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Field-induced double spin spiral in a frustrated chiral magnet
Mahesh Ramakrishnan1*, Evan Constable2,3*, Andres Cano 3,4*, Maxim Mostovoy5, Jonathan S. White 6, Namrata Gurung4,7,
Enrico Schierle8, Sophie de Brion3, Claire V. Colin3, Frederic Gay3, Pascal Lejay3, Eric Ressouche9, Eugen Weschke8, Valerio Scagnoli4,7,
Rafik Ballou 3, Virginie Simonet3 and Urs Staub 1

Magnetic ground states with peculiar spin textures, such as magnetic skyrmions and multifunctional domains are of enormous
interest for the fundamental physics governing their origin as well as potential applications in emerging technologies. Of particular
interest are multiferroics, where sophisticated interactions between electric and magnetic phenomena can be used to tailor several
functionalities. We report the direct observation of a magnetic field induced long-wavelength spin spiral modulation in the chiral
compound Ba3TaFe3Si2O14, which emerges out of a helical ground state, and is hallmarked by the onset of a unique chirality-
dependent contribution to the bulk electric polarization. The periodicity of the field-induced modulation, several hundreds of nm
depending on the field value, is comparable to the length scales of mesoscopic topological defects such as skyrmions, merons, and
solitons. The phase transition and observed threshold behavior are consistent with a phenomenology based on the allowed Lifshitz
invariants for the chiral symmetry of langasite, which intriguingly contain all the essential ingredients for the realization of
topologically stable antiferromagnetic skyrmions. Our findings open up new directions to explore topological correlations of
antiferromagnetic spintronic systems based on non-collinear magnetic systems with additional ferroic functionalities.
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INTRODUCTION
Non-centrosymmetric magnets are outstandingly rich systems for
the emergence of various types of modulated orders1 and
topological objects such as skyrmions.2,3 This is related to the
presence of the so-called Lifshitz invariants, as was originally
demonstrated for nominal ferromagnets.4–6 Similar considerations
apply to nominally collinear antiferromagnets in the absence
of inversion symmetry.7–9 Thus, the popular multiferroic material
BiFeO3 displays a cycloidal long-wavelength modulation of its
G-type antiferromagnetic order,10 and the theoretically predicted
topological defects for collinear antiferromagnets of this class7 have
recently been reported in ref. 11 The real challenge, however, is to
generalize these concepts to non-collinear antiferromagnets, which
has been motivated by numerous theoretical predictions12,13 that
await experimental verification. The possibility of promoting novel
magnetic textures of non-coplanar spins in non-collinear antiferro-
magnets is particularly appealing. Indeed, multi-q objects of this
type can likely display unprecedented responses and distinct
topological properties. Beyond its fundamental interest, such a
generalized playground could be exploited in future information
technologies based on nanoscale non-collinear antiferromagnets.
The potential merits of this type of antiferromagnetic-based
spintronics notably includes the device-operation times, as the
antiferromagnetic spin dynamics are generally much faster than
their ferromagnetic counterpart.14,15 On top of that, having spin-
textures coupled to magnetoelectricity and/or chirality further adds
the dimension of multifunctionality to the envisioned applications.
Magnetically frustrated chiral Fe-based langasites hold a lot of

promise for the realization of the aforementioned topological entities.16

The langasites with chemical formula Ba3MFe3Si2O14

(M = Sb, Nb, Ta) are multichiral systems whose crystal structure
belongs to the non-centrosymmetric P321 space-group symmetry, with
the Fe3þ spins forming a triangular lattice in the ab plane.16–19 These
spins display an unconventional magnetic order that is essentially
determined by frustrated exchange interactions and is peculiarly linked
to the chirality of the lattice.16,18,20 Specifically, the antiferromagnetic
interactions within the Fe3þ spin triangles lead to a non-collinear 120�

order that is helically modulated along the c direction with a periodicity
�7c due to competing out-of-plane exchange couplings (see Fig. 1).
The chirality of the 120� order is determined by additional
magnetocrystalline single-ion anisotropy and Dzyaloshinskii–Moriya
(DM) interactions, which effectively determine the chirality of the helical
modulation based on the chirality of the crystal lattice.19,20 This
peculiar magnetic order enables static and dynamical magnetoelectric
effects21–23 and generates an electric polarization that can be enhanced
or reversed by an applied magnetic field.20,24,25

In this article, we demonstrate the emergence of a mesoscopic-
scale modulation of the 120� helical order in the Ba3TaFe3Si2O14

(BTFS) langasite. This spin texture is induced by the application of
a magnetic field H, and is signaled by an extra contribution to the
electric polarization measured for μ0H � 4 T. Combining resonant
X-ray diffraction (RXD) and neutron scattering experiments, we
unveil the magnetic transition behind this singular multiferroic
behavior. In accordance with the Lifshitz invariants allowed by the
chiral symmetry of the langasites, the transition can be naturally
explained as a continuous onset of a long-wavelength transverse
conical modulation at higher fields, out of its initial 120� helical
ground state (double spiral). This mechanism is a generalization of
previous models that were restricted to simple collinear
antiferromagnets.7
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RESULTS
Figure 2a, b show the pyroelectric current along the a-axis as a
function of temperature for different values of the magnetic field
applied along b� and for the two structural chiralities (see
“Methods” section for experimental details). The measured current
develops two clear features that are enhanced by the magnetic

field. The first one signals the Néel temperature TN = 28 K while
the second peak appears at 4 T with a maximum at �5 K which
shifts to �14 K at 8 T. Interestingly, the relative sign of these
features depends on the structural chirality, as can be seen from
the comparison between Fig. 2a, b. The corresponding electric
polarization is shown in Fig. 2c, d. When the two pyroelectric-

Fig. 1 Illustration of the 120� Fe3þ spin order (a) and its helical modulation along the c axis (b) emerging in the Ba3MFe3Si2O14 series in zero-
magnetic field. The propagation vector is approximated to (0, 0, 1/7). The different crystallographic axes, as well as the 3-fold and 2-fold
rotation axes of the corresponding P321 space group, are indicated in (a). The direction of the electric polarization induced by a magnetic field
applied along b� is shown in (b).

Fig. 2 a, b Temperature dependence of the pyroelectric current measured along the a-axis for several values of the magnetic field applied
along b�. Similar results are found for Hjja (see Supplementary Fig. 1). a, b Correspond to two samples with opposite structural chiralities. The
samples were cooled under a small poling electric field of �10 kV/m. c, d Electric polarization obtained by integrating the pyroelectric data in
(a, b), respectively. The insets show the electric polarization as a function of the magnetic field at T ¼ 4 K.
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current features have the same sign, the electric polarization
displays a monotonic behavior as a function of the temperature
(Fig. 2a, c). However, when the signs are opposite, the behavior is
non-monotonic and the polarization is eventually reversed as in
ref. 24 (Fig. 2b, d). We note that the maximum component of the
polarization is perpendicular to the applied magnetic field in the
ab plane, which is also the case if the field is applied along the a
direction (see Supplementary Fig. 1).
To understand the origin of the two electric polarization signals,

we looked for possible field-induced changes in the magnetic
structure by neutron diffraction. Experiments were performed on
the CEA-CRG D23 two-axis diffractometer at the Institut Laue
Langevin (see “Methods” section for more information). We
measured BTFS samples with both structural chiralities at 1.5 K
and under a magnetic field up to 12 T applied along the a and b�

directions. We observed a rise of intensity at the zone center
reflections, compatible with a ferromagnetic spin component
induced along the magnetic field direction (see Supplementary
Fig. 2). The intensities of the first-order magnetic satellites (0, k,
l ± τ) with τ= 0.1385, accounting for the helical modulation along
the c-axis, remain constant for fields up to �4 T before decreasing
for higher fields (Fig. 3a). No change of the propagation vector
was observed within the accuracy of the experiment, for any field
direction and for either structural chiralities. We also followed the

evolution of second-order harmonics (0, k, l ± 2τ), which are purely
of structural origin in zero field (the structural origin is ascribed to
magnetoelastic effects) (Fig. 3b).20 The intensity of several of these
reflections increase slightly with increasing field due to the
addition of a magnetic contribution induced by the deformation
of the helix. These results are clearly indicative of a change in the
magnetic structure for applied fields of over 4 T.
To gain additional information about the new magnetic

structure, complementary small-angle neutron scattering (SANS)
measurements with high scattering vector Q-resolution were
performed at the SANS-I and SANS-II instruments at SINQ, Paul
Scherrer Institut (see “Methods” section for more information). The
measurements were performed in the (b�, c�) scattering plane
under a magnetic field up to 10.5 T applied along b�. The field and
temperature dependence of the rocking curve at the ð0; 0; τÞ
position are shown in Fig. 3c, d, respectively. At 1.5 K, the ð0; 0; τÞ
satellite develops a clear shoulder when the applied field is higher
than 4 T. This shoulder disappears when the temperature is
increased above 20 K. This feature corresponds to a modulation of
the spin structure propagating both perpendicular to the ð0; 0; τÞ
reflection and along the direction of the applied field Hjjb�.
Remarkably, the period of such a modulation surpasses 350 nm at
5 T and decreases by increasing the applied field (see Fig. 3e).
Note that a single δ satellite is observed but not its symmetric

Fig. 3 a, b Field-dependence of the Bragg reflections at T= 1.5 K measured with neutron diffraction on D23 for a magnetic field applied along
the a-axis. Integrated intensity from rocking curves measured for first-order magnetic satellites (a), and for second-order satellites (b).
c, d Rocking curves of the (0, 0, τ) magnetic reflection measured on SANS-I in the (b�, c�) scattering plane with a magnetic field applied
along b�: c at 1.5 K under a magnetic field of 0 and 6.8 T; d between 20 and 1.8 K under a magnetic field of 6.8 T. The lines are pseudo-Voigt
fits. The arrows indicate the presence of the field-induced δ satellite reflection. e Magnetic field dependence of this long-wavelength
modulation wavevector extracted from pseudo-Voigt fits (left axis) and corresponding real space modulation (right axis) measured on SANS-II.
The lines are a guide for the eyes.
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counterpart with respect to the main τ satellite position. This is
most likely an effect of the link between structural and magnetic
chirality as already observed for the main τ reflection in Fe
langasites.17

These results are supported by RXD experiments at the L3 edge
of Fe using the high-field diffractometer on the UE46-PGM-1
beamline at the synchrotron radiation source BESSY II of the
Helmoltz Zentrum Berlin. (See “Methods” for detailed information).
These experiments reveal that the magnetic moments start to be
noticeably affected by a magnetic field larger than 2 T applied in
the ab plane (see Supplementary Figs 4 and 5). This is reflected by
the change in the ratio of scattered intensity of the (0, 0, τ)
reflection measured with incident linear horizontal (σ) and linear
vertical (π) X-ray polarizations, as shown in Fig. 4a, b for Hjjb� (see
additional information on the magnetic structure Supplementary
Note 1 and Supplementary Fig. 3). Around 4 T, this fundamental
reflection ð0; 0; τÞ then develops a shoulder, and a further increase
in field strength shows a clear satellite that moves away from the
main reflection for π polarized X-rays (see Fig. 4a). This behavior
gives direct confirmation for the magnetic phase transition
occurring at approximately 4 T. The additional incommensurate
component, associated to δ, propagates along the applied field
direction and perpendicular to the zero field ordering wave vector τ.
δ reaches �0:0040± 0:0006 in reciprocal lattice units at 6.8 T, which
corresponds to an incommensurate modulation with real-space
periodicity of 240 ± 40 nm. This value, as well as its dependence on
the applied field, is in good agreement with the small-angle neutron
scattering experiments (see Fig. 3e).
The additional modulation of the zero-field magnetic order is

also observed above a magnetic field of 4 T on the ð0; 0; 2τÞ

reflection (see Fig. 4c, d), which originates from the magnetic
induced change in the electron density and its associated lattice
deformation. Finally it can also be probed on the first-order
satellite reflection at the oxygen K-edge revealing the sensitivity of
the orbital magnetic moment of the oxygen to this new spin
texture (see Supplementary Fig. 6).
Note that the sensitivity of neutron scattering and RXD to the

first-order magnetic reflection ð0; 0; τÞ in zero-field is due to
different deviations of the magnetic structure from the pure
helical state described in Fig. 1.19,20,25 Both techniques, however
probe the evolution of this reflection with magnetic field and
converge to show that the magnetic structure is strongly modified
in relation to the emergence of a long-wavelength modulation.

DISCUSSION
We discuss the origin of this unprecedented magnetic texture
based on the parametrization introduced in ref. 26 (see also ref. 27),
which uses the fact that for the 120� spin order within the Fe
triangles S1 þ S2 þ S3 ¼ 0 and S21 ¼ S22 ¼ S23:

S1
S2
S3

0
B@

1
CA ¼

V1

� 1
2V1 þ

ffiffi
3

p
2 V2

� 1
2V1 �

ffiffi
3

p
2 V2

0
B@

1
CA; (1)

where the vectors V1 ¼ ðX1; Y1; Z1Þ and V2 ¼ ðX2; Y2; Z2Þ are such
that V2

1 ¼ V2
2 and V1 � V2 ¼ 0. In our system, the frustrated

exchange interactions lead to the 120� order that displays a
helical modulation along the c-axis with the wavevector
τ ¼ 0:1385. In addition, the spins tend to lie in the ab plane due

Fig. 4 a, b Dependence of the scattered intensity along (0, QK , τ) as a function of applied field along the b� direction for (a) π and (b)
σ-polarized incident X-rays with an energy E= 709.2 eV, collected at T= 5 K. The slight drift of the main reflection is an artifact caused by the
small motion of the sample holder. c, d Scattered intensity along (0, QK , 2τ) for σ-polarized x-rays for H k b�: at T= 5 K versus magnetic field (c)
and at 6.8 T versus temperature (d). Both structures are detailed in the Supplementary Figs 7 and 8.
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to the Dzyaloshinskii–Moriya interactions within the Fe triangles.20

This zero-field helical spiral is described by V1 ¼ x̂ cosϕþ ŷ sinϕ
and V2 ¼ �x̂ sinϕþ ŷ cosϕ with ϕ ¼ 2πτz, where the y-axis
corresponds to the two-fold symmetry axis along âþ b̂, x̂ is
perpendicular to the y-axis in the ab-plane, and z is along the
c-axis (see Fig. 1). Above a critical field H k b� , the helical spiral is
expected to transform into a cycloidal one28 with V1 ¼ ẑ cosϕþ
â sinϕ and V2 ¼ �ẑ sinϕþ â cosϕ. This final state cycloid is in the
(a, c) plane that is perpendicular to b�, for H k b�.
The lack of inversion symmetry of the langasite crystal lattice

allows for an additional modulation of the spiral state, which we
assume to be the rotation around an axis in the ab-plane,
n ¼ ðcos χ; sin χ; 0Þ, through an angle ψ. The Lifshitz invariants
favoring this type of modulation with an in-plane propagation
vector are given in supplementary information (see symmetry
analysis provided as Supplementary Note 2). Microscopically,
these invariants trace back to Dzyaloshinskii–Moriya couplings in
the ab plane between Fe spins of different triangles not included
in previous models.16–19,21 That is, combinations of antisymmetric
exchange interactions of the type ðSa;i ´ Sb;jÞα between second
neighbors i and j for example (a; b ¼ 1; 2; 3 and α ¼ x; y; z) that
are invariants under the symmetry operations of the P321 space
group. In the case of a cycloidal spiral, the first three Lifshitz
invariants vanish after averaging over ϕ since the corresponding
rotation originates from symmetric exchange couplings and hence
varies on a much smaller length scale than ψ. The fourth and fifth
invariants, on the contrary, remain and become proportional to
½1þ sin2ðχ � π

6Þ	ðn � ∇Þψ and sinðχ � π
6Þðcos 2χ∂xψ� sin 2χ∂yψÞ,

respectively.
Thus, both these interactions favor the additional helical

modulation of the spin order with a propagation vector parallel
to n ¼ b̂

�
, and hence are likely behind the field-induced spin

texture observed in our system. This new non-coplanar magnetic
phase can be seen as a wavering between a cycloidal and a helical
state arising from an incommensurate rotation of the 120� spin

plane around the n-axis perpendicular to the magnetic field
direction, plus a ferromagnetic component along the field
direction. A sketch of such a magnetic phase is shown in the
inset of Fig. 5 (see also Supplementary Figs 7 and 8).
The energy decrease due to the additional spin rotation must

overcome an increase of the anisotropy energy, which is why this
rotation appears at the spiral flop transition where the anisotropy
gap is reduced by the magnetic field. This scenario represents a
generalization to the case of non-collinear spiral magnets of the
magnetic field-induced modulations discussed in ref. 7 for simple
antiferromagnets and observed recently.29 The key ingredients
identified here for the building of a field-induced non-coplanar
mesoscopic spin texture—that is, magnetic frustration in the
dominant exchange interactions supplemented by subdominant
Dzyaloshinskii–Moriya couplings in a globally non-
centrosymmetric setup—set the stage for the emergence of more
complex objects such as skyrmions and merons in magnets of the
same class under the appropriate control parameters (that is,
temperature, field, pressure or strain).8,9,30,31

We are now in a position to discuss the intriguing behavior of
the electric polarization P, especially its change of sign when
decreasing the temperature for one structural chirality while its
sign is preserved for the other one (see Fig. 2). As described in
ref. 20, a first contribution to P below TN is due to the planar
distortion of the initial 120� order by the magnetic field, which is
not compensated along the helix. This contribution, however,
does not depend on the structural chirality. An additional
contribution to P is associated to the long wavelength spin
modulation, through a linear magnetoelectric effect. This effect is
directly related to the absence of inversion symmetry of the
lattice, and the sign of this additional contribution is defined by
the sign of the crystal chirality. Such a magnetoelectric coupling,
given by �g1ðExHx þ EyHyÞ if the initial 120� helical order
preserves P321 space group symmetry elements, results in
P k H. As the field-induced spin texture breaks the two-fold axis
2y , a second magnetoelectric coupling �g2ðExHy � EyHxÞ appears.
This yields P ? H and explains the observed chirality-dependent
part of the overall electric polarization. In addition, the interaction
between the magnetic order parameter ðV1;V2Þ describing the
new spin texture and the electric field also results in P ? H (see
detailed analysis provided in the Supplementary Note 2). This
type of spin-driven ferroelectricity adds to other novel mechan-
isms observed in chiral magnetoelectrics such as those found
in MnSb2O6.

32,33

To confirm that the new spin texture observed in the BTFS
langasite is indeed behind the polarization features observed in
Fig. 2, the appearance of the extra components on the ð0; 0; τÞ
and ð0; 0; 2τÞ reflections observed by RXD was mapped out
throughout the ðH; TÞ phase diagram of BTFS in Fig. 5. As we see,
the onset field of the δ-modulation is found to perfectly match the
occurrence of the second component of the pyroelectric current
and relates to the inflection points in the net polarization. We note
that this transition can also be identified by an anomaly of the
elastic constants.34

In summary, we have identified a field-induced long-wave-
length non-coplanar magnetic texture of the spin structure of the
non-collinear antiferromagnet Ba3TaFe3Si2O14 that is fundamen-
tally different from those found in other chiral magnets. The new
texture results in a “multi-q" antiferromagnetic order with two
remarkably different wavevectors that further manifests in an
additional chirality-dependent contribution to the electric polar-
ization. The emergence of a spin texture of this type traces its
origin to specific magnetic interactions that can also promote the
formation of antiferromagnetic skyrmions. Thus, we anticipate
that novel topological objects and exotic textures can be realized
in langasites and, by analogy, in other non-centrosymmetric
frustrated magnets. This potentially leads to a new topological
extension of the emerging field of antiferromagnetic

Fig. 5 H-T phase diagram of BTFS showing the field-induced
mesoscopic spin texture phase. The blue squares and the red
circles represent the transition points determined by RXD and
pyroelectric current, respectively. They also fully agree with the
SANS measurements. The insets show an oversimplified picture of
the proposed zero-field and field-induced magnetic arrangements
in the ab plane (the field-induced ferromagnetic component is
omitted for clarity). Note that the latter is drawn for a field applied
along a for clarity purposes but the results are fully similar for a field
along b�. In these field-induced spin structures, the plane of the
120� spins rotate around the b� (a) direction, resulting in a
polarization along a (b�) for Hjja (Hjjb�).
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spintronics,14,15,35 based on non-collinear systems with additional
multiferroic functionalities.

METHODS
The crystals were prepared and characterized as described in ref. 21 The
electric polarization was determined by integrating the pyroelectric current
measured on slabs of BTFS single-crystals with silver pasted electrodes
using a Keithley 6517A electrometer at Institut Néel. The measurements
were performed in a custom split-ring superconducting cryomagnet
capable of applied magnetic fields from 0 to 8 T and temperatures from 2
to 300 K. Starting within the paramagnetic phase at 50 K, the samples were
cooled through the magnetic transition down to 4 K at a rate of 3 K/min
with a constant applied magnetic field and small 5 V electric bias to ensure
the selection of a single domain while suppressing a parasitic zero-
magnetic field signal that grows with the poling field strength. At 4 K the
electrical bias was removed and the temperature and magnetic field were
maintained for 30 min to allow charge build-up on the electrodes to
dissipate. The sample was then heated at 3 K/min in the same magnetic
field up to 50 K while the pyroelectric current was measured as a function
of time. The magnetic field-induced pyroelectric current was found
insensitive to the direction of the poling field as reported in ref. 24 Two
principal samples with thicknesses of 480 and 460 μm were tested (Figs 2a,
c and 2b, d of the main paper, respectively). They were chosen since they
present opposite structural chiralities as determined by anomalous X-ray
scattering. The measurements performed for a magnetic field Hjja while
measuring the pyroelectric current along b� on the same sample as in Fig.
2a are shown in Supplementary Fig. 1.
The neutron diffraction experiments were performed at the Institut Laue

Langevin on the CEA-CRG D23 two-axis diffractometer with a lifting arm
detector and an incident wavelength of 1.2794Å. The BTFS single crystal
was mounted in the 12 T cryomagnet with the a or b� direction set vertical,
parallel to the applied field, and cooled down to 1.5 K. The neutron
intensities at selected Bragg positions were obtained from integration of
rocking curves recorded for increasing magnetic field. An example is
shown in Supplementary Fig. 2 for the (0, 0, −2) nuclear reflection at zero-
field, which acquires a ferromagnetic component under magnetic field.
Two small-angle neutron scattering (SANS) experiments were also

performed using the SANS-I and SANS-II instruments at SINQ, Paul Scherrer
Institut, Switzerland. To observe the magnetic field-induced ð0; δ; τÞ peaks
each instrument was configured in a high resolution, high-Q setting. At
SANS-I (SANS-II) a neutron wavelength of 4.7Å (4.8 Å) was chosen with a
10% FWHM spread and collimated over a distance of 18m (6m) before the
sample. Scattered neutrons were detected by a two-dimensional multi-
detector placed 2.8 m (1.5 m) behind the sample. At each instrument, the
sample was installed inside a horizontal field cryomagnet (6.8 T maximum
field available at SANS-I, 10.5 T maximum field available at SANS-II), with
the magnetic field direction first approximately aligned parallel to the
neutron beam. The sample was installed inside the magnet with a b�-c�

horizontal scattering plane. Here b� was aligned with both the neutron
beam and magnetic field leaving c� aligned in the perpendicular direction.
The SANS measurements were done by rotating the sample and magnet
together around the vertical axis, and over an angular range that moved
the magnetic diffraction peaks through the Bragg condition at the
detector. Using the GRASP36 software, the magnetic diffracted intensity
was extracted from the region of interest on the SANS detector at each
rotation angle, leading to the rocking curves like those shown in
Supplementary Fig. 3.
The resonant X-ray diffraction (RXD) experiments were carried out using

the high-field diffractometer on the UE46-PGM-1 beamline at the
synchrotron radiation source BESSY II. The polished and annealed BTFS
sample (see ref. 37) was mounted with the [001] direction in the horizontal
scattering plane and it was cooled down to 5 K in a He cryomagnet. The
energy dependence of the (0, 0, τ) reflection in zero field is displayed in
Supplementary Fig. 4. The X-ray probing depth is in the order of 50 nm in
strong contrast to the neutron scattering experiments that probe the
whole crystal. Nevertheless, results from both techniques are consistent
with each other.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding authors on reasonable request.
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