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Neutron diffraction in MnSb2O6: Magnetic and structural domains in a helicoidal
polar magnet with coupled chiralities
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MnSb2O6 is based on the structural chiral P321 space group No. 150 where the magnetic Mn2+ moments (S =
5/2, L ≈ 0) order antiferromagnetically at TN = 12 K. Unlike the related iron based langasite (Ba3NbFe3Si2O14)
where the low-temperature magnetism is based on a proper helix characterized by a time-even pseudoscalar
“magnetic” chirality, the Mn2+ ions in MnSb2O6 order with a cycloidal structure at low temperatures, described
instead by a time-even vector “magnetic” polarity. A tilted cycloidal structure has been found [M. Kinoshita et al.,
Phys. Rev. Lett. 117, 047201 (2016)] to facilitate ferroelectric switching under an applied magnetic field. In this
work, we apply polarized and unpolarized neutron diffraction analyzing the magnetic and nuclear structures in
MnSb2O6 with the aim of understanding this magnetoelectric coupling. We find no evidence for a helicoidal
magnetic structure with one of the spin envelope axes tilted away from the cycloidal c axis. However, on the
application of a magnetic field ‖ c the spin rotation plane can be tilted, giving rise to a cycloid—helix admixture
that evolves towards a distorted helix (zero cycloidal component) for fields great than ≈2 T. We propose
a mechanism for the previously reported ferroelectric switching based on coupled structural and magnetic
chiralities requiring only an imbalance of structural chiral domains.

DOI: 10.1103/PhysRevB.106.064403

I. INTRODUCTION

Coupling magnetism and ferroelectricity would allow the
possibility for controlling electric polarization with a mag-
netic field and magnetic moments with an electric field. How-
ever, ferroelectricity and magnetism originate from disparate
microscopic mechanisms [1], and such multiferroic materials
are rare. Despite these challenges, complex coupling schemes
have been intensively studied and sought after for decades,
motivated by the interesting physics and promising multifunc-
tional applications [2–5]. For example, noncentrosymmetric
magnetic ordering can break inversion symmetry and induce
an improper electric polarization via the inverse antisymmet-
ric Dzyaloshinskii-Moriya (DM) interaction [6,7]. This is the
case in cycloidal magnets, often stabilized by the competition
of exchange interactions, and where the sense of rotation of
the spins can be linked to the sign of the electric polariza-
tion [8–10]. Additional interest can be found in materials
having a crystallographic chirality that may naturally stabi-
lize a noncentrosymmetric magnetic structure. For example,
iron based langasite (Ba3NbFe3Si2O14 [11–15]) crystallizes
in the chiral, trigonal space group P321, and the structural
chirality is coupled to the chirality of its magnetic helix
through symmetric Heisenberg exchanges. Recently, a mag-

netic field induced long-wavelength spin spiral modulation
has been discovered in this compound giving rise to an electric
polarization [16].

MnSb2O6 hosts magnetic manganese with a valence of
Mn2+ giving a high spin S = 5/2 and orbitally quenched L ≈
0 moment [17]. Analogous to iron based langasite, magnetic
interactions between isolated MnO6 octahedra [Fig. 1(a)]
follow chiral super-super-exchange (SSE) pathways
(Mn-O-O-Mn) along the c axis [Figs. 1(b) and 1(c)].
Magnetization measurements find long-range magnetic
order below TN ≈ 12 K and some evidence for short-range
correlations below 200 K has been provided [18,19]. Below
TN, Mn magnetic moments rotate within the (ac) plane.
Nearest neighbor moments arranged on triangular motifs in
the (ab)-plane are dephased by 120◦ and follow a cycloidal
modulation with propagation vector k = (0, 0, 0.182), as
shown in Fig. 1(d). The sense of rotation of the spins along
the c axis and within a basal triangle can be described
by so-called vector chiralities, V C and V T, respectively,
which we later show to be related to well-defined, generic
“magnetic” parameters ηC and ηT that couple directly to the
crystal chirality σ . By analogy with various other cycloidal
magnets [8,9], MnSb2O6 can hold an electric polarization.
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FIG. 1. (a) Nuclear structure of chiral MnSb2O6. The structural
chirality can be defined as the helical winding of the Mn-O-O-
Mn super-super-exchange (blue lines) with respect to the c axis:
it is clockwise for left-handed structure (b) and anticlockwise for
right-handed structure (c). Figures made on VESTA [22]. (d) Cy-
cloidal magnetic structure. (e) Tilted cycloid model. Figures made
on MAG2POL [23].

Magnetic domains can exist when the symmetry of the
paramagnetic phase is lowered by the ordered magnetic struc-
ture. These domains are energetically equivalent, and related
by the symmetry operators which are broken during the phase
transition [20]. In the case of MnSb2O6, threefold symmetry
is broken by the cycloidal magnetic structure, hence at least
three cycloidal domains are expected below TN. Additional
magnetic domains related to the signs of ηC and ηT will also
form, as discussed later. These magnetic domains are polar, so
could be manipulated by an external electric field [17]. Later
on, Kinoshita et al. found the cycloids to be tilted away from
the c axis, with one of the main axes of the spin envelope
parallel to [11̄0], [21] as shown in Fig. 1(e). The tilt of this
alternative ground state magnetic structure was reported to
be necessary to explain a macroscopic electric polarization

evidenced by measuring pyroelectric current, confirming the
multiferroic character of MnSb2O6.

In this paper, we apply unpolarized and polarized neutron
diffraction to show that there is no clear evidence of this tilted
model for the magnetic ground state. We do find evidence
for a mixture of chiral structural domains in our single crys-
tal. Through magnetic diffraction under an applied magnetic
field, we show that it is possible to manipulate the magnetic
structure with small magnetic fields. Finally we propose an
alternative mechanism for the appearance of electric polariza-
tion, based on the DM interaction under an external magnetic
field and coupled chiralities. This mechanism does not require
a tilted cycloid ground state for ferroelectric domain switching
in an applied magnetic field.

This paper is based upon five sections including this in-
troduction. After describing the materials preparation and
neutron instrumentation used for diffraction studies in Sec. II,
we define twinning afforded by the P321 symmetry and vari-
ous structural and magnetic chiralities in MnSb2O6 in Sec. III.
In Sec. IV, we describe the experimental results and finish
in Sec. V with a phenomenological theory for ferroelectric
switching previously observed.

II. EXPERIMENTAL DETAILS

In this section, we describe the materials preparation and
neutron scattering experiments used to study both powders
and single crystals of MnSb2O6.

A. Materials preparation

Materials preparation followed the procedure outlined in
Ref. [24]. Powders of MnSb2O6 were prepared by mixing
stoichiometric amounts of pure MnCO3 and Sb2O3. After
mixing through grinding, the powder was pressed into a pellet
and heated up to 1000 ◦C with the process repeated with
intermediate grinding. It was found that heating the pellet
to higher temperatures introduced the impurity Mn2Sb2O7.
Single crystals of MnSb2O6 were prepared using the flux
method. Starting ratios for single-crystal growth were (by
weight) 73% of flux V2O5, 20% of polycrystalline MnSb2O6

and 7% of B2O3. The powder was ground and pressed into
a pellet and flame sealed in a quartz ampoule under vacuum
(less than 1e−4 Torr). B2O3 was used to lower the melting
temperature of the V2O5 flux. Back filling the ampoules with
≈200 mTorr of Argon gas was found to noticeably improve
crystal sizes. Quartz ampoules were then heated to 1000 ◦C
at a rate of 60 ◦C/hour and soaked at this temperature for
24 hours. The furnace was then cooled to 700 ◦C at a rate
of 2 ◦C/hour and held for 24 hours, before it was switched
off and allowed to cool to room temperature. Crystal sizes in
the range from a few millimeters to nearly a centimeter were
obtained through this procedure.

B. Neutron diffraction

The nuclear and magnetic structures of MnSb2O6 were
studied on the four-circle diffractometers D9 [25] and
D10 [26] (ILL, Grenoble) using a single-crystal sample of
dimensions ∼3 × 2 × 0.2 mm3 (hexagonal shape). On D9,
a monochromatic neutron beam of wavelength λ = 0.836 Å
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was selected by the (220) reflection of a Cu monochromator in
transmission geometry. On D10, a wavelength of λ = 2.36 Å
was selected from a vertically focusing pyrolytic graphite
monochromator. The same single crystal was previously char-
acterized using the CRYOgenic Polarization Analysis Device
(CRYOPAD) [27] on the spin-polarized hot neutron diffrac-
tometer D3 [28] (ILL, Grenoble) using a wavelength λ =
0.85 Å selected by the (111) reflection of a Cu2MnAl Heusler
monochromator. The good quality of the single crystal was
confirmed by neutron Laue diffraction. Powder diffraction
was performed on the high-intensity two-axis diffractome-
ter D20 [29] (ILL, Grenoble) on ∼17 g of powder, using
a wavelength λ = 2.41 Å selected by the (002) reflection
of a pyrolitic graphite HOPG monochromator in reflection
position. single-crystal diffraction under an external mag-
netic field was performed on the cold triple-axis spectrometer
RITA-2 (now replaced by CAMEA, SINQ, Villigen), using
a horizontal cryomagnet MA7 with wavelength λ = 4.9 Å
monochromated with a vertically focused pyrolitic graphite
PG002 monochromator. The use of a horizontal field was
necessary given the need to apply the magnetic field along
the c axis, parallel to the magnetic propagation vector which
is kinematically constrained to be in the horizontal plane.

While conventional powder and single-crystal neutron
diffraction was used in this work, we relied as well heavily on
the use of less standard techniques: Schwinger scattering and
spherical neutron polarimetry, to gain extra information into
the complex nuclear and magnetic structures of MnSb2O6.
We briefly outline the theory of these techniques here before
discussing the structural properties specific to MnSb2O6.

1. Schwinger scattering for structural handedness

In the reference frame of a moving neutron, the electric
field of a noncentrosymmetric crystal creates an effective
magnetic field which couples to the neutron spin. This neutron
spin-orbit interaction results in a polarization-dependant scat-
tering known as Schwinger scattering [30] which can be used
as a probe of the structural handedness of the crystal [31,32].

In the local coordinates, where ẑ ‖ ki × kf is perpendicular
to the scattering plane, the asymmetric Schwinger structure
factor is given by [32]

FSO(Q) = i
γ r0

2

me

mp
FE(Q) cot(θ )σ̂ · ẑ, (1)

where γ is the neutron gyromagnetic ratio, r0 is the electron
classical radius, θ is the scattering angle, σ̂ is the neutron
spin operator, and FE(Q) is the electrostatic unit cell structure
factor:

FE(Q) =
∑

j

[Zj − f j (Q)]e−Wj (Q)e−iQ·r j (2)

with Zj , f j (Q), and Wj (Q), respectively the atomic number,
the x-ray atomic form factor, and the Debye-Waller factor of
the jth atom of the unit cell. The small ratio between the
electron and proton mass me/mp leads to a weak Schwinger
scattering cross-section ∝ γ r0

2
me
mp

= −1.46 × 10−4 in units of

10−12 cm (nuclear scattering length) [31]. For a nuclear re-
flection, the contribution from Schwinger scattering adds to
the nuclear structure factor FN leading to an intensity:

I± ∝ |FN|2 + |FSO|2 ± I, (3)

where I = 2pRe(FNF ∗
SO) is an interference term and p is the

polarization of the incident beam along ±ẑ. Measuring both
intensities with the incident neutron beam polarized along ±ẑ
allows us to compute the flipping ratio:

R = |FN|2 + |FSO|2 + I
|FN|2 + |FSO|2 − I . (4)

The flipping ratio technique, very well known to the mag-
netization density community, affords the extraction of the
weak Schwinger scattering and to distinguish structural twins
in a single crystal discussed below. Indeed, each twin would
lead to a different flipping ratio. For example the flipping ratio
is inverted for an inversion twin.

2. Spherical neutron polarimetry for magnetic handedness

Spherical neutron polarimetry (SNP) is a powerful tech-
nique used to determine complex magnetic structures and
magnetic chiralities (an example illustrated in Ref. [33]),
which plainly demonstrates the benefits of using polarized
neutrons [34,35]. The idea is to measure in three orthogonal
directions the final polarization of the neutrons, for incident
neutrons polarized along each of the three directions. This
allows to measure a 3 × 3 polarization matrix given by

Pi f = ni f − ni f̄

ni f + ni f̄
, (5)

where i, f = x, y, z denotes the polarization direction of the
incident and scattered neutrons in the local coordinates where
x̂ is parallel to the scattering vector, ẑ is perpendicular to the
scattering plane and ŷ completes this right-handed set, ni f and
ni f̄ are the number of scattered neutrons with spin parallel and
antiparallel to f direction. The theoretical cross-sections for
polarized neutrons are given by the Blume-Maleev
equations [36,37]. For a purely elastic magnetic reflection and
a perfectly polarized neutron beam, the polarization matrix
Pi f is given by

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−|M⊥|2 − Mch

|M⊥|2 + Mch
0 0

−Mch

|M⊥|2
(|M⊥y|2 − |M⊥z|2)

|M⊥|2
2ReM⊥yM∗

⊥z

|M⊥|2
−Mch

|M⊥|2
2ReM⊥zM∗

⊥y

|M⊥|2
(|M⊥z|2 − |M⊥y|2)

|M⊥|2

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

. (6)
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While unpolarized single-crystal diffraction is only sensitive
to the amplitude squared of the magnetic interaction vector
|M⊥|2, its components are accessible through SNP. Also,
Mch = 2 Im{M⊥yM∗

⊥z} gives information on the magnetic
chirality.

III. THEORY AND DEFINITIONS

Given the complexity of the magnetic and nuclear structure
in MnSb2O6, we outline in this section the various definitions
for the structural and magnetic chiralities and twins. This
is required for presenting powder and single-crystal neutron
diffraction results discussed below.

A. Definition of twins

Twinning occurs when two or more single crystals of the
same species are intergrown in different orientations, related
by the so-called twin laws [38,39]. When the twin opera-
tion belongs to the point group of the lattice but not to the
point group of the crystal, the twinning is called twinning by
merohedry. In this case, the crystal lattices of the two twins
overlap in both direct and reciprocal space [40]. As all Bravais
lattices are centrosymmetric, the noncentrosymmetric basis of
MnSb2O6 (space group P321) is expected to form inversion
twins. Furthermore, the absence of improper rotations in P321
(e.g. mirror plane) implies the inversion twins will have oppo-
site structural chiralities (known as enantiomorphs). It follows
that the reciprocal lattice of one twin is the inverse of the other,
i.e., (hkl ) → (h̄k̄l̄ ). In the case of the P321 space group ad-
ditional merohedral twinning associated with twofold rotation
around the c axis, i.e., (hkl ) → (h̄k̄l ), is also allowed [41]. We
note that these twins related by twofold rotation have the same
chirality. Combining the twofold rotation with the inversion
twin leads to a fourth twin (hkl̄ ). In order to distinguish the
structural chirality of these four possible merohedral twins,
we will subsequently use the labels L(hkl ), L(h̄k̄l ), R(h̄k̄l̄ )
and R(hkl̄ ), where L(R) refers to the left(right) handedness
of the crystal structure, defined by the helical winding of
the Mn-O-O-Mn super-super-exchange pathways in Refs. 1(b)
and 1(c).

B. Definition of structural and magnetic chiralities

In crystallography, chirality can be defined as the prop-
erty of an object “being nonsuperposable by pure rotation
and translation on its image formed by inversion through a
point” [42]. On the other hand, the definition of magnetic
chirality is not obvious because the time reversal operation
(T) has to be considered in addition to parity operation (P).
Barron proposed a more general definition: “True chirality is
possessed by systems that exist in two distinct enantiomeric
states that are interconverted by space inversion but not by
time reversal combined with any proper spatial rotation” [43].
In this meaning only helical magnetic structures are truly
chiral [35,44]. However, spin “chirality” is commonly used
to refer to the sense of rotation of the spins with respect
to a crystallographic reference often taken to be an oriented
link between two atomic sites, say ri j , and can thus describe
the spin configuration of cycloidal structures and triangular
networks [45].

FIG. 2. û and v̂ are the main axis of the helicoidal spin structure
envelope. Any cross product of spins lies along n̂. A and Pm lie
along û.

The cross-product of two spins at sites i and j defines a
vector chirality

V i j = Si × S j, (7)

which is a T-even axial vector (i.e., P-even), changing sign
on exchange of indices i ↔ j. This chirality vector is well-
defined by providing the oriented link between two spins.

For clarification and to understand our diffraction data, we
redefine the vectors introduced in Ref. [17] in the context
of MnSb2O6. To do this, we consider an orthonormal basis
R = (x̂, ŷ, ẑ), where x̂ lies along the a axis, ẑ along the c
axis, and ŷ completes the right-handed basis set of vectors. We
define the spin rotation plane using two vectors û and v̂, where
we take û ≡ x̂ in the following. In order to account for a tilt of
the spin rotation plane, we introduce θ as the tilt angle about û
such that v̂ = [0,− sin θ, cos θ ]. We note that in our analysis,
û could take any direction in the (ab) plane, and the definition
of the tilt angle θ can be generalized. By definition, any two
spins Si and S j , lie within the uv plane, so their cross product
must lie along ±n̂ = û × v̂ = [0,− cos θ,− sin θ ] (Fig. 2).
Note that when θ = 0, the spins rotate in a plane containing
ẑ and we obtain a proper cycloid [Fig. 1(d)]. When θ = 90◦,
the spins rotate in a plane perpendicular to ẑ defining a proper
helix, as reported in Ba3NbFe3Si2O14. Intermediate values of
θ give a generic helicoidal structure that can be decomposed
into an admixture of helical and cycloidal parts.

The spin configuration within a basal triangle of
Mn2+ ions is described by the classical vector chirality
V T = 1

3 (S1 × S2 + S2 × S3 + S3 × S1) where the indices are
given by right hand rule around the axial vector ẑ defined
as parallel to the positive c axis. Similarly, a vector chirality
V C = Sα × Sβ can be introduced to describe the rotation of
the spins along the c axis, relatively to the polar vector rαβ

where α and β refer to two neighboring layers along the c axis.
We can now redefine the axial vector A and the polar vector
Pm used to characterize the cycloidal magnetic structure of
MnSb2O6 in Ref. [17] as

A = ẑ × V T = [ηT cos θ, 0, 0]

Pm = rαβ × V C = [ηC cos θ, 0, 0], (8)

where ηT and ηC are T-even P-even and T-even P-odd param-
eters associated with the magnetic configuration within the
(ab)-plane triangular motifs and on propagation along the c
axis, respectively. Importantly, both parameters are conserved
upon rotation by θ . We can similarly redefine the triangular
chirality εT and spin helicity εH used to characterize the helical
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magnetic structure of Ba3NbFe3Si2O14 in Ref. [11] as

εT = ẑ · V T = −ηT sin θ

εH = rαβ · V C = −ηC sin θ. (9)

These expressions allow us to use ηT, ηC, and θ to parametrize
a generic helicoidal magnetic structure. The vector quantities
of Eq. (8) capture the cycloidal component projected into
the (ac) plane, and the scalar quantities of Eq. (9) capture
the helical part projected into the (ab) plane. We note that the
helical part is odd in θ , while the cycloidal part is even.

C. Magnetic structure description

Considering the two perpendicular unit vectors û and v̂

that define the spin rotation plane, we can describe the mag-
netic moment for a Mn atom at site j = (1, 2, 3) on a given
triangular motif, in layer α (along the c axis), and with an
angle φα j [21]:

μα j = Mu cos φα j û + Mv sin φα j v̂

φα j = 2πηCkzα + ηT( j − 1)
2π

3
. (10)

Mu and Mv describe the shape of the ellipse (circular for Mu =
Mv), kz is the vertical component of the propagation vector
k = (0, 0, kz). ηC and ηT describe the sense of rotation of the
spins respectively along the positive c axis, and within a Mn2+

triangle, following the definitions above.
The first magnetic structure proposed in Ref. [17] has û

lying along the crystallographic a axis, and v̂ along the c
axis. This magnetic structure preserves the twofold symmetry
(magnetic space group B21′). This is not the case in the
model proposed in Ref. [21], with û ‖ [11̄0], which lowers
the symmetry of the magnetic space group to P11′ owing to
the breaking of the twofold symmetry. However, the tilting
of v̂ from the c axis reported in Ref. [21], by an angle θ , is
also allowed in the B21′ space group as long as the twofold
symmetry is preserved. Both models consider the presence
of threefold domains, and for each of them, the magnetic
moments in Eq. (10) are transformed by rotating û and v̂ by
120 ◦ around the c axis.

D. Invariant from Heisenberg interactions

If we consider a Heisenberg Hamiltonian with seven SSE
pathways [17], the classical mean-field energy can be derived
as a function of the propagation vector kz > 0:

E0(k) = −1

2
(J1 + 2J2) + J4 cos (2πηCkz)

+ JR cos

(
2πηCkz + ηT

2π

3

)

+ JL cos

(
2πηCkz − ηT

2π

3

)
, (11)

where JR = J3 + 2J6 sums the right-handed interactions and
JL = J5 + 2J7 sums the left-handed interactions. Minimizing
Eq. (11) with respect to the propagation vector gives for the

ground state:

tan (2πηCkz) = ηT

√
3(JR − JL)

JR + JL − 2J4
. (12)

As left-handed and right-handed exchange paths are
switched between the enantiomorphs, the quantity JR − JL

changes sign upon inversion symmetry. Thus taking the DFT
values for the exchange constants from Ref. [17], a sign anal-
ysis of Eq. (12) gives the invariant

σηCηT = +1, (13)

where σ = +1 for a left-handed crystal structure (L) and σ =
−1 for a right-handed crystal structure (R). This is similar to
iron langasite, where the structural chirality is linked to the
pair of magnetic chiralities readily obtained by substituting
θ = 90◦ into Eq. (9) [11].

IV. RESULTS AND DISCUSSION

Having outlined the experimental neutron diffraction tech-
niques and the definitions relevant for the discussion of
MnSb2O6, we now present the experimental results. We first
discuss the nuclear and then the low-temperature magnetic
structure.

A. Nuclear structure

1. Single-crystal neutron diffraction

For a given Bragg reflection Q, the inversion twin will
scatter with a nuclear structure factor FN(−Q). In absence
of resonant scattering, Friedel’s law is valid, and both twins
will scatter the same nuclear intensity ∝ |FN(Q)|2. Inversion
twins are thus indistinguishable by unpolarized neutrons. On
the other hand, twofold twins reveal different nuclear struc-
ture factors depending on the (hkl ) indices so their domain
population can be refined using unpolarized neutrons if the
appropriate Bragg reflections are measured. We collected
intensities from 430 nuclear reflections at 50 K on the four-
circle diffractometer D9. Rocking scans show nicely resolved
Bragg peaks, with a full width at half-maximum ∼0.4◦ in ω.
The data were refined using FULLPROF. [46] The parameters
scale, extinction, atomic positions, displacements, as well as
domain population for twofold twins were refined, showing
that our single crystal has no twofold twins as one nuclear
intensity domain was refined to a population of 0.991(3).
Our refinement results (detailed in Table I) agree with the
known crystal structure previously studied by neutron powder
diffraction at room temperature [18].

As the threefold symmetry from paramagnetic P321 space
group is broken by the cycloidal structure in the magnetic
phase [17], this could relate to a symmetry lowering of the
nuclear space group below TN. To investigate the possibil-
ity of a structural distortion coinciding with TN, a separate
set of 318 Bragg reflections was measured at 2 K (below
TN ≈ 12 K), leading to 75 inequivalent groups of reflections.
If the crystal symmetry is reduced, the equivalent reflections
in P321 should no longer be equivalent within each group of
reflections. For example, reflections (h, k, l ), (k,−h − k, l ),
and (−h − k, h, l ) are related by threefold symmetry along the
c axis and are thus equivalent in P321. In the case where the
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TABLE I. Structural parameters of MnSb2O6 single crystal measured on D9, refined with FULLPROF [46] within nuclear space group P321
(No. 150).

T = 50 K Measured, independent, observations with equivalent reflections: 430, 406, 44
Rint = 8.78% RF = 4.87% RBragg = 4.69% χ 2 = 1.31
a = b = 8.7835(81) Å c = 4.7238(58) Å

Atoms Wyckoff x y z Biso (Å2) Occ.

Mn 3e 0.6319(3) 0.0000 0.0000 0.19(3) 1
Sb1 1a 0.0000 0.0000 0.0000 0.06(3) 1
Sb2 2d 0.3333 0.6667 0.5059(4) 0.04(3) 1
Sb3 3 f 0.3050(3) 0.0000 0.5000 0.09(2) 1
O1 6g 0.1046(3) 0.8917(3) 0.7626(2) 0.24(2) 1
O2 6g 0.4711(2) 0.5891(2) 0.7286(2) 0.19(2) 1
O3 6g 0.2258(3) 0.7804(3) 0.2805(2) 0.16(2) 1

T = 2 K Measured, independent, observations with equivalent reflections: 845, 529, 423
Rint = 4.09% RF = 5.27% RBragg = 5.40% χ 2 = 1.37
a = b = 8.7907(19) Å c = 4.7176(10) Å

Atoms Wyckoff x y z Biso (Å2) Occ.

Mn 3e 0.6329(3) 0.0000 0.0000 0.30(3) 1
Sb1 1a 0.0000 0.0000 0.0000 0.16(3) 1
Sb2 2d 0.3333 0.6667 0.5061(5) 0.09(3) 1
Sb3 3 f 0.3050(2) 0.0000 0.5000 0.09(2) 1
O1 6g 0.1047(2) 0.8920(3) 0.7628(2) 0.27(1) 1
O2 6g 0.4710(2) 0.5889(2) 0.7285(2) 0.25(2) 1
O3 6g 0.2253(3) 0.7799(2) 0.2804(2) 0.23(2) 1

threefold symmetry is broken, these three kind of reflections
are no more equivalent. In addition, three structural domains
rotated by 120 ◦ are expected. If these threefold domains
are exactly equipopulated, the intensities scattered from each
domain will average out, making them impossible to be distin-
guished from a single threefold symmetric domain. Else, the
intensities of reflections within a group of P321-equivalent
reflections will differ. The internal R factor is Rint = 4.1% for
the data reduction in P321 symmetry, which indicates that
the differences of intensities for P321-equivalent reflections
are not measurable given our setup. In addition, the data
was refined including the threefold domains in P1 symmetry,
but this did not significantly improve the refinement. At the
end 845 nuclear reflections were measured at 2 K, and were
well refined in P321 space group as shown in Fig. 3(b), in
comparison to the 50 K refinement in Fig. 3(a). From this,
there is no significant evidence of breaking of P321 symmetry
below Néel temperature. Detailed refinement results for both
temperatures are listed in Table I.

2. Schwinger scattering

To characterize the chiral domains, Schwinger scattering
was measured on D3 on nine Bragg reflections at T = 3 K on
the same single crystal characterized on D9, for which only
two out of four possible twins were measured to be present as
explained above. Absolute indexation was determined on D9
by comparing the nuclear intensities of Bragg reflections. This
was not done on D3 (as only flipping ratios were measured),
so the reflections can be indexed with a twofold rotation be-
tween D3 and D9 experiments. Thus either {L(hkl ), R(h̄k̄l̄ )}

or {L(h̄k̄l ), R(hkl̄ )} are the twins present (with the indexation
from D3 experiment).

The experimental flipping ratios are then fitted to a
linear combination of the theoretical ones (calculated with the
atomic positions from D9 data refinement at 2 K), as shown
in Fig. 4. The best fit is obtained considering the twins L(h̄k̄l )
and R(hkl̄ ), giving 0.54(2) of left-handed structural domain
and 0.46(2) of right-handed domain. The error bars are quite
large in this experiment, but the flipping ratios being close
but different than 1 within uncertainties indicate that there
is a mixture of chiral inversion twins in the crystal. For an
enantiopure, the flipping ratios should be close to one set
of predicted flipping ratios, which shows much more pro-
nounced asymmetries as exemplified by the (511) and (153)
reflections. The results are thus different from enantiopure
Ba3NbFe3Si2O14 single crystals which were previously stud-
ied [11,13,32].

3. Transmission polarized optical microscopy

Chiral structural domains in a single crystal can also be
measured with a polarized optical microscope. Due to the
optical activity in chiral compounds, the polarization plane of
a linearly polarized light is rotated after traveling through the
sample [47]. The sense of rotation depends on the handedness
of the considered domains, which can be distinguished by
observing the transmitted light through an analyzer [48,49].

A different sample of MnSb2O6, synthesized following the
same procedure described in Sec. II A, was observed under
a transmission polarized optical microscope. The directions
of the polarizer and analyzer are shown in blue and red in
Figs. 5(a) and 5(b), forming an angle θ = 90 ± 3◦. These
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FIG. 3. Observed versus calculated intensities in P321 space group for nuclear reflections measured at (a) 50 and (b) 2 K.

images show several domains with opposite chirality. The
constrast between neighboring domains is reverted by rotating
the analyzer from θ = 93◦ to θ = 87◦ because the polariza-
tion plane of the transmitted light is rotated in the opposite
sense for opposite chirality domains in the sample. Figure 5(c)
shows the difference of intensity between Figs. 5(a) and 5(b),
clearly revealing the chiral areas in the single crystal.

Given the same chemical synthesis, our other single crys-
tals, including the one studied under neutron diffraction, are

FIG. 4. Measured flipping ratios are fitted to a linear combination
of the theoretical flipping ratios for two structural twins.

likely to have a similar behavior. They are expected to be a
mixture of chiral structural domains, which is consistent with
our Schwinger scattering analysis described above.

4. Magnetostructural effects

Neutron powder diffraction was performed on D20 from
2.5 to 89.5 K. The nuclear structure was refined sequentially
as a function of temperature using FULLPROF [46]. While no
symmetry breaking of the P321 paramagnetic space group
was evidenced by our studies, as discussed above, structural
changes induced by the phase transition are visible from the
powder diffraction data refinement. Figure 6(a) shows the re-
fined volume of the unit cell as a function of temperature. The
volume decreases sharply under TN ≈ 12 K, demonstrating a
deviation from the linear thermal expansion of the unit cell
upon magnetic ordering. Actually, this results from the con-
traction of both a and c lattice constants. Similarly, changes in
bond distances are caused by magnetoelastic effects, as shown
in Fig. 6(b) for the distance between Mn atom (in purple) and
symmetry equivalent O1 atoms (in red). We note that the unit
cell volume shows some anomalies in Fig. 6(a) around 3 and
10 K. We have overplotted the different diffraction patterns
and could not observe any shift in the peaks positions. We
think that these jumps are numerical artifacts rather than real
lattice parameters shifts.

B. Magnetic structure

1. Order parameter

Neutron powder diffraction is not sensitive to the direction
of the magnetic moments in the (ab) plane, and neither to
the magnetic chiralities. Yet the magnitude of the magnetic
moments can be refined from D20 powder diffraction data,
as a function of temperature. The cycloid was constrained to
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FIG. 5. Transmission polarized optical microscopy images of a
single crystal of MnSb2O6: for different angles between the polarizer
(P) and analyzer (A) in (a) and (b). (c) Images substracted, showing
the chiral domains in the sample.

be circular (Mu = Mv) and the refined moments are shown
in Fig. 7. The data in the critical region (8 K < T < 12 K)
are fitted to a power law ∝ (T − TN)β , with the critical ex-
ponent fixed to β = 0.369 (solid red curve) as expected for
the nonfrustrated 3D Heisenberg model [50] and to β = 0.25
(dashed blue curve) measured for iron langasite [13] and
XY -like stacked-triangular magnets [51]. The critical be-
havior near TN = 11.94(1) K is in agreement with the 3D
Heisenberg model as suggested previously in Ref. [18]. There-
fore MnSb2O6 does not have the same universality class as
iron langasite and other layered-triangular magnets.

d

FIG. 6. Refinement results from D20. Temperature dependence
of (a) the unit cell volume, (b) the bond length between Mn (in
purple) and symmetry equivalent O1 atoms (in red). TN ≈ 12 K is
shown in dashed gray lines.

2. Unpolarized single-crystal diffraction

From the invariant derived in Eq. (13) (σηCηT = 1), a
given structural chirality σ is compatible with two pairs of
magnetic configurations (ηC, ηT). We can label the structural
and magnetic configurations as σ (ηC, ηT), which gives four
possibilities L(1, 1), L(−1,−1), R(−1, 1), R(1,−1). L(1, 1),

FIG. 7. Refined magnetic moments from D20 as a function of
temperature, fitted to a power law ∝ (T − TN )β with the critical
exponent β fixed for 3D Heisenberg model (solid red curve) and for
2D XY model (dashed blue curve).
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TABLE II. Summary of the possible twins and their sensitivity
to nuclear (|FN|2), magnetic diffraction (|M⊥|2), and Schwinger scat-
tering (flipping ratio R). Different subscripts denote different values.
The twins present in our single crystal are highlighted in red.

Twin σ = ηCηT |FN|2 |M⊥|2 R

L(hkl ) +1 N1 M1 R1

L(h̄k̄l ) +1 N2 M2 R2

R(h̄k̄l̄ ) −1 N1 M1 R3

R(hkl̄ ) −1 N2 M2 R4

and L(−1,−1) configurations lead to the same magnetic
intensities, and R(−1, 1), R(1,−1) are the respective config-
urations of their inversion twins, as ηC is P odd and ηT P even
from Eq. (8). Magnetic intensities of inversion twins satisfy
Friedel’s law, so the four configurations are undistinguish-
able by unpolarized neutrons. However, as mentioned above,
twofold structural twins can exist in the P321 space group,
leading to a different set of nuclear and magnetic intensities
(see Table II).

In previous studies, unpolarized neutron single-crystal
diffraction data were refined with a mixture of two sets of cal-
culated magnetic intensities, attributed to two chiral structural
domains. In light of the present study, one should actually
assign these two sets of intensities to at least two twofold
domains, with a potential further mixture of chiral domains
to which the experiment was not sensitive. In Ref. [17], the
single-crystal neutron diffraction magnetic refinement shows
a 0.8(1):0.2(2) domain fraction of the calculated intensities,
which corresponds to a fraction 0.8 of twins {L(hkl ), R(h̄k̄l̄ )},
and 0.2 of twins {L(h̄k̄l ), R(hkl̄ )}. In absence of a method
(Schwinger scattering or anomalous x-ray scattering) sensitive
to the inversion twins, one cannot conclude on the population
of all four domains. A similar issue arose in Ref. [21], where
only one set of magnetic intensities was found and attributed
to an enantiopure crystal, but could actually include a mixture
of a twin and its chiral inversion twin.

The same single crystal characterized on D3 and D9 was
measured on D10. The magnetic structure was refined using
MAG2POL [23] (cross-checked with FULLPROF [46] giving sim-
ilar results), with 256 magnetic reflections collected at 2 K.
The scale and extinction parameters are refined using 145
nuclear reflections (40 inequivalent, giving RF = 4.88%). A
single domain in terms of magnetic intensities was found,
meaning the absence of twofold structural twins and confirm-
ing our results from D9. These intensities are consistent with
two twins related by inversion symmetry, shown in red in
Table II, which can be distinguished by Schwinger scattering
(see Sec. IV A 2). Extinction parameters can be significantly
different for nuclear and magnetic reflections, due to multiple
magnetic domains having smaller sizes than the structural
domains [52]. This is the case from our refinement, where the
extinction parameters refined with the magnetic intensities are
found smaller than the one refined with the nuclear intensities.
To keep a consistent comparison between the magnetic struc-
ture models, the extinction parameters were set to zero for the
magnetic refinement described below.

TABLE III. Refined parameters obtained for non-tilted and tilted
cycloidal models.

Name û Mu Mv θ (◦) p1 p2 p3 RF (%)

A â 4.5(1) 4.7(1) 0 1 0 0 19.26
B â 5.7(1) 3.7(1) 0 0.40 0.20(3) 0.40(3) 15.29
C â 5.6(3) 3.8(3) 9(28) 0.40 0.20(5) 0.40(3) 15.31
D [11̄0] 5.7(1) 3.7(1) 0 0.27 0.27(3) 0.46(3) 15.29
E [11̄0] 5.9(2) 3.8(3) 15(14) 0.28 0.25(4) 0.47(4) 15.26

The refinement results using different magnetic structure
models labeled from A to E are listed in Table III. While
including the threefold domains (A → B) with populations
p1, p2, and p3 improves the goodness of fit, there is no observ-
able difference between models with the in-plane main axis
û of the cycloid along the a axis and along [11̄0] (B → D).
Similarly, allowing a tilt around the a axis (B → C), and
around [11̄0] (D → E) does not significantly improve the fit.
This is because the in-plane direction û of the spin rotation
plane, and the tilt angle θ are correlated with the magnetic
domain fractions, which makes no much difference in terms
of goodness of fit between models B, C, D, and E. Our best
fit with the model considered in Ref. [21] is obtained with
a tilt angle θ = +15(14)◦ (Fig. 8), compared to previously
found θ = 18(5)◦. However, two equi-populated tilt domains
with θ = ±18(5) were considered in Ref. [21] while in our
refinement, a single tilt domain θ > 0 was more consistent.
Based on our single-crystal diffraction data, we however do
not observe a significant improvement in the resulting fit with
inclusion of a tilt in the magnetic structure.

3. Spherical neutron polarimetry

SNP was performed on D3, using the same experimental
setup as for the Schwinger experiment with the exception

FIG. 8. Observed versus calculated intensities for magnetic re-
flections measured at 2 K.
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TABLE IV. Refined parameters for the nontilted cycloid model.

ηC 1 3+
z 3−

z Sum

+1 0.20(1) 0.20(1) 0 0.40(2)
−1 0.09(1) 0.09(1) 0.42(2) 0.60(2)
Sum 0.29(1) 0.28(1) 0.42(2) 1

χ 2
r 7.14

e 0.92(1)

of a 3He spin filter necessary for the polarization analysis
of the final neutron beam. The full polarization matrices of
five magnetic Bragg reflections were measured at T = 3 K.
CRYOPAD [27] is used to protect the sample from any external
magnetic fields, and to select independently the initial and
final polarization directions of the neutrons. In the case of
MnSb2O6, SNP is sensitive to the threefold magnetic domains
and the cycloidal parameter ηC, while the triangular parameter
ηT can not be distinguished. The measured polarization matri-
ces were fitted using MAG2POL [23] to a linear combination of
the possible polarization matrices as Pmeas = ∑

i αiPi with αi,
Pi, the population and polarization matrix of the ith magnetic
domain.

The magnetic moments were first refined in the ac-plane
(û = â and v̂ = ĉ). In the absence of a nuclear contribution to
the scattered intensity, SNP is not sensitive to the size of the
magnetic moments. Therefore, since in this experiment purely
magnetic satellites are investigated, only the ratio e = Mv/Mu,
known as the ellipticity, can be deduced. Considering the
model proposed in Ref. [17], threefold and ηC = ±1 domain
populations are refined, leading to six polarization matrices
to consider. The refinement results for this model are shown
in Table IV. The cycloids are found elliptical along the basal
direction with e = 0.92(1) and χ2

r = 7.14. The population for
the third threefold domain with ηC = +1 was fixed to 0 in
order to avoid fit divergence and unphysical results.

The SNP data were then fitted to the tilted cycloid model
proposed in Ref. [21]. In this case, the positive and nega-
tive tilt of the angle θ have to be taken account because it
changes the rotation plane and leads to different polarization
matrices. This doubles the number of polarization matrices to
include, resulting in 12 domain populations to refine (three-
fold ×{ηC = ±1} × ±θ ). The vectors û and v̂ of each of these
12 magnetic domains are related by symmetry operators and
the absolute values of Mu are constrained to be the same
for each magnetic domain (the same for Mv), so that each
magnetic domain keeps the same magnetic moment size. This
also constrains the absolute value of the tilt angle to be the
same for θ > 0 and θ < 0 domains. The results are shown in
Table V. Again, the domains returning unphysical values in a
first refinement step were fixed to zero in the following. The
positive tilt domains are predominant, with a population of
0.89(4), giving θ = 14(7)◦ which is consistent with the best
fit from the D10 data. However, this tilted model only slightly
improves the goodness of fit to χ2

r = 6.68.
Our diffraction study of the magnetic structure of

MnSb2O6 evidences a mixture of threefold magnetic do-
mains and magnetic polarities. In the absence of a substantial
improvement in R factors on inclusion of the model with

TABLE V. Refined parameters for the tilted cycloid model.

ηC θ 1 3+
z 3−

z Sum

−1 + 0.08(1) 0.32(3) 0 0.40(3)
+1 − 0.01(2) 0.07(2) 0.04(2) 0.12(3)
−1 − 0 0 0 0
+1 + 0.14(1) 0 0.35(2) 0.49(2)
Sum 0.23(2) 0.39(4) 0.39(2) 1

χ 2
r 6.68

e 0.96(8)
θ 14(7)◦

in-plane moments along [11̄0], we propose that the model
with moments along â is the ground state because it has a
higher symmetry (not breaking twofold symmetry). The tilt
is still allowed by symmetry, as pointed out in Sec. III C.
Thus the possibility of a tilted cycloidal structure is not
ruled out by symmetry considerations our experiments. In
Sec. V we discuss the appearance of a macroscopic electric
polarization reported in Ref. [21] and propose a different
mechanism without invoking the need of a tilted cycloid
ground state.

C. Magnetic field dependence

Before discussing the electric polarization we finally inves-
tigate the magnetic field response of the magnetic structure
in MnSb2O6 owing to its importance in any domain switch-
ing. Magnetic phase transitions induced by low magnetic
fields (below 2 T) were observed previously in MnSb2O6 bulk
magnetization measurements [19,21]. This was explained by
a very small anisotropy stabilizing the cycloidal magnetic
ground state, which can be easily overcome by applying a
magnetic field, changing the spin structure to another state. In
order to complement these macroscopic measurements, neu-
tron diffraction was performed on RITA-2 using a horizontal
magnetic field, on a single crystal of MnSb2O6, aligned in the
(H, 0, L) scattering plane such that the magnetic field could
be aligned either along the c or a axes. A single high intensity
magnetic peak, Q = (1, 0, 1) − k was scanned over a range of
temperatures (between 1.75 and 11.5 K) and magnetic fields
(between 0 and 5 T), applied parallel and perpendicular to
the c axis. Unpolarized neutrons are sensitive to the magnetic
moments perpendicular to the scattering vector Q, so a change
of the measured intensity can be a direct proof of a change in
the magnetic structure.

Figure 9 shows the results for the magnetic field applied
along the c axis. Figures 9(a)–9(c) show reciprocal space
scans along the L direction of the Q = (1, 0, 1) − k magnetic
peak at T = 1.75 K. The intensities are fitted to a skewed
Gaussian:

I (L) ∝
{

1 + erf

[
γ (L − L0)

σ
√

2

]}
exp

−(L − L0)2

2σ 2
, (14)

where γ is the skewness parameter, σ and L0 are the
Gaussian standard deviation and center. The mean values of
the skew Gaussian are shown in dashed gray lines and change
with the magnetic field. A nuclear reflection (201) was also
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FIG. 9. The magnetic field is applied along the c axis. [(a)–(c)]
Scans at T = 1.75 K along the (00L) direction for different values
of magnetic field. The mean position of the skewed Gaussian fits are
shown in dashed lines and depend on the applied field. (d) Summary
of the field dependence of the propagation vector at T = 1.75 K.
(e) Integrated intensities of the magnetic peak Q = (1, 0, 1) − k as a
function of the magnetic field. The zero-field intensity is subtracted
from each respective curve for a clearer comparison of the field-
induced intensity increase.

monitored as a function of the magnetic field and does not
present any shift along the L direction. This means that the
shift of the magnetic peak Q = (1, 0, 1) − k is caused by a
change of the propagation k and not of the lattice parameter c.
This is summarized in Fig. 9(d) where the propagation vector
evolution can clearly be observed until a threshold magnetic
field (around 2 T). Magneto-elastic effects can be induced by
a change in the magnetic structure as illustrated in the change
in bond distances at TN discussed above and shown in Fig. 6.
A change in the bond distances would result in a change in
the strength of the exchange constants, which consequently
change the propagation vector in order to minimize the ground
state energy, from Eq. (12).

In Fig. 9(e), the integrated intensities are displayed as
a function of the magnetic field, for different temperatures.
The zero-field intensity is subtracted from each respective
curve, in order to compare the data on the same scale as
the magnetic intensity diminishes when the temperature in-
creases. The integrated intensities increase with the magnetic

FIG. 10. (Black points) Normalized integrated intensity of the
measured magnetic peak Q = (1, 0, 1) − k as a function of the mag-
netic field applied parallel to the c axis at T = 1.75 K. (Red curve)
Simulated magnetic intensity as a function of the tilt angle θ of the
spin rotation plane from the c axis.

field until a threshold value (different for each temperature)
and then remain constant. For a cycloidal magnetic ground
state, when no external field is applied, one main axis of the
spin ellipse lies in the (ab) plane, and the other one along
the c axis. Applying a magnetic field H ‖ c is expected to
flop the spin rotation plane from a cycloid to a helix, where
the latter is oriented perpendicular to the magnetic field.
The gradual increase of the intensity shows that the cycloid
plane is continously tilted from the c axis. For T = 1.75 K,
the observed intensities (with a magnetic field < 2 T) of reflec-
tion Q = (1, 0, 1) − k match with calculated intensities for
a circular helicoidal magnetic structure (with the main axis
û ‖ a and v̂ rotated around û by an angle θ , see Sec. III B) as
shown in Fig. 10. The observed intensities were normalized
to the intensity at 1.75 K, while the calculated intensities were
normalized to the intensity at θ = 90 ◦. The matching of these
normalized intensities indicates that the spin structure goes
from a nearly pure cycloid state to a nearly pure helix state
which is analogous to the zero field magnetic structure of
iron based langasite. At T = 1.75 K, the tilt angle of the spin
rotation plane seems to increase linearly with the magnetic
field, whereas the tilt starts at higher magnetic field for higher
temperatures.

The results are different when the magnetic field is ro-
tated by 90 ◦ and applied in the ab-plane. In this case, the
in-plane main axis of the cycloid will tend to be perpen-
dicular to the magnetic field and the magnetic domains are
simply reoriented in the ab plane. As mentioned above, mag-
netic diffraction is not very sensitive to the direction of the
in-plane main axis, because the intensities of the magnetic
peaks do not change significantly between two directions
of this axis. This is especially true for the magnetic peak
Q = (1, 0, 1) − k, where the measured intensities are constant
as a function of the magnetic field [Fig. 11(a)]. Contrary to
previous thermodynamic magnetization measurements [19],
the in-plane reorientation of the spin structure cannot be

064403-11



E. CHAN et al. PHYSICAL REVIEW B 106, 064403 (2022)

FIG. 11. The magnetic field is applied perpendicular to the
c axis. [(a)–(c)] Scans at T = 1.75 K along the (00L) direction
for different values of magnetic field. The mean position of the
skewed Gaussian fits are shown in dashed lines and remain constant.
(d) Summary of the field dependence of the propagation vector at
T = 1.75 K. (e) Integrated intensities of the magnetic peak Q =
(1, 0, 1) − k as a function of the magnetic field. The zero-field inten-
sity is subtracted from each respective curve for a clearer comparison
of the data.

detected in this experiment. The propagation vector also re-
mains constant, within error, as a function of the magnetic
field [Figs. 11(b)–11(e)], indicating the absence of measurable
magnetoelastic effects in this case. We note that the difference
in L0 values between the two different field directions is an
experimental artefact resulting from not being able to refine
a zero offset in the scattering angle. This is due to only
being able to measure a single Bragg peak owing to kine-
matic constraints imposed by the horizontal magnetic field
geometry.

V. THEORY FOR AN ELECTRIC POLARIZATION

In their work, Kinoshita et al. (Ref. [21]) have measured
the pyroelectric current in a single crystal of MnSb2O6 along
û ‖ [11̄0] under a magnetic field rotating in the (11̄0) plane.
An electric polarization was measured for the magnetic field
slightly off the (ab) plane and was attributed to the selection

of a tilted polar domain. This polarization is reversed when the
magnetic field is applied on the other side of the (ab) plane,
favoring the opposite tilted polar domain. This mechanism
relied on the tilted cycloid model considered as the ground
state in MnSb2O6. In this section we discuss a phenomeno-
logical theory for the domain switching observed in Ref. [21]
under the application of a magnetic field in the absence of a
zero-field tilt as discussed in our diffraction results outlined
above.

As is the case for many compounds having a cycloidal
magnetic structure, MnSb2O6 is predicted to hold an electric
polarization through the inverse DM interaction [9] or spin-
current induced [8] mechanisms which predicts an electric
polarization P given by

P ∝ ri j × (Si × S j ), (15)

which couples to the magnetic polarity Pm in the phenomeno-
logical free energy through a term ∝ λPm · P. Therefore the
electric polarization P lies parallel or antiparallel to to the
magnetic polarity Pm depending on the sign of the coupling
constant λ [17].

Using our definitions in Eqs. (8) and (9), we can build tri-
linear invariants based upon Heisenberg exchange interactions
from Eq. (13):

σεHεT = σηCηT sin2(θ ),

σPm · A = σηCηT cos2(θ ). (16)

Again, this shows the equivalence between the scalar and
vector coupling schemes from iron langasite and MnSb2O6,
and also the mixture of both with the spin rotation plane tilt
angle θ . These invariants imply that the polarization P, does
not change sign with θ , based on Heisenberg exchanges alone.

However, we can consider a uniform DM interaction with
Dαβ parallel to the c axis. Dαβ is a T-even axial vector that
changes sign on exchange of indices. Its sign will also depend
upon the structural chirality σ , hence we can write Dαβ ∝
σ rαβ where rαβ is the bond vector between spins at sites α and
β along the c axis. Following Eq. (9), the magnetic energy is
then given by

EDM = Dαβ · (Sα × Sβ )

∝ σ rαβ · V C

∝ σηC sin θ. (17)

Therefore, for a given structural domain with a fixed σ , when
the sign of θ is inverted (through the application of a mag-
netic field) the uniform DM interaction will favor a change
of sign of ηC which in turn results in the sign of Pm being
inverted, from Eq. (8). This will change the direction of the
electric polarization P. The only condition for having a non-
zero polarization is an imbalance of structural chiral domains
for a given tilt angle θ . This mechanism does not need the
magnetic ground state to be tilted. Indeed, the ground state
could be a pure cycloid stabilized by Heisenberg exchanges,
where the anisotropy overcomes this small DM term. When an
external magnetic field is applied slightly out of the (ab) plane,
this would overcome the anisotropy and tilt the spin rotation
plane. In this case, the DM term would lift the degeneracy of
±ηC domains, and give rise to a nonzero electric polarization
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for a given structural domain. We note that the DM term is
allowed owing to the large distortion of the oxygen octahedra
surrounding the Mn2+ ions [53].

From our diffraction data under magnetic field, we know
that a small magnetic field (around 2 T) is sufficient to
reorient the spin rotation plane perpendicular to the mag-
netic field, which is consistent with a small single-ion
anisotropy in our compound and is consistent with the val-
ues used in Ref. [21] in their macroscopic measurement
of electric polarization. However, Ref. [21] has considered
the tilted cycloid ground state as essential for selecting
the polar domains with an external magnetic field applied
perpendicularly to the spin rotation plane. This explana-
tion does not work in the case that magnetic domains
with polarity ±ηC have the exact same populations, be-
cause the overall polarization would compensate. As ±ηC

domains are degenerate from Heisenberg model, our mech-
anism based on a uniform DM interaction is more general.
In particular and in the context of MnSb2O6, this mech-
anism does not depend on a tilted ground state, and
requires an imbalance in structural chiral domains and
the underlying coupling between magnetic and structural
chiralities.

VI. CONCLUSION

In this study, we have performed a combination of un-
polarized and polarized neutron diffraction experiments on
MnSb2O6. The study of the nuclear structure shows no evi-
dence for the breaking of the paramagnetic crystallographic
space group at the magnetic transition. The consideration of
structural twins in our work shows that our single crystal is a
non-racemic mixture of chiral structural domains. There is no
evidence of a helicoidal magnetic ground state, but diffraction
under magnetic field shows the possibility to manipulate the
spin structure with low magnetic fields. Finally, we propose
that a uniform DM interaction, combined with the underlying
coupling between structural and magnetic chiralities, is suffi-
cient to explain an electric polarization switching mechanism
which was previously measured.
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