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In insulating materials with ordered magnetic spiral phases, ferroelectricity can emerge owing to the breaking of in-
version symmetry. This property is of both fundamental andpractical interest, particularlywith a view toexploiting it in
low-power electronic devices. Advances toward technological applications have been hindered, however, by the rel-
atively low ordering temperatures Tspiral of most magnetic spiral phases, which rarely exceed 100 K. We have recently
established that the ordering temperature of a magnetic spiral can be increased up to 310 K by the introduction of
chemical disorder. Here, we explore the design space opened up by this novel mechanism by combining it with a
targeted lattice control of some magnetic interactions. In Cu-Fe layered perovskites, we obtain Tspiral values close to
400 K, comfortably far from room temperature and almost 100 Khigher than using chemical disorder alone.Moreover,
we reveal a linear relationship between the spiral’s wave vector and the onset temperature of the spiral phase. This
linear law ends at a paramagnetic-collinear-spiral triple point, which defines the highest spiral ordering temperature
that can be achieved in this class of materials. On the basis of these findings, we propose a general set of rules for
designing magnetic spirals in layered perovskites using external pressure, chemical substitutions, and/or epitaxial
strain, which should guide future efforts to engineer magnetic spiral phases with ordering temperatures suitable
for technological applications.
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INTRODUCTION
Magnetic frustration is characterized by the magnetic interactions
that cannot be simultaneously satisfied (1–6) andmay lead to nontrivial
magnetic orders (7–11). An example of these exotic magnetically
ordered phases is the spin spiral, which has received a lot of attention
during the last decade because of its potential for inducing ferro-
electricity in insulating materials (12–16). Stabilization of the spiral
state close to room temperature (RT) is a necessary condition to use
this property for magnetoelectric applications. Unfortunately, very
few insulators display spiral phases above 100 K.

Besides cupric oxide (CuO) and some hexaferrites (17–20), the
layered perovskite YBaCuFeO5 is one of the few exceptions to this
rule. However, what makes this last material truly remarkable is the
extraordinary tunability of its spiral ordering temperature (Tspiral),
which can be increased by more than 150 K by manipulating the Cu/Fe
chemical disorder in the structure. We showed recently that Tspiral can
be shifted from 154 to 310 K by adjusting the average Cu/Fe occupa-
tions nCu and nFe of the square-pyramidal sites in the crystal unit cell
(Fig. 1A) (21). We also established the existence of a positive cor-
relation between the spiral ordering temperature and the degree of
Cu/Fe intermixing (maximal for nCu = nFe = 50%). However, the most
surprising observation is that tiny differences in the Cu/Fe occupations
(|nCu − nFe| ≤ 6%) can shift Tspiral by more than 150 K. Such a huge
positive impact of the Cu/Fe disorder in the spiral stability is remark-
able and calls for further investigations aimed at both understanding
and exploiting this unusual trend.

The aim of the present study is to explore the design space opened by
this novel, disorder-based spiral control mechanism. After having shown
its potential and limitations for the particular case of YBaCuFeO5 (21),
we combine it here with a targeted lattice tuning of some magnetic
exchanges. The idea behind this is to add up the effect of both mech-
anisms to stabilize spin spirals at temperatures higher than those ob-
tained using these two strategies separately. In the following, we show
that, for Cu-Fe–based layered perovskites, Tspiral values close to 400 K
can be obtained using this approach. These values are ~100 K higher
than using chemical disorder alone (21) and expand the stability range
of the spiral to a comfortable temperature region that extendswell beyond
RT. We also uncover the existence of an intriguing paramagnetic-
collinear-spiral triple point, which defines the highest Tspiral value
that can be achieved in this class of materials. Moreover, we find
several correlations between the spiral properties and some struc-
tural parameters that can be summarized in the form of a simple set
of rules for magnetic spiral design in layered perovskites. Besides
overcoming limiting factors in terms of operating temperatures,
these results could contribute to increase the number of materials
featuring spiral phases that are stable well beyond RT and be an
important step toward the technological application of magnetic
spirals in spintronic devices.

The strategy followed to attain our goal is based on the particular-
ities of the YBaCuFeO5 crystal structure and the associated NN ex-
change couplings. A schematic representation of the layered
perovskite unit cell of this material (space group P4mm) is shown in
Fig. 1A (22–24). The A sites are occupied by equal amounts of Y3+ and
Ba2+ that order in planes perpendicular to the c axis owing to their
very different ionic radii (25). The B sites host Fe3+ and Cu2+ in a
square-pyramidal coordination that forms slabs of “bowties” separated
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Fig. 2. Stability of the collinear and spiral phaseswithdifferent tuningparameters. (A toC) Evolution of Tcollinear and Tspiral using different tuningparameters: (A) YBaCuFeO5

prepared with different cooling rates [adapted from (21)]. (B) Replacement of Y3+ by a rare-earth cation (RE3+). (C) Replacement of Ba2+ by Sr2+. The Tcollinear and Tspiral values are
thosedetermined fromPND. Thebackground color represents the z component of themagnetic propagation vector (kz), which changes from

1/2 in the collinear phase to
1/2 ±q in

the spiral phase (only the 1/2− q incommensurate satellite is used in the figures). (D toG) Signatures of the collinear and spiral phases in the PNDpatterns. The contourmaps show
the temperature dependence of the positions and the intensities of the commensurate (1/2,

1/2,
1/2) magnetic Bragg reflection and the incommensurate (1/2,

1/2,
1/2 ± q)

satellites for the REBaCuFeO5 (D) and YBa1−xSrxCuFeO5 (F) series. The blue and red arrows indicate the ordering temperatures Tcollinear and Tspiral, respectively. The integrated
intensities are shown in (E) for REBaCuFeO5 and in (G) for YBa1−xSrxCuFeO5. For the Sr-doped sample with x = 0.5, the “minus” incommensurate satellite (1/2,

1/2,
1/2 − q) was

extremely weak (see also fig. S3). Hence, only the integrated intensity of the “plus” satellite (1/2,
1/2,

1/2 + q) is shown. The error bars of the integrated intensities are the SDs
obtained from three Gaussian least-squares fits of the (1/2,

1/2,
1/2) Bragg reflection and its incommensurate satellites carried out using the Igor software. a.u., arbitrary units.
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the extrapolation of the linear law toward low Tspiral values crosses
the origin (i.e., Tcollinear = 0 for qG = 0), whereas in the high qG side,
Tcollinear and Tspiral converge to a common value of ~395 K for qG ~
0.18. The sudden disappearance of the spiral and the observation of
a new magnetic phase close to this point suggest the existence of a
limiting value for both the spiral’s periodicity and ordering tem-
perature. In other words, 395 K is most probably the highest Tspiral

value that can be reached in Cu-Fe–based layered perovskites. To
Shang et al., Sci. Adv. 2018;4 : eaau6386 26 October 2018
the best of our knowledge, it is the highest spiral ordering tempera-
ture reported for a transition metal oxide, the only comparable ex-
ample being the Néel temperature of the transverse conical spiral
phase in the hexaferrite Sr3Co2Fe24O41 [~400 K; see (19)]. More-
over, it is comfortably far from RT, an important point regarding
applications, and almost 100 K higher than the highest Tspiral value
previously reported for YBaCuFeO5 using chemical disorder alone
(310 K).
Fig. 3. Evolution of magnetic spiral properties with different tuning parameters. (A to C) Temperature dependence of the magnetic modulation vector q in YBaCuFeO5

using different tuning parameters: (A) Cooling rate [adapted from (21)]. (B) Replacement of Y3+ by a rare-earth cation (RE3+). (C) Replacement of Ba2+ by Sr2+. (D to F) Evolution of
Tspiral, the ground-state values (10 K) of themagneticmodulation vector (qG), and the inclination of the spiral rotation plane (φG) usingdifferent tuningparameters: (D) Cooling rate
[adapted from (21)]. (E) Replacement of Y3+ by a rare-earth cation (RE3+). (F) Replacement of Ba2+ by Sr2+. The inset in (D) shows the definition of the inclination angle φG. The
dashed lines are guides to the eye and indicate the positive correlation among Tspiral, qG, and φG. The values for REBaCuFeO5 and YBa1−xSrxCuFeO5 families were extracted from
Rietveld fits of the DMCdata recorded at 10 K (fig. S5). The error bars of qG andφG, listed in tables S2 and S3, are the SDs obtained from the fits of themagnetic structure using the
FullProf Suite Rietveld package (50).
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replacement of the spiral state by a second commensurate AFM
phase beyond this point. Given that it coincides with the smallest
d2 (i.e., largest Jc2) values of our study, the disappearance of the spiral
could be tentatively ascribed to the point where the AFM couplings
between Fe-Fe impurities become so large that the FM coupling of the
bipyramids occupied by Cu-Fe pairs can no longer compete and the
magnetic frustration is suppressed. The result would be a magnetic
structure where all NN couplings are AFM, in agreement with the ob-
servation of the new magnetic propagation vector kc′ = (1/2,

1/2, 0).
However, it is not clear why this point should coincide with the inter-
section of the Tcollinear and Tspiral lines. Another intriguing observation is
the continuous evolution of the spiral-to-collinear phase transition from
second to first ordering by approaching the paramagnetic-collinear-
spiral triple point. Information about the behavior of the different
magnetic phases beyond the crossing of the Tcollinear and Tspiral lines
should help to understand its exact nature and, in particular, to clarify
whether we could be in the presence of a Lifschitz point (34, 35). We
also note that its increased entropy at the crossing makes this point
Shang et al., Sci. Adv. 2018;4 : eaau6386 26 October 2018
potentially interesting for the search of exotic magnetic states in the
presence of external perturbations such as magnetic fields or elevated
pressures (34, 36, 37).

Toward spiral design in layered perovskites
An important outcome of the structural property correlations presented
in previous sections is that they enable the proposal of a simple set of
rules for the design of high-temperature magnetic spirals in other
AA′BB′O5 layered perovskiteswithB-site disorder. Besidesmaintaining
electric neutrality, the most critical point is to identify B/B′ cation pairs
of comparable sizes and affinity for square-pyramidal coordination.
They should be also capable of producing weak, alternating FM and
AFM couplings along the c axis, and large in-plane exchange constants,
with a very large value for one of the two JBB or JJBB′ couplings. The
choice ismostly limited by the relatively small number of pairs resulting
in FM coupling within the pyramids, but among 3d transition metals,
Cu2+/Cu3+, Cu2+/Co3+(high spin), Cu2+/Mn3+, orMn2+/Co3+(low spin)
could be possible candidates if JBB and JB′B′ have the appropriate
Fig. 5. Link between crystal structure and magnetic ordering temperatures. (A to U) Evolution of selected structural parameters as a function of the cooling rate
[YBaCuFeO5; data from (21)], the rare-earth ionic radius (REBaCuFeO5), and the Sr content x (YBa1−xSrxCuFeO5). (A to C) Average Cu/Fe occupation in the pyramids. (D to I)
Lattice parameters a and c. (J to L) Tetragonal distortion c/2a. (M to O) Distance d1 between the bipyramidal layers along the c axis. (P to R) Thickness d2 of the bipyramidal
layers. (S to U) d1/d2 ratio. (V) Evolution of Tspiral with d1/d2 ratio. The yellow, red, and green colors correspond to YBaCuFeO5 prepared with different cooling rates, REBaCuFeO5

(RE = Lu to Dy), and YBa1−xSrxCuFeO5 (x = 0 to 0.4), respectively. The Tspiral and Tcollinear values are those determined from PND (tables S1). The dashed lines are guides to the
eye. All structural parameters were extracted from the Rietveld fits of the high-resolution PND data at RT (tables S2 and S3). The error bars are the SDs provided by the FullProf
Suite Rietveld package (50).
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