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The spin wave excitations emerging from the helically modulated ferrochiral triangular magnetic
order in BazNbFe3Si2O14 were investigated by neutron scattering on a structurally enantiopure
single crystal. The collected spectra are accounted for in the minimal model explaining the magnetic
order and its total chirality. It is found out that the spin waves excitations emerging from this order
display remarkable properties: (i) spectral asymmetries answerable to the structural chirality and
(ii) spin correlations evidencing full chirality of the spin dynamics over the whole energy spectrum.

PACS numbers: 75.25.-j, 75.30.Ds, 75.40.Gb, 75.50.Ee, 78.70.Nx

Ubiquitous in nature, chirality is what distinguishes
a phenomenon from its materialization in a mirror [ﬂ]
Within a magnet it accounts for the sense of rotation
of the magnetic moments along an oriented line, as in a
helical arrangement, or on oriented loops, as with the tri-
angular moment configuration on a triangle. The static
magnetic helicity and triangular chirality were found out
in a pure state in ordered phases [E—@] Chiral dynam-
ics were also detected in a number of experiments, but
as coming into sight from a breaking of time reversal in-
variance | . No case of totally chiral spin dynamics,
solely and maximally breaking the space inversion sym-
metry over a whole spectrum, has been reported so far.

A most suited compound for this investigation is the
langasite BagNbFe3SisO14. Its magnetic carriers are the
ions Fe3T (S = 5/2, L = 0), distributed over planar tri-
angular lattices of triangles perpendicular to the trigonal
¢ axis. A magnetic order sets up below the Néel tem-
perature Ty = 27 K. The magnetic moments within
each triangular plane freeze in a same triangular con-
figuration over each triangle. This ferrochiral arrange-
ment is helically modulated along the ¢ axis with the
period 1/7 &~ 7. A mean-field analysis suggested that
5 exchange interactions are necessary to account for the
observed magnetic order, intra-triangular J; and inter-
triangular Jo within each triangular plane and 3 inter-
plane (Js, Jy, J5) connecting each moment of a triangle
to the 3 moments of the upper/lower triangles along the
¢ axis . Js3 and Js are oppositely twisted around c
and of different strength. This reflects the structural chi-
rality, denoted er, inherent to the acentric space group
P321. er = —1 in the structurally left-handed investi-
gated crystal, implying that J5 dominates over (Js3, Jy).
The magnetic order also exhibits a single helicity, de-
noted ep, and a single triangular chirality, denoted eper
to emphasize the interdependency between the structural

and the two magnetic chiralities [, @, . We recall that
m Am' = m?sin(r)ey ¢ for consecutive moments along c
and 171 A Mo + Mo A Mg + M3 Ay = (3\/5/2)7’7126]{6'1“6
for the moments (1,2, M3) of an oriented triangle,
with ey and eger equal to +1(—1) for the right(left)-
handed sense of rotation. It was proposed that the ulti-
mate single magnetic chirality selection originates from
the antisymmetric Dzyaloshinskii-Moriya (DM) exchange
interactions [H] It suffices to consider intra-triangular in-
teractions with the same DM vector along the ¢ axis for
the three bonds. This favors in-plane spin components
and selects a magnetic triangular chirality egep accord-
ing to the orientation of the DM vector along c. A single
magnetic helicity ey then is generated, through er.

No enough information were available from the static
measurements to quantitatively extract the parameters
of the model, giving a first motivation to investigate the
spin wave dynamics by inelastic neutron scattering. As
to get a global overview, the measurements were per-
formed on the time-of-flight spectrometer IN5 at the In-
stitut Laue Langevin on a single crystal in rotation about
the zone axis a, set vertical [@] The incident wave-
length was fixed to 4 A along with a chopper speed of
16000 rpm, yielding an elastic energy resolution dhw ~
0.1 meV. Standard corrections and background subtrac-
tion were performed. Corrected data were reduced with
the Horace suite software [@] to obtain the excitation
spectra as functions of wavevectors Q and energy trans-
fer hw.

The next step was to investigate how the chirality of
the static order would extend to the dynamics. It was
expected that chiral spin dynamics would emerge from
an already totally chiral magnetic order. As a matter
of fact, the point of utmost interest was to investigate
to which extent in energy the single chirality of the mag-
netic order in BagNbFe3SisO14 would be found unaltered
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FIG. 1: Inelastic neutron scattering intensities at 1.6 K in
the (b*, ¢*) scattering plane on the time-of-flight spectrom-
eter IN5. Displayed are intensity maps at constant transfer
energy (energy-cuts) and intensity maps along (0, k, —7) and

(0,—1,¢) lines in the reciprocal space (Q—cuts). In the bot-
tom right sketch, the green area and arrow show the probed
reciprocal vectors on the IN5 and IN20 spectrometers.

in the dynamics. The tool then was inelastic scattering
of polarized neutrons with polarization analysis , E]
Although not exclusively, longitudinal polarization anal-
ysis in the spin-flip channel along the scattering vector
was considered systematically. This consists in polariz-
ing the incident neutron beam along (1) or oppositely
() to the scattering vector C_j and measuring the in-
tensities o4 and o4 of the scattered neutrons with the
opposite polarization. o4 is proportional to S (Q,w) +
C(G,w) and o4 to S(Q,w) — C(G,w), where S(G,w) =
ﬁ f<My (Qﬂ O)My(féa t) + Mz (Qa O)Mz(*éa t)>eiiwtdt
is the dynamical structure factor, and C(Q,w) =
ﬁ f<My (Qﬂ O)My(féa t) - MZ (Qa O)Mz(féa t)>eiiwtdt
is dubbed chiral magnetic scattering. Myz(é, t) are the
Fourier transform of the components of the moments per-
pendicular to the scattering vector C_j in the scattering
plane (y) or perpendicular to this (z) at time ¢. The mea-
surement were performed on the triple-axis spectrometer
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FIG. 2: Dynamical structure factor calculated in the linear
approximation from the minimal model of the interactions
(see text) to compare with the measurements of Fig. EI

IN20 at the Institut Laue Langevin, with a fixed final
energy of 14.7 meV and an energy resolution of ~1 meV.

5(Q,w) = (ory+0y1)/2 and O(Q,w) = (o1, —0y1)/2 were
extracted from the measured oy and o}7. S(Q,w) was
corrected from the background by subtracting the non
spin-flip part, which is valid above 1.5 meV as checked by
spherical polarization analysis on selected (Q,w) points.
We used CRYOPAD [[Lg] to allow for spherical polariza-
tion analysis and to perform the longitudinal polarization
analysis in a strictly zero magnetic field environment on
the crystal so as to probe the dynamical chirality as aris-
ing from the sole space inversion symmetry breaking.

Fig. El summarizes our results obtained by inelastic
unpolarized neutron scattering. Two spin wave branches
emerging from the +7 magnetic satellites can be eas-
ily identified. A striking result is the difference between
their relative intensities, which strongly depends on the
reciprocal lattice node. This is a signature of the crystal
non-centrosymmetricity. These branches form delicate
arches, with different maximum energies (lower branch
clearly visible on IN5, maximum of the upper branch
only observable on IN20). One of the branch is gapped
with a minimum at around 0.4 meV. The other branch
could be ungapped at least within the resolution associ-
ated with the spectrometer set up (0.1 meV). Less intense
modes are also discernible dispersing from the nodes of
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FIG. 3: (a-d) Magnetic scattering S(Q,w) (red) and chiral
contribution C(Q,w) (blue) as a function of the transfer en-
ergy w at selected scattering wavevectors (0, 1,¢), extracted
at 1.5 K by longitudinal neutron polarimetry on the triple-
axis spectrometer IN20. (e) dispersion of C(Q, w) obtained by
gathering the measurements at all /. The spectral weight is
only significant for the branch emerging from the —7 magnetic
satellite of the reciprocal lattice node (0,1,1). No branch is
detected emerging from the other +7 magnetic satellite.

the reciprocal lattice and associated to the global spin
rotational invariance (especially visible along the line at
k =0 in the energy-cut at w = 2 meV) and from £27.

To get further insights, zero temperature spin wave
excitation spectra were computed, within the standard
Holstein-Primakov formalism in the linear approxima-
tion [@], considering the minimal model, involving the
5 exchange interactions (J1,Jo, J3, J4, J5) and an intra-
triangular DM interaction. Together with the spin
wave dispersion and spectral weights, all the dynami-
cal spin-spin correlation functions were calculated. A
thorough comparison of figures EI and E indicates that a
good agreement between experiment and calculation is
achieved with the exchange parameters J; = 0.85 4+ 0.1,
Jo = 0.24 £ 0.05, J3 = 0.053 £ 0.03, J4 = 0.017 and
Js = 0.24 + 0.05 in meV. These were constrained to ful-
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FIG. 4: Computed magnetic scattering for the two structural
chiralities er + 1 and computed chiral contribution for the
4 possible magnetic ground states (em,emer). The (+1,-1)
calculation compares well with the experiment in Fig. E

fill the 7 = 1/7 and ep = —1 conditions, and yield a
Curie-Weiss temperature of 191 K, in agreement with the
susceptibility measurements [ﬂ] The DM vector along
the ¢ axis with a positive value of ~ 1%.J; accounts for
the lower branch gap and selects egyer = —1. A mage-
tocrystalline anisotropy of ~ 1%.; can produce a sim-
ilar gap, but would not explain the triangular chirality
selection. A component of the intra-triangle DM vec-
tor along the bond connecting two spins is also allowed
[E], whose finiteness is witnessed in electron spin reso-
nance linewidth anisotropy, but is not of basic relevance
in the neutron data interpretation. All features of the dis-
persions and spectral weights of the spin waves are well
captured with this minimal model. Additionally, the up-
per branch is identified as involving correlations between
spins components within the triangular plane and is as-
sociated to the broken translational symmetry [@] The
lower branch implies correlations between the spin com-
ponents along the c-axis. Spin waves in BagNbFe3SioO14
have been probed recently also by Stock et al. [@], but
their model led them to a different interpretation.

Figureﬁ gathers our polarized neutrons scattering ex-



periments. Energy-scans were performed for different ¢
values along (0,1, ¢) with ¢ ranging from -7 to 1.7 (see
sketch in Fig. ). The magnetic scattering S(Q,w) (in
red in selected scans of Figs. Ea—d) confirms the magnetic
origin of the two intense modes, although they are not
as well separated as on IN5, due to the lower resolution.
By extracting the chiral contribution C(Q,w) (in blue),
it is found that the lower mode is achiral, as a conse-
quence of the one-dimensional spin component involved
in the cross product, while in contrast, the upper mode
is chiral (see Fig. [Jd and e). For this mode, we observe
that C(Cj, w) has a tendency to become negative for neg-
ative £ (compare Fig. Ea and ¢ at low energy). It equals
the amplitude of the pure magnetic scattering S (@,w)
at large ¢ values (see Fig. Pld). The chiral scattering is
related to the magnetic chirality up to a geometric factor
as shown by a simple calculation of the static magnetic
and chiral scatterings for helices with moments lying in
the (a, b) plane. Defining « as the angle between the
b* axis and the scattering vector Q (see sketch in Fig.
), the chiral scattering is equal to Fez sin a(m?/2)|T|?
for the £7 satellites respectively, where T is a scalar in-
cluding phase factors related to the propagation and the
different Bravais lattices. The magnetic scattering equals
(1 + sin® a)(m?/4)|T|?. For the case ey = +1 and —7
satellite, the sign of C(Q,w) follows the sign of «, and
it equals the magnetic scattering at @ = /2 which is
asymptotically approached for the largest £ values in the
experiment. This last result points at a full chirality of
the upper branch without chirality mixing in the experi-
ment. The dynamical chiral correlation function C(Q, w)
was computed from the model described before. The ab-
sence of chirality of the lower branch and the full chirality
of the upper branch are confirmed (solution (+1, -1) of
Fig. E) It is observed that, whereas the magnetic scat-
tering differs in spectral weight for the two structural chi-
ralities (e = +1), the spin wave chiral scattering is dis-
tinct for the 4 magnetic chiralities (e = 1, eger = +1)
of the underlying magnetic order (see Fig. [i).

In short, the spin waves excitation modes emerging
from the totally chiral magnetic order in a structurally
enantiopure single crystal of BagNbFe3SioO14 are ex-
tremely unusual. As a fingerprint of the crystal chirality
and inherent to an exchange twisting, the spectral asym-
metry evidenced by inelastic unpolarized neutron scatter-
ing already is scarcely offered to observation. The results
of inelastic polarized neutron scattering added consider-
able novelty, owing to the discovery that the spin waves
with in-plane correlations are fully chiral at all energy.
We recall that the experiments were performed at the
base temperature of 1.5 K, of the order of the energy
associated with the DM interactions (selecting the chi-
rality of the underlying static magnetic order) and that
the neutron energy exciting the system scales in between
the DM and the exchange energies (given by the Curie-

Weiss temperature). The absence of chirality mixing of
the spin dynamics even at the maximum of the dispersion
branches (/4.8 meV) suggests that the spin excitations
would practically never reverse the triangular chirality of
the magnetic order. This signals very few inelastic colli-
sions of spin waves, indirectly validating the linear spin
wave approximation at this temperature. It finally will
be heavily emphasized that the crystal was in a strictly
zero magnetic field environment (even the earth magnetic
field is excluded from it). The experiment thus makes up
the first observation of a dynamical chirality unbiased by
time-reversal symmetry breaking, namely explicitly and
solely associated with the parity breaking.
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