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A novel doubly chiral magnetic order is found out in the structurally chiral langasite compound
BasNbFe3SiaO14. The magnetic moments are distributed over planar frustrated triangular lattices
of triangle units. On each of these they form the same triangular configuration. This ferrochiral
arrangement is helically modulated from plane to plane. Unpolarized neutron scattering on a sin-
gle crystal associated with spherical neutron polarimetry proved that a single triangular chirality
together with a single helicity is stabilized in an enantiopure crystal. A mean-field analysis allows
to discern the relevance on this selection of a twist in the plane to plane supersuperexchange paths.

PACS numbers: 75.25.+42,77.84.-s,75.10.Hk

Chirality is the geometric property of an object accord-
ing to which this exists in two distinct enantiomorphic
states that are images of each other by space inversion
but cannot be brought into coincidence by direct Euclid-
ian isometry, namely spatial proper rotation and transla-
tion, eventually combined with time reversal [1]. An ex-
ample in magnetism is the left or right handedness associ-
ated with the helical order of magnetic moments. Such an
order may emerge from spontaneous symmetry breaking
in systems with competing exchange interactions [2, 3]
or from the instability of simple magnetic orders with re-
spect to Dzyaloshinskii-Moriya anti-symmetric exchange
interactions [4, 5, 6, 7]. The parity symmetry is glob-
ally restored in the case of a centrosymmetric structure
by the presence in the same crystal of equally popu-
lated domains of opposite chirality states, which can be
unbalanced only through axial-polar, magnetoelastic or
magnetoelectric, field couplings [8, 9]. A single domain
should be selected in non-centrosymmetric compounds
where the parity symmetry is explicitly broken [10, 11].
So far this was reported only in the intermetallic com-
pound MnSi [12]. Another example of magnetic chirality
is the clockwise or anticlockwise asymmetry associated
with the triangular configuration of frustrated magnetic
moments on a triangular plaquette with antiferromag-
netic interactions. Actual magnets exhibiting this tri-
angular chirality [13], eventually coexisting with the he-
lical chirality [14], are scarce and none was found in a
single domain chiral state. With edge-sharing plaque-
ttes the choice of a chirality state on one triangle fixes
to opposite the chirality state on the adjacent triangles
[15]. No such constraint exists in the kagomé lattice of
corner-sharing triangles. Anti-symmetric exchange inter-
actions, allowed in this case, can select a uniform distri-
bution of a chirality state [16], but this is altered by low
energy defects [17], bringing about alternative chirality
textures. We hereafter report on an attractive material,
BagNbFe3SisO14, where the two magnetic chiralities co-
exist, are single domain, and are fixed with respect to the
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FIG. 1: (Color online) BagNbFe3SiaO14 crystal structure as
projected in the (a, b) plane and viewed as stacked along
the trigonal c-axis. The Fe3" triangles are shown with solid
lines. The super and supersuperexchange paths are depicted
with short-dashed lines. The Ji to Js exchange links are
schematized by long-dashed lines.

structural chirality.

BasNbFe3SisOq4 crystallizes in the P321 non-
centrosymmetric trigonal space group and is isostructural
to LagGasSiO14, thus belonging to the so-called langasite
family. These formerly were studied for their piezoelec-
tricity [18] and their non-linear optical and electro-optical
properties [19]. A strong interest in their magnetic be-
haviour was aroused more recently when it was realized
that some of them would materialize kagomé lattice of
rare-earth cations [20] or, as in the present case, trian-
gular lattice of triangle units of transition metal cations
[21]. As schematized in Fig. 1, this lattice is coplanar
to the (a, b) plane and formed in BagNbFe3SiaOq14 by
the Fe3T ions with spin S=5/2, which are the only mag-
netic cations. Consecutive planes are separated by layers
containing Ba and Nb cations. The Fe?* ions are tetra-
hedrally coordinated by oxygens anions, which mediates
the superexchange interaction within the triangles. The
magnetic interaction between spins belonging to differ-
ent triangles is mediated by two oxygens (supersuperex-
change) in the (a, b) planes and also along the c-axis.
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TABLE I: Structural parameters of BagNbFe3SiaO14 as re-
fined from X-ray single crystal diffraction data at room tem-
perature. U, is the isotropic displacement parameter in A2
The lattice parameters are a=b=8.539(1) A, ¢=5.2414(1) A.
The agreement factors are : Ryau 1.69% and goodness of fit
1.19.%.

Atom Wyckoff x y z Ueq
Ba 3¢ 0.506598(2) 0 0 0.00859(4)
Nb la 0 0 0 0.00766(6)
Fe 3f  0.24964(4) 0 1/2  0.00776(7)
Si 2d 2/3 1/3  0.5220(1) 0.0063(1)
o(1) ad 2/3 1/3  0.2162(4) 0.0106(4)
0(2) 6g 0.5259(2) 0.7024(2) 0.3536(3) 0.0118(4)
0(3) 6g 0.7840(2) 0.9002(2) 0.7760(3) 0.0164(4)

It thus is expected to be weaker than the intra-triangle
interaction.

Powders of BagNbFe3SioO14 were synthesized by solid
state reaction from stoichiometric amounts of NbsOsg,
Fe; 03, SiOg oxides and BaCOg barium carbonate, at
1150 °C in air, within an alumina crucible. The reagents
were carefully mixed and pressed to pellets before an-
nealing. The phase purity was checked by X-ray powder
diffraction. Single-crystals were grown by the floating-
zone method in an image furnace [20]. Small fragments
extracted from these were used to investigate the crystal
structure on a BrukerNonius kappaCCD x-ray diffrac-
tometer using the Ag Ko radiation. The anomalous part
of the scattering function allowed us to infer the crystal
chirality. The one associated with the atomic positions
reported in table I is called left-handed, in view of the
anti-trigonometric twist of the exchange paths around
the c-axis (see Fig. 1 and focus at the J5 exchange path,
which then is the dominant interplane interaction). Note
that there are three Fe3T ions per unit cell (labeled in
Fig.1) deduced from each other by the 3-fold symmetry.

Magnetization measurements were performed on a
BagNbFe3SioOq4 single-crystal from 2 to 300 K under
magnetic fields up to 10 T on a purpose-built magne-
tometer. The isotherms of the magnetization M, shown
in Fig.2a, are linear and independent on the applied field
orientation, parallel (||) or perpendicular (L) to the ¢
axis, at least down to the ordering transition tempera-
ture. No significant anisotropy is thus detected in the
paramagnetic phase as expected for an Fe3T ion with a
spin S=5/2 and no orbital contribution. At low tem-
peratures, the high field linear part of the magnetiza-
tion isotherms remains identical for both orientations.
The associated susceptibility is shown in Fig. 2b where
a cusp at Ty ~ 27 K signals the transition towards a
magnetic order, also pointed out from a sharp peak in
the specific heat [21]. Below Ty, the | magnetization
isotherms, as opposed to the L ones, exhibit a slight cur-
vature revealing the rise of a small magnetic component
along the trigonal ¢ axis. Its value is estimated ~ 0.014
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FIG. 2: (Color online) a) Magnetization versus magnetic field
with the field applied || or L to the ¢ axis. Inset: difference

between || and L curves below T'v. b) High field susceptibility
versus temperature for both || and L orientations.

up/Fe at 2 K from the difference between the L and
|| magnetizations (see inset of Fig. 2a). Above 100 K,
the magnetic susceptibility is fitted by a Curie-Weiss law
x = C/(T—0), with a Curie constant C corresponding to
the effective moment peg = g+/S(S + 1)=5.92 up of an
Fe3T ion and a Curie-Weiss temperature 0 = -1744+4 K.
The latter indicates predominant antiferromagnetic ex-
change interactions and suggests magnetic frustration or
dimensional reduction since the magnetic ordering occurs
at a much lower temperature. A coexistence of phase in
a narrow range of temperature around T was observed
by 5"Fe Mossbauer spectroscopy, implying that the mag-
netic transition would be first order [21].

Neutron diffraction experiments were carried out at
the Institut Laue Langevin (ILL), first on powder sam-
ples using the D1B diffractometer [21] then on a single
crystal using the D15 4-circles diffractometer. Magnetic
Bragg peaks emerge below Th. They can be indexed us-
ing the propagation vector (0, 0, 7) with 7 close to 1/7
[21]. The magnetic structure, as determined from refine-
ment of the powder and single-crystal diffractogramms,
consists in magnetic moments lying in the (a, b) planes
at 120° from each other within each triangle. This mag-
netic arrangement is accordingly repeated from cell to
cell in the (a, b) planes. On moving along the ¢ axis
the spins rotate to form an helix of period ~ 7 lattice
parameters. At 2 K, the fitted value of the magnetic
moment is &~ 4 pupg, instead of the expected 5 up for an
Fe3T ion. This reduction may result from spin transfer
to the oxygen ions [22]. The obtained magnetic structure
is consistent with symmetry analysis, which yields three
1-dimensional irreducible representations, leading to the
prediction of the two 120° structure with opposite trian-
gular chirality and a structure with ferromagnetic planes
helically propagating along the ¢ axis. Whereas powder
diffraction is insensitive to the triangular chirality and
helicity, single-crystal diffraction can bring additional in-
formation on this issue. For clarity in the following and
using the trigonometric convention, the term triangular
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FIG. 3: (Color online) (a) Single crystal diffraction: calcu-
lated versus observed integrated magnetic intensities for dif-
ferent (em, emer) pairs (see text). (b) Spherical polarization
analysis: calculated versus observed final polarization for 8
magnetic Bragg peaks. The calculated values are those ob-
tained from a refinement of the distribution of domains, which
yields the best agreement with the observed values for a single
domain of helicity.

chirality will refer to the sense of rotation of the 3 spins
within the triangle while going trigonometrically from
one corner of the triangle to the others. The term helic-
ity will refer to the sense of rotation of the spins in an
helix along the direction of the propagation vector.

The expression of the magnetic moments in the n'®
unit cell for a perfect helix propagating along the c¢ axis
with 3 Bravais lattices (labeled i=1,2,3 in Fig.1) is writ-
ten as ’Iﬁl(én) = mecos(T - R, + er®;)U + egmsin(7 -
ﬁn + er®;)¥, where @ and ¢ are orthonormal vectors
in the (@, b) plane, forming a right handed set with
the ¢ axis, and ®; is the phase of the i'" Bravais lat-
tice. These are accessible from the diffraction data only
through the modulus |®;11 — ®;| of their differences.
ex = 41 determines the helicity (17 (B ) A (Ry 4 @) =
m?2sin(7) eg ¢/|c]) and eger = +1 the triangular chiral-
ity (X, 14 (Fn) A tiis1 (Ba) = (3v2/2)m? emer &/1d).
Only two pairs among the four possible magnetic chiral-
ity states, (em, eger)=(1,-1) and (-1,1), are found com-
patible with the unpolarised neutron’s single-crystal data
refined for a left-handed structural chirality (black circles
in Fig. 3). An additional experiment on single-crystal us-
ing polarized neutrons with spherical polarization anal-
ysis was performed using the CRYOPAD device on the
IN22 spectrometer at the ILL. This allows one to mea-
sure the three orthogonal components of the polarization
vector of the neutron beam after scattering by the sam-
ple whatever the polarization of the incoming neutron
beam. It however suffices to choose three orthogonal ori-
entations of this initial polarisation to get all the acces-
sible informations at a scattering vector (Qn, Qk, Qi)
This leads to nine independant data, giving the compo-
nents P; ; (i,j=X,Y,Z with X || scattering vector and Z
L scattering plane) of the so-called polarization matrix

P [23]. This was measured on 8 magnetic peaks of the

FIG. 4: (Color online) (a) Perspective view of the magnetic
structure with different colors for the three Bravais lattices.
(b) Representation of the magnetic structures associated to
the 4 possible (eg,emer) pairs. The light colored moments
lie in one layer and the darker colored ones in the next layer
along the ¢ axis, an orange curved arrow defines the helicity.
The red arrowed circle materializes the triangular chirality.
The structural chirality is represented by a diagonal exchange
between the two layers (dashed arrow path).

type (-1, 2, I £ 7) and (1, -2, I + 7) with [ €[0,3]. It is
found out from the formalism [24] that the polarization
matrices P are only sensitive to the helicity e, with the
components ?3@ x and Fz, x being proportional to the
associated distribution of helicity domains. A fit of our
data with respect to domain proportions systematically
leads to a single helicity in the crystal (see Fig. 3b).
This, in turn, indicates the selection of one (e, emer)
pair, to agree with the unpolarized diffraction data, thus
the selection of the unique associated triangular chirality.

A zero temperature mean-field analysis was under-
taken to get more insights about the magnetic structure
and to relate it to the crystal structure [25]. A set of five
exchange interaction parameters were considered in the
Heisenberg Hamiltonian H = —% Z” JkSH’i . S?j, namely
J1 the intra-triangle first neighbor interactions, J the
inter-triangle second neighbor interactions in the (a, b)
plane and J3 to J5 the inter-triangle interactions of adja-
cent planes (see Fig. 1). These last three supersuperex-
change paths are non-equivalent. As from the crystal ge-
ometry, it appears that the strongest one (shorter bond
lengths and bond angles closer to 180° [26]) would be the
diagonal Js interaction. It links spins screw-like along
the ¢ axis, trigonometrically (anti-trigonometrically) for
right-handed (left-handed) structural chirality. With an-
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tiferromagnetic J; and Jy and null inter-plane interac-
tions (J5 to J5=0), the diagonalization of the Fourier
transform of the interaction matrix yields three solutions
with zero propagation vector : a less favored ferromag-
netic order and two degenerate 120° spin structures with
opposite triangular chirality. With additional weak inter-
plane interactions where one diagonal interaction pre-
vails over the other two, a helical modulation is gener-
ated along the c axis and the degeneracy of the two 120°
spin configurations is lifted. The favored solution for left-
handed structural chirality then corresponds to the two
(em, eger) pairs found with unpolarized neutrons single-
crystal diffraction. Inverting the structural chirality we
get the two other (eg, eger) pairs (see Fig.4b).

Additional understanding can be gained by simple ge-
ometrical considerations. Given the 120° spin structure
in the triangles, if one considers only one predominant
diagonal antiferromagnetic interaction between adjacent
layers, one atom of a given triangle will be anti-aligned
with the atom of the upper triangle in the diagonal direc-
tion (e.g. atoms 1 and 3’ in Fig. 4b). This will result in
a rotation by 60° of the spins along the c axis (e.g. from
atom 1 to atom 17) leading to a propagation vector (0, 0,
1/6), close to the value determined in BagNbFe3SizO14.
The departure from 1/6 can be ascribed to the contri-
bution of the other two inter-plane interactions. There-
fore, the observed magnetic arrangement is well described
by the 5 considered exchange interactions. This is un-
like MnSi or CsCuCls, where the helices are generated
from Dzyaloshinskii-Moriya interactions [5, 7]. The mean
field calculation though can only access the modulus of
the phase difference and is energetically favorable to two
(em,emer) solutions. As polarized neutrons have shown
that one of this solution only is actually observed, the
origin of this ultimate selection is still unclear. It could
be due to the Dzyaloshinskii-Moriya antisymmetric in-
teraction, allowed in this compound. Another hint for
the presence of this interaction is the small ferromagnetic
component observed along the ¢ axis in the magnetiza-
tion isotherms (see Fig. 2a).

It is clear from our results that BagNbFe3SioO14 could
raise a strong interest in the field of multiferoism. Indeed,
although unexpected when the propagation vector is per-
pendicular to the helix plane [27, 28], the onset of an elec-
trical polarisation was observed at the magnetic ordering
temperature in another trigonal helically stacked trian-
gular antiferromagnets with a 120° spin structure [14].
Two chiral magnetic domains coexist in this centrosym-
metric compound. From phenomenological symmetry ar-
guments, the amplitude of the electrical polarization was
related to the unbalance between these two domains. If
this argument holds, the effect should be maximum in
BagNbFe3SisO14 since the chirality is single domain. To
probe this, measurements of the dielectric constant were
performed. An anomaly was observed at the onset of
the magnetic order. This will be completed with electric

polarisation measurements and reported elsewhere.

In conclusion, the Fe-langasite BagNbFe3SioO14 pro-
vides the first evidence of a totally chiral state from the
structural point of view where it manifests itself by the
twist of the exchange paths and from the magnetic point
of view where two different kinds of chiralities, within the
triangles and along the helices, coexist and interplay.
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