin et al., 2016). (E, F) Evolution of the collinear and spiral magnetic transitions in YBaCuFeOs with increasing
Cu/Fe disorder, observed from the temperature dependence of the magnetic mass susceptibility (E) and the positions and intensities of the magnetic

) associated with the high-temperature collinear antiferromagnetic phase and (— =z +q) satellites corresponding to the
low-temperature magnetic spiral phase, as measured by powder neutron diffraction (Morin et al., 2016). (G, H) Magnetic structures in the
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[CuO (Kimura et al., 2008), and some hexaferrites if we also include
transverse conical cycloids (Kimura, 2012)], is the extraordinary
tunability of its spiral ordering temperature, which can be enhanced
by more than 250 K upon a modest increase in the Cu/Fe chemical
disorder (Morin et al., 2016; Romaguera et al., 2022). As shown in
Figure 1C, the tetragonal unit cell (space group P4mm) contains
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two pseudocubic unit cells whose A-cations (Ba** and Y**) order
in layers perpendicular to the ¢ crystal axis, owing to their large
difference in ionic radii. Cu?** and Fe**, more similar in size,
occupy the B-positions within the bipyramidal units, but contrary
to the A-cations, they are usually disordered (Caignaert et al.,
1995; Morin etal., 2015). This is illustrated by the splitting of
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the two cation positions within the pyramids, where Cu and Fe
have slightly different z-coordinates. An important characteristic
of the Cu/Fe disorder in YBaCuFeOs; is that it is not random.
Instead, the bipyramids are preferentially occupied by Cu-Fe
pairs, and these Cu-Fe “dimers” are disordered in the structure
(Caignaert et al., 1995; Morin et al., 2015). The degree of disorder
is usually described in terms of the probabilities #n, and ng, of
finding Cu and Fe within a pyramid (ng, = ng. = 50% for full
disorder), which can be determined by diffraction techniques. The
parameters 1, and ng, can be experimentally controlled by different
methods, including adjusting the cooling speed of the sample after
the last annealing (Figures 1D-F). Remarkably, modest changes
in the degree of Cu/Fe disorder have a gigantic impact on Ty,
which can be increased up to 310 K by quenching the samples in
liquid nitrogen (Morin et al., 2016) and up to 390 K by quenching
them in water (Romaguera et al., 2022).

this
mentioning that the magnetic order

it is worth

expected from the

To understand surprising  behavior,

Goodenough-Kanamori-Anderson (GKA) superexchange rules,
consistent with the NN exchanges calculated using density
functional theory (DFT) (Morin etal., 2015), is not a spiral but

a collinear antiferromagnetic (AFM) arrangement described by
the propagation vector k, = (%,%,%) (Mombru et al., 1994). This
magnetic structure, shown in Figure 1G, is indeed experimentally
observed in YBaCuFeO; but only at high temperatures
(Teoiinear > T > Tgpiral)- At low temperatures (T < Tspiral), the
. 111

propagation vector changes to k, = (E’ 33
order transforms into an inclined spiral that is incommensurate

+ q) and the magnetic

with the crystal lattice along the c-axis (Caignaertetal., 1995;
Mombru et al., 1998; Ruiz-Aragoén et al., 1998; Morin et al. (2015,
2016); Lai et al., 2017; Romaguera et al., 2022; Lai et al., 2024). As
shown in Figures 1H, 2D, this spiral is not a pure cycloid; however, it
has a nonzero cycloidal component that can induce ferroelectricity.

The emergence of a stable spiral phase in a material without any
obvious source of magnetic frustration and the huge, positive impact
of the Cu/Fe chemical disorder on the spiral ordering temperature
were both puzzling and difficult to conciliate with traditional
magnetic frustration mechanisms. Interestingly, both observations
could be recently rationalized in terms of a novel, disorder-based
frustration mechanism based on the gigantic impact of a few Fe-Fe
“defects” occupying the bipyramidal units (Scaramucci et al. (2018,
2020)). Such defects are energetically very expensive, but their
presence in small amounts (together with the same number of
Cu-Cu defects to preserve electric neutrality) cannot be disregarded
in real samples, in particular in those with large amounts of Cu/Fe
disorder (Figures 2A, B). As mentioned previously, the bipyramidal
units are preferentially occupied by Cu-Fe pairs, whose NN
exchange J,_p. is ferromagnetic (FM) and weak (~ 2 meV). The
exchange J-,_c, within a Cu-Cu defect is also very weak (~
0.1 meV). In contrast, the exchange Jg, g, between the two Fe**
moments of a Fe-Fe defect is AFM and ~ 40 times stronger (~
80 meV). A tiny defect concentration thus constitutes a gigantic
perturbation of the underlying collinear order that can extend
over several unit cells (Figure 2B). Scaramucci et al. (2018, 2020)
reported that this perturbation can become collective and stabilize
long-range spiral order as long as the impurity concentration n
remains modest and the Fe-Fe defects avoid certain arrangements,
such as clustering.
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Within this model, both T,
incommensurate part of the propagation vector qg are proportional
Tspira
function of g, that crosses the origin. Given the difficulty of

piral and the ground-state

to the Fe-Fe defect concentration n. Moreover, | is a linear
accessing n experimentally, this is a very important prediction
regarding model validation because it relies exclusively on
variables—Tj;., and q,—that can be determined by experimental
methods (Figures 1E,F). As shown in Figure 2C, this prediction is
verified by all the YBaCuFeOj samples reported in the literature to
a very good approximation. Moreover, the highest values of both
variables are observed for the samples with the largest degree of
Cu/Fe disorder (i.e., those where # is expected to be the highest).
The slope of the experimental T, versus qg line, which in the
framework of this theory depends exclusively on J,_. and the NN
exchange constants (]}, J,, and ], Figures 1C, 2B), also agrees very
well with the slope calculated using the NN exchanges obtained
from DFT. This allows us to estimate the defect concentration of a
sample from its Ty, value, which can be easily measured by bulk
magnetometry. Figure 2C shows that Fe-Fe defects with Jp._p. =
78 meV and concentrations between ~ 2% and ~ 6% are enough to
stabilize magnetic spirals with ordering temperatures between ~ 150
and ~ 400 K (Scaramucci et al., 2020).

An important question, not addressed by this theoretical model,
is the relationship between T, and the ground-state inclination
angle of the spiral rotation plane 6; with respect to the ab
plane. As shown in Figures 2D, E, this angle is 0° in a proper
spiral and 90° in a perfect cycloid, and it is directly related to
P. Experimentally, it has been found that YBaCuFeO, samples
with the largest ; angles (and hence the most sizable cycloidal
components) are those with the highest spiral ordering temperatures
(Morin et al., 2016; Romaguera et al., 2022) (Figure 2E). In other

words, materials with the highest T, ;.,; values are expected to also

iral

have the largest polarization. Givelral that the magnetic moment
orientation is usually controlled by magnetic anisotropy, which is
related to the orbital occupancies, this observation is unexpected
for samples of identical chemical composition. Since the only
difference between them is the degree of Cu/Fe disorder (and
hence the Fe-Fe defect concentration), this finding suggests that
the chemical disorder could impact magnetic anisotropy, but the
precise mechanism remains to be investigated. Meanwhile, other
attempts aiming to enhance the spin-orbit coupling through targeted
partial B-cation replacements (such as Fe** with Mn>") led to
a substantial increase in the cycloidal component of the spiral,
suggesting that this could be an interesting strategy to explore in the
future (Zhang et al., 2021; Sharma and Maitra, 2023).

3.2 Adding A-cation substitutions

Although reaching high T,
“just” a synthesis procedure that can create large amounts of

piral values in YBaCuFeOs requires
Fe-Fe defects, this can be experimentally challenging (Porée et al.,
2024). As an alternative, the frustrating power of the defects
can be enhanced through the modification of the Jg._p. strength.
This can be achieved by reducing the size d, of the bipyramidal
units (Figure 1C), which, due to the inverse relationship between
exchange constants and interatomic distances, is expected to
increase Jg,_g.. This strategy has been validated by the observation
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YBaCuFeOs with increasing disorder and two YBay, Sr, CuFeOjs series having a distinct, approximately constant disorder.

T

spiral @S @ function of the d, /d, ratio for

of a positive correlation between Ty, and the d,/d, ratio,
where d, is the separation between the bipyramids along the c-
axis (Figure 1C) (Morin et al,, 2016). This simple, purely empirical
law turns out to be extremely useful. On one side, it opens
the way to T,
extending substantially the possibilities for magnetic spiral design.
Moreover, if the substitutions are isovalent, J;, J,, and J,, do not

1 control with targeted A-cation substitutions,
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change sign and their modifications are moderate, allowing the A-
substituted materials to remain within the premises of the random
frustrating exchanges model. This approach has been successfully
employed in the YBa,_,Sr,CuFeO; series, where the progressive
replacement of Ba?* with Sr** results in smaller d, values that
increase both d,/d, and T, (Shang et al,, 2018). In the same study,
large d,/d, ratios were also engineered in REBaCuFeOyj series by
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replacing Y** with trivalent 4f cations (Lu** to Dy"), whose growing
ionic radii result in a continuous d, increase that increases both
d,/d, and T, (Figure 2G). Larger 4f cations (Tb** to La**) could
lead to even higher T, values, but their synthesis will require
additional experimental work (reduction) due to their tendency to
incorporate additional oxygen into the RE layers (Klyndyuk and
Chizhova, 2006; Marelli et al., 2024).

A particularly interesting characteristic of the two spiral tuning
mechanisms described in the previous sections—Cu/Fe disorder
and d,/d, control through A-cation isovalent substitutions—is that
their impact on the spiral ordering temperature is additive: once
the highest Ty, value is reached by tuning the d,/d, ratio, it
can be further increased by manipulating the Cu/Fe disorder. This
is illustrated in Figure 2H, where we compare the evolution of
Tpira With d,/d, for two YBa,_,Sr,CuFeO; series with 0 < x <
0.5 prepared by quenching the samples after annealing at different
temperatures (1,150°C and 980°C, respectively) (Shang et al., 2018;
Porée et al., 2024). In both series, we observe a substantial increase
in the d,/d, ratio for growing Sr contents, which results in both

cases in a monotonic Ty, growth. On the other side, the spiral

iral
ordering temperatures arpe more than 100 K higher for the samples
quenched from 1,150°C, where the Cu/Fe disorder (and hence
the density of Fe-Fe defects) is expected to be much higher.
We can now compare these results with those reported for the
YBaCuFeO; samples prepared with different cooling rates shown
in Figures 1D-F (Morin et al., 2016). In this case, the d,/d, ratio
increases very little with the cooling rate, directly related to the
degree of the Cu/Fe disorder. However, T, increases by more
than 150 K, about two times more than in the YBa,_ Sr, CuFeO,
series (< 80 K), where the variation in the d,/d, ratio is much more
pronounced. These results highlight the exceptional efficiency of
chemical disorder alone for T,
also show that a good efficiency in terms of Ty, increase can

| tuning. On the other side, they

also be reached by acting on the d,/d, ratio. The combination of
both mechanisms thus opens the possibility of tuning Ty,
unprecedentedly large temperature ranges, providing, at the same

| over

time, a versatile tool for stabilizing spin spirals at temperatures far
beyond RT (Shang et al., 2018).

As shown in Figures 1D, E, the increase in Ty, is accompanied
by a simultaneous decrease in the collinear order temperature.
This is better appreciated in Figure 2G, showing the evolution
of Tgyivar and Tppipeqr with g for all the AACuFeO; isovalent
substitutions that, to our best knowledge, have been reported to
date in the literature. Remarkably, all data points merge within two
lines with very little dispersion. Within the theoretical model of
references (Scaramucci et al. (2018, 2020)), the slopes of both lines
depend exclusively on Jgp., J;» /5> and J;,. Hence, this observation
suggests that, for these samples, the model is robust against the
variations in these constants associated with d,/d, tuning. Another
interesting observation is that both lines cross when T
T,

collinear

iral —
= ~ 400 K. The region beyond the crossing point hgs not
been investigated in detail, but both theory and the few available
experimental studies suggest that the spiral state may not be
stable beyond this point (Shang et al., 2018; Scaramucci et al., 2020;
Romaguera et al., 2022; Porée et al., 2024). If this is confirmed, 400 K
would be the highest T, ,; value that can be reached in AACuFeO,
layered perovskites by combining the Cu/Fe disorder with d,/d,

piral

control through isovalent A-site substitutions.
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3.3 Adding B-cation substitutions

Although 400 K is a value comfortably far from RT, a relevant
question is whether magnetic spirals with higher T, upper limits
could be stabilized in the layered perovskite structure. In particular,
it will be interesting to know whether this can be accomplished
through B-site substitutions. This strategy looks a priori less
promising because depending on the electronic configuration of the
chosen cations, both the sign and magnitude of the NN couplings
can change substantially (Goodenough, 1963), eventually leading
to a scenario that does not fit anymore the premises of the
random frustrating exchanges model. An example of this situation is
provided by the YBaCuFe,_ Mn, O; series reported by Zhang et al.
(2021). Here, the partial replacement of Fe** with Mn** increases the
d,/d, ratio and even the cycloidal component of the spiral. However,
it decreases Ty, due to the introduction of new, unfavorable
exchanges within the bipyramids. Substituting the Jahn-Teller
cation Cu?* with other isovalent cations, preferably non-magnetic
and non-Jahn-Teller (i.e., with shorter apical distances), may be
more efficient. Low substitution levels of such cations can indeed
substantially decrease the bipyramid size d, in such a way that
the enhanced strength of the Fe-Fe defects compensates for the
presence of new, non-favorable exchange couplings. This situation
could be realized in the YBaCu,_ Mn, FeOs;, YBaCu,_,Ni FeOs,
and YBaCu,_,Zn, FeOs series reported by Yasui et al. (2024), where

magnetization data suggest a crossing of T, ., and T,

collinear close to

iral
400 K for the three solid solutions. Neutronpdiffraction experiments,
not reported in this work, will be necessary to confirm whether this
is the case.

In the case of B-cation substitutions with a 1:1 B:B’ ratio,
much easier to model theoretically than solid solutions, the theory
developed by Scaramucci and co-workers provides some guidelines
for material design. In addition to respecting electric neutrality, BB’-
cation pair candidates should have comparable sizes in order to
promote the presence of B-site disorder and display affinity for the
square-pyramidal coordination. They should also comply with the
premises of the random magnetic exchanges model, which requires
having a single direction with weak, alternating FM and AFM
exchanges, along with the experimental possibility of replacing the
weak FM bonds with a small amount of strongly frustrating AFM
defects. This scenario is realized in AACuFeOs layered perovskites,
where the exchanges are very strong in the ab plane, weak FM
(J,) and AFM (J,) bonds alternate along the c-axis, and J, can be
replaced by small amounts of strongly frustrating AFM Jg,n =
Jre_pe Donds (Figures 2A, B). Any other B-cation pair fulfilling these
conditions could a priori be suitable for stabilizing a long-range
magnetic spiral. Identifying such pairs, however, requires previous
knowledge of the NN exchanges, whose signand strength are
strongly dependent on the B-cation electronic configuration. Since
this information is usually not available and is difficult to obtain
experimentally, DFT calculations could be a valuable alternative,
which may allow screening a large number of material candidates
with 3d, 4d, and even 5d cations in a fast, efficient way. We are
not aware of any layered perovskite hosting 4d and/or 5d cations,
but the presumably larger SO interactions in these materials could
result in larger polarization values. For each potential candidate,
Tpirar and T,

§ collinear VeTsus g curves, whose crossing point defines

the maximal value of the spiral ordering temperature, could be easily
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calculated because their slope depends exclusively on J;, ], ], and

J defect*

4 Next steps and perspectives

4.1 Polarization, magnetization, and
magnetoelectric coupling

Despite the huge progress in Ty, tuning and material
design made during the last 10 years, the ferroelectric and
magnetoelectric properties of AACuFeQO;-layered perovskites have
been barely investigated. As (nearly) all the reported materials
feature spirals with cycloidal components, spontaneous polarization
P is a priori expected to appear at the onset of the cycloidal
order (Figure 2F). Observations in this regard have been reported
for YBaCuFeOs;, YbBaCuFeO; and LuBaCuFeOj; ceramic samples
(Kundys et al., 2009; Kawamura etal.,, 2010; Morin etal., 2015)
using the pyrocurrent method, although in some cases, the
non-exact coincidence of T, with the polarization onset
suggests the presence of leakage. Interestingly, some of the
reported saturation polarization values reach 0.4-0.6 uC/cm?,
close to 1 uC/cm?, considered the minimum for applications
and much larger than the values reported for other spiral
magnetoelectrics (Kimura, 2007; Scott, 2013; Tokura et al., 2014).
Single crystals, less leaky than ceramics due to the absence of grain
boundaries, will be necessary to confirm these results. Their growth,
characterization, and T, control are unfortunately more difficult
than those of polycrystalline samples. Large crystals synthesized
using the floating zone method have been recently grown by
two different groups (Laietal, 2015; Zhangetal. (2021, 2022);
Romaguera et al., 2023); so, progress in this area is expected in
the near future. Single crystals should allow us to determine
the polarization direction, presently unknown, which, according
to the P ~ (r; -
the ab plane (Figure 2D). They should also enable the use of

rj) x §; x Sj relationship, should lie in

techniques such as inelastic neutron scattering and 3D neutron
polarimetry, which can provide direct information on the nature
of the incommensurate magnetic order and the values of the
exchange constants. They will also be crucial for investigating
the magnetoelectric coupling, presently under debate (Dey et al.,
2018), whose existence has been suggested by the changes in the
polarization and the dielectric constant upon the application of
magnetic fields on ceramic samples reported by Kundys et al. (2009);
Luo and Wang (2018). Once these fundamental questions have
been clarified, the next step will be to fabricate these materials as
thin films, probably easier to grow than large single crystals due
to the layered nature of these materials. Moreover, the similarity
between their in-plane lattice parameters and those of many
commercially available perovskite oxide substrates may allow a
direct transfer of the material design strategies—Cu/Fe disorder
and d,/d, control—established for bulk materials, which could
be combined with the usual strain control (Sando etal.,, 2013;
Mukherjee et al., 2018).

Although AACuFeOj-layered perovskites were believed to
be purely AFM, the recent report of weak ferromagnetism
(WFM) in YBaCuFeOg ceramic samples coexisting with the
spiral modulation suggests that the ground-state magnetic order
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of these materials could be conical (Lyu etal, 2022). Since the
measurements were performed on ceramic samples, the direction
of the WEM component and its degree of coupling with the
cycloid orientation, directly linked to P, are unknown. However,
its appearance precisely at the onset of the spiral magnetic order
strongly suggests the existence of some type of coupling between
the spiral and WFM components. As ferromagnets respond strongly
to external magnetic fields, this observation is extremely interesting
because it could facilitate the detection and manipulation of the
spiral rotation plane—and hence the polarization direction—with
magnetic fields.

4.2 Beyond layered perovskites

The disorder-based local magnetic frustration mechanism
proposed by Scaramucci and co-workers was initially developed
for the layered perovskite YBaCuFeO;. However, it could, with
some modifications, also be relevant for other materials with
different crystal structures. Possible material candidates could
be identified among frustrated magnets with chemical disorders
and incommensurate spiral phases stable up to medium-to-high
temperatures whose origin is not understood. The hexaferrite
Ba,_,Sr,Zn,Fe;,0,, (Momozawa et al., 1985; Kimura, 2012) and
Cr,_,Fe ,O; (Coxetal, 1963) solid solutions, where both the
ordering temperature of the spiral phase and its periodicity are
doping-dependent, could belong to this category. Establishing
whether or not the model can explain these observations will,
however, require information about the relevant exchange constants
and the possibility of creating the proper concentration of impurity
bonds strong enough to produce frustration and stabilize long-
range spiral order. An alternative possibility could be to up-scale
the FM/AFM bond sequence along the c-axis in YBaCuFeO;
(Figures 2A, B) through the fabrication of artificial magnetic
multilayers, where the main difficulty will probably be being able to
introduce frustrating impurities in the proper amounts.

5 Concluding remarks

To conclude, we believe that the results summarized in this
mini-review will be of interest to the community interested in
magnetoelectric material research. On one side, they demonstrate
that magnetic spirals, a class of magnetic textures rarely stable above
100 K, where the magnetoelectric coupling can be very strong, can
be engineered in AACuFeOs-layered perovskites in such a way
that they survive up to 400K, i.e., safely far from RT. On the
other hand, they provide a theoretical framework that rationalizes
these experimental findings and a set of empirical rules to tune
the spiral ordering temperature that can be used for the design of
other materials with improved functional properties. This eliminates
one of the main obstacles to the integration of spiral magnets in
real-life devices and suggests that technological applications based
on magnetoelectric spirals could become reality in the not-too-
distant future.
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