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Polarized neutron diffraction (PND) is a powerful technique to distinguish a weak magnetic contribution
from the total scattering intensity. It can provide a detailed insight into the microscopic spin ordering at the
unit cell level, but also into the mesoscopic magnetic ordering, like different types of domain populations.
Here we report on the application of this technique to the long-standing problem of determining the
absolute direction of the Dzyaloshinskii-Moriya vector in relation to the crystal structure. The proposed
PND method, based on the measurement of one representative reflection, is easy to perform and
straightforward to interpret. The absolute sign of the Dzyaloshinskii-Moriya interaction (DMI) in MnCO3

has been independently determined by PND and found to be in agreement with recent results obtained by
resonant magnetic synchrotron scattering. This validates the method. In addition, the absolute DMI vector
direction in the prototypical room-temperature weak ferromagnet α-Fe2O3 (hematite) has been determined
for the first time. To demonstrate the generality of our method, further examples with different symmetries
are also presented. Ab initio calculations of the resulting weak noncollinear magnetization using the
QUANTUM ESPRESSO package, considering DMI in addition to the symmetric magnetic exchange
interaction, were also conducted and found to be in agreement with the experimental results from PND.

DOI: 10.1103/PhysRevX.11.011060 Subject Areas: Condensed Matter Physics,
Magnetism, Spintronics

I. INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI), intro-
duced in the late 1950s to explain the small canting of
magnetic moments away from the perfect collinear anti-
ferromagnetic (AFM) alignment [1–4], became of particu-
lar interest in current condensed matter research as it is
present in a wide range of complex magnetic materials,
such as multiferroics [5,6], topological insulators [7], and

antiferromagnetic spin-wave field-effect transistors [8], and
is the driving force to stabilize various novel topological
noncollinear magnetic structures, such as spin spirals [9],
magnetic skyrmions [10], or magnetic soliton lattices [11].
The DMI is commonly attributed to relativistic spin-orbit
coupling in conjunction with a broken inversion symmetry
[1–4]. Based on the type of inversion symmetry breaking,
the DMI can be classified into the bulk and the interfacial
DMI, with the former arising from a local inversion
symmetry breaking in the atomic structure whereas the
latter is caused by a lack of inversion symmetry only at a
layer interface [9].
Compared to the symmetric exchange energy ∝ S1 · S2,

the magnitude of the antisymmetric DMI, scaling with the
vector product S1 × S2 of the two spins, is usually small,
but its direction, as emphasized by Hu [12], is often a
decisive factor in determining the system’s chirality for
both bulk and interfaces, but it is particularly crucial for
thin film systems [13]. For example, in ultrathin magnetic
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heterostructures with Néel-like domain wall spirals, the
DMI sign is directly coupled to the direction to which a
domain wall moves with current via the spin Hall torque
[14,15]. Thus, understanding the underlying physics to
correctly predict the sign of the DMI and to optimize the
current-driven domain wall motion is a key step toward
the development of novel advanced nonvolatile memory
devices [16]. In addition, the DMI sign has a fundamental
impact on skyrmions, topologically stable magnetic struc-
tures that are promising candidates as information carriers
for future ultrahigh-density storage and logic devices
[13,17–21]. By interface engineering, i.e., sandwiching
the skyrmion carrying magnetic layer between two heavy-
metal films characterized by interfacial DMI constants of
opposite sign, a strong DMI was achieved to facilitate
ultradense skyrmion packaging [22]. Furthermore, to real-
ize a straight, longitudinal transmission of isolated mag-
netic skyrmions in thin films, which is essential for future
skyrmionic devices, the skyrmion Hall effect, leading to a
transverse motion, must be suppressed [23]. A recent
approach for such a suppression is the mixture of interfacial
and bulk DMIs, causing an asymmetry in the spin-orbit-
torque-induced skyrmion Hall angle for the two different
skyrmion polarities [24]. In this regard, the sign of the bulk
DMI determines the polarity of the straightly transmitted
skyrmion. This emphasizes again the importance of pro-
found DMI studies, not limited to interfaces.
To avoid unsuitable sample designs, numerical estima-

tions of the DMI need to be checked experimentally and
further optimized, especially concerning its sign [25]. For
thin film interfacial DMI systems, Brillouin light scattering
is considered to be one of the most reliable techniques to
determine DMI value and sign, since it measures directly
the nonreciprocal spin-wave dispersion [13,25]. However,
it is not suitable for bulk measurements because it only
probes the surface. To determine the DMI in bulk systems
like the noncentrosymmetric B20 compounds, polarized
small-angle neutron scattering (SANS) or spherical neutron
polarimetry (SNP) is commonly used [26–28]. By meas-
uring the chiral term of the magnetic scattering intensity,
polarized SANS and SNP give direct access to the handed-
ness of the spiral structure and, thus, the DMI sign.
However, these well-established measurement techniques
for interfacial and bulk DMI are only applicable to spiral
structures; thus, determining the sign of the DMI in weak
ferromagnetic (WFM) materials with zero propagation
vector is still to be solved.
The classical problem of weak ferromagnetism, micro-

scopically driven by the same exchange coupling as the
complex spiral structures discussed above, is a particularly
attractive test case for developing new theoretical tech-
niques, as the magnetic structures do not exhibit long
magnetic periodicities [29]. These distinct boundary con-
ditions resulting from a zero propagation vector clearly
simplify theoretical calculations and numerical models

without omitting or approximating the underlying
exchange interactions. Also, experimental limitations,
which might be imposed by the required high q resolution
for extremely long magnetic periodicities, do not occur.
Furthermore, WFM materials are the classical DMI com-
pounds in which this antisymmetric interaction was dis-
covered. This draws a fundamental interest in the
determination of their DMI sign.
The issue of determining the DMI sign in classical WFM

materials has recently been addressed by Dmitrienko et al.
[29]. They used magnetic resonant x-ray scattering at a
synchrotron source to determine the sign of the DMI in iron
borate (FeBO3). For this novel experimental technique, the
interference of two scattering processes is required: first,
magnetic x-ray scattering with an external magnetic field
applied in various directions to vary the alignment of the
system’s magnetic moment, and second, electric-quadru-
pole resonant scattering. Combining the results of both
measurements, the authors [29] were able to relate the
phase of the scattered waves from the magnetic and crystal
structure and thus determine unambiguously the sign of the
DMI in this compound. Although this advanced measure-
ment technique has been successfully adopted to determine
experimentally the DMI sign of other weak ferromagnets
with R3̄c symmetry of typeMCO3, whereM is a transition
metal like, e.g., Mn, Co, Ni [30,31], it is rather complex and
difficult to interpret.
A direct and more elegant approach to determine the

phase relation between the magnetic and nuclear structure
for compounds with zero propagation vector is offered by
polarized neutron diffraction (PND). It gives direct access
to the phase-sensitive interference term in the scattering
cross section, which can be used to distinguish between a
negative and positive sign of the DMI. Consequently, the
experimental effort can be reduced to the measurement of a
single flipping ratio (FR) [the intensity ratio for scattering
with up (þ) and down (−) polarized neutrons] on a mixed
nuclear-magnetic Bragg reflection. In classical PND stud-
ies the main focus lies on determining the absolute value of
the flipping asymmetry. The importance of its sign (which
also depends on the used neutron polarization method) was
generally neglected. In the present study, we show explic-
itly in a systematic and elegant way that this sign may be of
crucial importance to reveal such fundamental information
as the sign of the DMI. Although PND has already been
utilized to determine the absolute direction of the magnetic
moment in WFM materials [32–34], the number of inves-
tigated compounds is rather low and the DMI sign has not
explicitly been determined. Moreover, there is so far no
overlap with the compounds studied by magnetic resonant
x-ray scattering to allow a direct comparison of the two
techniques.
Here, we report on a focused experimental study to

determine for the first time with PND the sign of the DMI in
two prototypical WFM compounds and provide results on
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other examples as well. The first prototypical compound,
rhodochrosite (MnCO3), which was previously measured
by the mentioned complex resonant synchrotron tech-
nique [30], was selected to prove the consistency of the
DMI sign obtained by the PND and x-ray methods. The
second compound is the classical weak ferromagnet
hematite (α-Fe2O3, sometimes called the mother of all
antiferromagnets where the DMI has historically been first
proposed [1,2]), for which the absolute sign of the DMI is
disclosed for the first time. Interestingly, the occurrence of
a new topological magnetic vortexlike structure called
meron-antimeron pairs (half-skyrmions, carrying an out-
of-plane core magnetization) has been reported very
recently in thin hematite films at room temperature
[35]. Here, we provide the fundamental insight into one
of the oldest known canted antiferromagnets, which may
further improve the understanding for the occurrence of
those novel topologic magnetic phenomena and their
potential technological applicability. To demonstrate the
generality of the presented PND method for a DMI sign
determination in anyWFMmaterial with zero propagation
vector, it is additionally applied to magnetocaloric, ortho-
rhombic HoFeO3 and multiferroic, tetragonal, noncentro-
symmetric Ba2CoGe2O7. The measured results are in
good agreement with our detailed ab initio density func-
tional theory (DFT) calculations performed by using the
QUANTUM ESPRESSO package for both title compounds.

II. EXPERIMENTAL SETUP AND SAMPLES

The PND experiments were carried out at the single
crystal diffractometer POLI at the Heinz Maier-Leibnitz
Zentrum (MLZ) in Garching [36,37]. Its newly developed
FR setup option, consisting of a 2.2 T high-Tc super-
conducting magnet, a 3He polarizer, and a dedicated flipper,
is described in detail in Refs. [38,39].
For the experiment, the asymmetry A of all available

mixed nuclear magnetic Bragg reflections were measured
by determining the scattered intensity I� with the incoming
neutron polarization either in the up (þ) or down (−) state.
The measured asymmetry is given by the ratio between the
difference (Iþ − I−) and sum (Iþ þ I−) of these intensities
and is directly proportional to the nuclear-magnetic inter-
ference term of PND (note that the equivalent FR value is
given by the direct ratio between Iþ and I−). As a result, the
sign of the asymmetry contains information about the phase
difference between the nuclear and magnetic structure, and
thereby ultimately about the absolute sign of the DMI. A
more detailed, theoretical representation of the measured
asymmetry on the nuclear and magnetic structure factor is
given in the Appendix.
The used high-quality single crystals of hematite with

5 × 5 × 4 mm3 size and an almost cubic shape, and of
rhodochrosite, a 8 × 12 × 2 mm3 sized pallet with triangu-
lar shape, were well characterized in previous synchrotron
investigations.

III. SYMMETRY ANALYSIS

The local crystal symmetry restricts the directions of the
DMI and may even forbid a WFM moment under certain
conditions. Therefore, a detailed symmetry analysis and a
clear definition of the used atom configuration are a
mandatory prerequisite before starting the experiment.
Since the DMI sign is directly related to the phase differ-
ence between the nuclear and magnetic structure, it is
possible to relate the absolute sign of the DMI to a specific
magnetic moment arrangement, which could then be
reliably determined by the PND experiment.
For both compounds studied in this work [detailed

structure parameters and atom positions summarized in
Supplemental Material (SM), Sec. I [40] ], the magnetic
state can be described by two sublattices A and B with
magnetic moments mA and mB and a zero propagation
vector. The moments of each sublattice are antiparallel with
respect to the other when the small canting, leading to a
WFMmoment of 0.0337ð4ÞμB=Mn for MnCO3 and around
0.003 98ð4ÞμB=Fe for α-Fe2O3, is neglected [41–43]. The
DMI energy between two such antiferromagnetic sublat-
tices is usually given as their vector product multiplied with
the vectorial DMI parameter D [3]. But using this defi-
nition, the sign of D cannot be uniquely defined, since it
depends on our choice which sublattice is A or B [44]. To
resolve this issue, the global interaction vector between the
AFM sublattices is redefined on an atomic level by an
antisymmetricDmn for each magnetic moment pairmm,mn.
This leads to a contribution of the DMI to the interaction
energy of [30]

ΔE ¼
X
m≠n

Dmn · ðmm ×mnÞ: ð1Þ

Since the vector parameter Dmn is antisymmetric (i.e.,
satisfies Dmn ¼ −Dnm), Eq. (1) is kept invariant under any
spin interchange. As a result, Eq. (1) can be used to define
the sign of the DMI. Similar to the original vector
parameter D, the entries of Dmn are restricted by the
symmetry of the corresponding system [4]. Unfortunately,
there is a lack in the literature on how to determine these
restrictions on the DMI vector explicitly. Thus, a general
approach for their determination in any crystal symmetry
is discussed in Sec. III A and exemplarily carried out for
both title compounds in the SM, Sec. II [40].
In general, the magnetizations mA and mB of the

two sublattices can be split in a ferromagnetic (FM)
part mFM

A ¼ mFM
B ¼ ðmA þmBÞ=2, pointing for both

sublattices in the same direction, and an AFM part
mAFM

A ¼ −mAFM
B ¼ ðmA −mBÞ=2, which reverses its sign

between the sublattices (see detailed view in the dotted
circles in Fig. 1). This simplifies the equation for the
energy difference for an atom m of sublattice A due to
DMI with atoms n of sublattice B to
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ΔEm ¼ −2
X
n

Dmn · ðmFM
A ×mAFM

A Þ: ð2Þ

Therefore, the DMI sign directly couples the alignment
of the AFM structure to mFM

A , which consists of the
WFM moment and a magnetic moment eventually induced
by an external field. In order to minimize the system’s
energy, the components of Dmn must have the same sign
as mFM

A ×mAFM
A .

Moreover, due to the higher symmetry of the magnetic
lattice compared to the symmetry of the complete unit cell
in both studied compounds, mFM

A contributes only to (hkl)
Bragg reflections with even l indices (so-called FM-type
reflections), whereas mAFM

A contributes only to the reflec-
tions with odd l indices (AFM-type reflections). Thus, each
part of the magnetization can be independently investigated
by diffraction.

A. Symmetry restrictions on the DMI vector

The DMI may be expected to transform as an axial
vector. This means that if two sites r1 and r2 are connected
by the DMI vector D12, then the sites rS1 and rS2, resulting
from r1 and r2 by symmetry operation S, are connected by

DS1S2 ¼ det½R�R½D12�; ð3Þ

where R is the point group symmetry part of S. This does
not only relate the DMI vectors of symmetry-equivalent
site pairs, but also imposes symmetry restrictions on D12,
if S interchanges r1 and r2 or leaves them unchanged.
For an interchange of the two sites, e.g., by an inversion
center between them, Eq. (3) can be reduced to
D12 ¼ − det½R�R½D12�, utilizing the antisymmetric proper-
ties of D. If the sites are unchanged by S, e.g., as for a

mirror plane including r1 and r2, Eq. (3) reduces to
D12 ¼ det½R�R½D12�. Using these two relations, we can
obtain all the symmetry restrictions on D found by Moriya
[4] as demonstrated in the SM, Sec. II [40]. This proves that
D is an axial vector.

B. Crystal structure and DMI in
rhodochrosite (MnCO3)

The R3̄c crystal structure (a ≈ 4.8 Å and c ≈ 15.6 Å in
the hexagonal setting, detailed in SM, Sec. I A [40]) of
MnCO3 is sketched in Fig. 1, with the manganese atoms
belonging to sublattices A and B colored green and blue,
respectively. The stacking of the manganese atoms is such
that there would be a center of inversion between
neighboring manganese atoms, and according to the
symmetry implications provided by Moriya [4], no
DMI possible. However, the oxygen atoms (colored
yellow in Fig. 1) clearly break these local inversion
centers, allowing a finite DMI vector between the mag-
netic manganese atoms of neighboring layers (green and
light blue layers at z ¼ 0 and z ¼ 1=6 in Fig. 1). Because
of the threefold inversion axis of the R3̄c crystal sym-
metry, the in-plane components of the DMI vectors cancel
out in the sum of Eq. (2), as discussed in detail in the SM,
Sec. II B [40]. Since the remaining nonzero z components
are equal for the DMI vectors between the z ¼ 0 and the
z ¼ �1=6 layers, the individual DMI vectors can finally
be replaced by a symmetry averaged D̄01

6
, which is parallel

to the z axis. To adopt the sign convention for D used by
Beutier et al. [30] and Dmitrienko et al. [29], we define
D ¼ D̄01

6
with only Dz nonzero. Using Eq. (2), this results

in an energy change of ΔE ¼ −12DzðmFM
A ×mAFM

A Þz per
manganese atom due to the DMI with its six nearest
neighbors.

(a) (b) (c)

FIG. 1. The local environment of the manganese atom in the z ¼ 0 layer (green sphere) in the hexagonal unit cell of MnCO3. The six
nearest-neighbor manganese atoms are shown as blue spheres, with the light blue atoms above (z ¼ 1=6) and the dark blue atoms below
(z ¼ −1=6) the central atom. The oxygen atoms (z ¼ �1=12) between these manganese layers are shown as yellow spheres. The carbon
atoms are omitted for clarity. Panels (a) and (b) show the two possible magnetic moment configurations which stabilize depending on the
sign of the DMI by applying an external magnetic field H along the ½110� direction and, thus, aligning the WFM moment along H. The
definition of Dz is given in the text.
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Since the spins of the AFM structure below TN ≈ 32.4 K
are confined to the basal plane, perpendicular to the
threefold axis [43,45], the nonzero Dz component causes
an in-plane tilt of the spins. To be energetically favored,
Dz must have the same sign as ðmFM

A ×mAFM
A Þz. By

applying an external magnetic field in the ab plane
larger than 0.2T, a single domain state is obtained with
WFM moment aligned along the field direction [43,46].
Thus, mFM

A is oriented parallel to the applied magnetic
field and a particular mAFM

A direction is adopted for
Dz < 0 and Dz > 0, respectively, in order to ful-
fill DzðmFM

A ×mAFM
A Þz > 0.

For a magnetic field along the crystal ½110� direction, as
it was the case for the performed PND experiment
presented in Sec. IVA, this results in the two possible
magnetic moment configurations shown in Figs. 1(a)
and 1(b). Note that the orientation of the applied field in
the ab plane does not need to represent the direction of the
WFMmoment in the ground state, which is discussed in the
SM, Sec. VI [40]. Any field alignment resulting in a well-
defined, quasimonodomain state of the magnetic structure
reflects the sign of the DMI, which is the same without and
with an applied field, correctly.

C. Crystal structure and DMI in hematite (α-Fe2O3)

The R3̄c crystal structure of α-Fe2O3 (a ≈ 5.0 Å and c ≈
13.8 Å in the hexagonal setting, detailed in SM, Sec. I B
[40]) is sketched in Fig. 2 and similarly layered as in

MnCO3. The iron atoms in α-Fe2O2 are also arranged in
layers of alternating A and B sublattice type (green and blue
in Fig. 2), but each of the layers is occupied with two iron
atoms, one shifted slightly above and the other below (light
and dark green spheres in Fig. 2, respectively). Because of
this slight shift, every iron atom has only three nearest
neighbors from the next layer above or below (light and
dark blue spheres in Fig. 2). Again, there would be an
inversion center between neighboring iron atoms from
different layers, and thus no DMI possible, but these are
clearly broken by the oxygen atoms (yellow spheres in
Fig. 2). As already observed for MnCO3, the threefold
symmetry imposed by space group R3̄c leads to a can-
cellation of the in-plane components of the DMI vector in
the sum of Eq. (2). Thus, the individual DMI vectors can be
replaced by a symmetry averaged D̄01

6
, which is parallel to

the z axis, as discussed in detail in SM, Sec. II C [40]. This
reduces the DMI energy per magnetic layer containing two
iron atoms in Eq. (2) to ΔE ¼ −12DzðmFM

A ×mAFM
A Þz,

using the same convention D ¼ D̄01
6
as for MnCO3 in the

preceding section.
The basic AFM structure of α-Fe2O3 has been solved by

Shull et al. [47] with neutron powder diffraction. Above the
Morin temperature TM ≈ 259.1ð2Þ K up to TN ≈ 955 K,
the spins are confined to the hexagonal basal plane forming
a WFM structure similar to MnCO3 [48]. However, the
WFM moment in α-Fe2O3 is over 8 times smaller than in
MnCO3 and therefore more difficult to measure. Below TM,
the magnetic structure undergoes a spin flop transition and

(a) (b)

(c) (d)

(e)

FIG. 2. The local environment of the iron atoms of the z ¼ 0 layer (light and dark green spheres) in the hexagonal unit cell of α-Fe2O3.
The three nearest-neighbor iron atoms of the z ¼ �1=6 layer are shown as blue spheres, with the light blue atoms above
(z ¼ þ1=6 − ΔzFe) and the dark blue atoms below (z ¼ −1=6þ ΔzFe) the central layer. The oxygen atoms (z ¼ �1=12) between
these iron layers are shown as yellow spheres. Panels (a)–(d) show the two possible magnetic moment configurations (a),(b) and their
180° domains (c),(d), which could stabilize depending on the sign of the DMI by applying an external magnetic field H along the ½120�
direction. By aligning the WFM moment along H, configurations (a) and (b) are energetically favored to their 180° domains. The
definition of Dz is given in the text.
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the weak ferromagnetism is absent. As we are interested in
the DMI sign, we focus on the room-temperature WFM
phase, stabilized between TM and TN .
In zero magnetic field, α-Fe2O3 has 180° domains within

each of the three trigonal domains, thus in total six equally
populated AFM domains [49,50]. By applying an external
magnetic field in the hexagonal ab plane, the AFM
moments align perpendicular to the field direction and
the trigonal domains vanish. This was confirmed by
uniaxial neutron polarization analysis (PA) on the purely
magnetic (003) Bragg reflection [38,49]. Considering the
remaining two 180° domains, which cannot be resolved by
a PA experiment on a purely magnetic reflection, and either
a positive or negative sign for Dz, there are in total four
possible spin arrangements. For a magnetic field along
the crystal ½120� direction, as it was the case for the
performed PND experiment presented in Sec. IV B, these
four possible magnetic moment configurations are shown
in Figs. 2(a)–2(d). Because of a parallel alignment of the
WFM moment with the field direction, configurations of
Fig. 2(a) or 2(b) are energetically more favored, dependent
on a negative or positive sign of Dz, respectively. However,
this energy difference to their 180° domain is considerably
lower than in MnCO3 due to the comparatively small WFM
moment in α-Fe2O3.

IV. EXPERIMENTAL RESULTS

A. DMI sign and WFM structure of
MnCO3—Method validation

PND measurements on a MnCO3 single crystal were
performed at 4 K in the WFM state. The crystal was
mounted such that the ½110� direction is normal to the
horizontal plane, and thus parallel to the applied magnetic
field of 2.2 T. This gives access to in-plane Bragg
reflections of ðhh̄lÞ type and aligns mFM

A along ½110�.
The AFM spin structure is expected to be in the ab plane
perpendicular to the field direction, thus parallel or anti-
parallel to the ½11̄0� direction, dependent on the sign of the
DMI, as illustrated in Figs. 1(a) and 1(b). Because of the
used high magnetic field value of 2.2 T, which is clearly
above the 0.2 T required for a single domain state, 180°
domains, as shown for α-Fe2O3 in Figs. 2(c) and 2(d), are
not expected [43].
To relate the sign of the experimentally measured

asymmetry to a certain spin configuration of Fig. 1, and
thus to the sign of the DMI, the nuclear and magnetic
structure factors given in the Appendix need to be evalu-
ated. In a previous PND study on MnCO3 by Brown and
Forsyth [46] only the asymmetries of FM-type reflections
are reported. Thus, these results only give information
about mFM

A , which is not sufficient to extract the sign of the
DMI. In the current experiment, we measured the asym-
metry of 298 reflections, 104 of AFM and 194 of FM type.
We take the strong, out-of-plane AFM-type Bragg

reflection ð32̄ 1̄Þ as an example for our calculations (note
that for in-plane AFM-type Bragg reflections PM⊥q is
always zero; thus no asymmetry measurable). Using
Eqs. (A3)–(A5) from the Appendix, we can relate the
AFMmoment configuration from Figs. 1(a) and 1(b) with a
positive and negative sign of A32̄ 1̄, respectively. This is
explicitly demonstrated in the SM, Sec. III A [40]. Since
the measured asymmetry with a value of 0.237(3) is clearly
positive, we can determine as the adopted spin configura-
tion the one shown in Fig. 1(a) and therefore deduce a
negative sign of the DMI (Dz < 0). This is in agreement
with the magnetic resonant x-ray scattering results by
Beutier et al. [30]. Thus, the measured polarized neutron
asymmetry in applied magnetic field on a single suitable
Bragg reflection already provides the answer to the
fundamental question about the absolute direction of the
DMI in this compound. Since the measurement time for the
high precision asymmetry obtained for the ð32̄ 1̄Þ Bragg
reflection was below 2 minutes, such a measurement is easy
to perform within a short time, demonstrating the power
and convenience of the PND method.
In order to show that not only the ð32̄ 1̄Þ reflection

supports the negative sign of the DMI in MnCO3 and in fact
any sufficiently strong out-of-plane AFM-type reflection
can be used for the DMI sign determination, we precisely
refined mFM

A and mAFM
A from the complete set of measured

asymmetry values. For this refinement, the asymmetry
values of the 54 Bragg reflections with the lowest intensity
(below 1.0% of the maximal observed intensity) were
excluded due to their high measurement uncertainty. Of
the remaining 244 Bragg reflections, 147 were of FM type
and 97 of AFM type. Although the vertical axis of the
instrument, and thus the field and polarization axis, was
aligned rather well with the crystal [110] direction, a small
misalignment of 1.7(3)° within the ab plane toward the b
axis (Fig. 3) and 1.2(5)° toward the c axis was observed by
refining the experimental orientation matrix and considered
for the refinement. The refinement was performed using
the Mag2Pol program [51] and validated with the JANA

program [52] and the CHILSQ subroutine of the Cambridge
Crystallographic Subroutine Library (CCSL) [53]. A major
advantage of the refinement on asymmetries rather than
intensities is the invariance of the collected asymmetries to
the absolute intensity of the individual Bragg reflections.
Thus, the influence of parasitic effects like absorption
(crystal shape), multiple scattering, etc., are minimized.
Nevertheless, extinction was taken into account for all
refinements.
Starting with the results of the restriction-free refinement

listed in Table I, we observe for mFM
A only a significant

contribution in x direction, which is defined to be parallel to
the applied field direction (see Fig. 3). This agrees well
with our expectations, since the FM moment is composed
of the intrinsic aligned WFMmoment and the external field
induced moment, both parallel to the field. Additionally,
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this FM component offers a convenient and fast cross-
check for the assumed field and polarization directions. If
one of them is assumed by mistake in the opposite
direction, which could lead to a wrong determination of
the sign of the DMI, we would observe a negative FM
contribution along x. But this is clearly not the case. For
mAFM

A , the highest contribution is found along the y
direction, which is perpendicular to the magnetic field
and within the ab plane. A rather small magnetization is
observed along the z direction, which is the right-handed
completion of x and y and approximately parallel to the
crystal [001] direction, leading to a small tilt of 1.7(5)° for
the AFM moment out of the ab plane. This is in agreement
with the theoretical expectations by Dzyaloshinskii [1],
predicting a slight out-of-plane tilt up to the order of 1° for a
C2=c ground state symmetry, which is discussed in more
detail in the SM, Sec. VI [40]. There is no significant AFM
moment observed along x, the field direction. The magni-
tude of the AFM moment in MnCO3 of 4.23ð6ÞμB, which
was experimentally determined for the first time, agrees

well with the expectations for the ordered moment of Mn2þ
observed in other compounds (e.g., 4.05μB in MnGeO3 or
4.55μB in MnTiO3 [54,55]). This confirms that no 180°
domains are present, since otherwise the magnetic moment
would be clearly reduced, as we will see for α-Fe2O3 in the
next section. Since the FM and AFM moments contribute
to different types of reflections, the reduced chi squared
value χ2r is given for each group of reflections separately.
Considering these results from the free refinement, it is
reasonable to restrict mFM

A parallel to the field direction and
mAFM

A perpendicular to it. As shown in Table I, these
restrictions result in no significant change of both refined
moments and fit quality.
A visualization of the results from the restricted refine-

ment, projected to the ab plane, is shown in the left-hand
panel of Fig. 3. By comparing these results with the two
possible spin configurations for a plus and minus sign of
the DMI, illustrated in Figs. 1(a) and 1(b), we can clearly
confirm the negative sign for the DMI in MnCO3 already
obtained from the inspection of the single ð32̄ 1̄Þ Bragg
reflection. Furthermore, the right-hand panel of Fig. 3
shows the very good agreement between the observed and
calculated asymmetry values for the symmetry restricted
refinement. It is important to note that all the asymmetry
points of the AFM-type reflections within the two white
areas support the refined sign of the DMI, whereas
asymmetry points in the gray areas would support an
inverted sign. Similarly, FM-type reflections in the white or
gray areas support a parallel or antiparallel alignment of
mFM

A to the field, respectively. This reemphasizes that it is in
general sufficient to measure one strong AFM-type reflec-
tion with a significant asymmetry to reliably answer the
question about the absolute direction of the DMI. This is

FIG. 3. Visualized results of the symmetry restricted magnetic moment refinement in MnCO3 from Table I. The left-hand side shows
the projection of the exact field direction (orange arrow) and the resulting magnetic moment configuration (red arrows) on the ab plane.
The magnetic field has a small out-of-plane component of 1.2(5)° toward the c axis. All angles are drawn exaggerated to be visible.
Additionally, the orthogonal x, y, and z directions used in the text are defined. The right-hand side shows the comparison between the
observed and calculated asymmetry values for the refinement.

TABLE I. Overview of the results of the refinement using free
or symmetry restricted magnetic moments for the reduced dataset
with 244 measured asymmetries in MnCO3 at 4 K. The
components of the magnetization refer to the xyz directions
defined in Fig. 3.

Component Restriction mxðμBÞ myðμBÞ mzðμBÞ χ2r

mFM
A Free 0.16(1) −0.02ð6Þ 0.02(4) 6.00

mAFM
A Free 0.02(1) −4.23ð6Þ 0.12(4) 4.69

mFM
A kH 0.156(8) 0 0 5.98

mAFM
A ⊥H 0 −4.21ð5Þ 0.13(4) 4.70
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especially important for compounds, for which the acces-
sible q range is too small or the counting rates are too low
for the collection of enough data for a complete refinement.

B. DMI sign and WFM structure of α-Fe2O3

Because hematite is the textbook example of a canted
AFM material, it has been studied exhaustively over many
years. However, early PND studies by Nathans et al. [49]
revealed a puzzling behavior for Friedel pairs in this
compound: The authors observed nonequivalent PND
asymmetry values for reflections belonging to the same
Friedel pair, some even with an opposite sign, which is not
allowed by the centrosymmetric R3̄c crystal symmetry in
α-Fe2O3. Because of this controversial result, it was so far
not possible to extract the sought sign of the DMI.
To investigate this issue, we performed a systematic

study of the AFM-type Bragg reflection ð21̄3Þ [which is
(210) in the rhombohedral unit cell used by Nathans et al.
[49] ] and its symmetry equivalents. We measured the
asymmetry values of four symmetry-equivalent ð21̄3Þ-type
Bragg reflections for different crystal alignments with the
vertical axis of the instrument close to the [120] direction.
Overall, we could reproduce the previous results and
observed an almost constant offset between the measured
asymmetries within Friedel pairs, which leads to a sign
change for a good vertical alignment of the [120] direction.
This offset can be perfectly understood by a small misalign-
ment of the magnetic field direction to the vertical sample
rotation axis of the instrument. Correcting for this meas-
urement artifact, we observe equal asymmetries within
Friedel pairs as expected by the crystal symmetry. Thus,
explaining the discrepancies observed in Ref. [49] prevent-
ing so far the determination of the DMI sign, we are finally
able to unambiguously extract the DMI sign in α-Fe2O3 as

already done for MnCO3 in the previous section. More
details about this study can be found in the SM, Sec.
IV [40].
For α-Fe2O3, we collected the asymmetry value of 126

Bragg reflections (64 AFM and 62 FM) in theWFM state at
room temperature. The crystal [120] direction was aligned
vertically, thus parallel to the applied magnetic field of
2.0 T. This gives access to Bragg reflections of ð2hh̄lÞ type
in the horizontal scattering plane. Because of the preferred
alignment of the WFM moment along the field direction,
either of the spin configurations illustrated in Figs. 2(a)
and 2(b) should be present, dependent on the noted sign of
the DMI in α-Fe2O3. In order to decide between these two
configurations, we investigated the strong out-of-plane
AFM-type Bragg reflection ð41̄ 1̄Þ. As shown in the SM,
Sec. IV [40], the influence of the mentioned small mis-
alignment of the magnetic field is negligible for this
reflection. Using Eqs. (A3)–(A5) from the Appendix, we
can relate the AFM moment configuration from Figs. 2(a)
and 2(b) with a positive and negative sign of A41̄ 1̄,
respectively. This is explicitly demonstrated in the SM,
Sec. III B [40]. Since the measurement revealed a clearly
positive asymmetry value of 0.41(1), we can determine as
the adopted configuration the one shown in Fig. 2(a) and
doubtless conclude about a negative sign for the DMI
in α-Fe2O3.
For a further verification of our results and to reempha-

size that any AFM-type Bragg reflection with sufficiently
strong asymmetry is suitable for the DMI sign determi-
nation by PND, we refined the magnetic moment values
and directions from the complete set of measured asym-
metry values as done in Sec. IVA for MnCO3. For the
refinement with the Mag2Pol program [51], the nine lowest-
intensity reflections (below 1.7% of the maximal observed

FIG. 4. Visualized results of the symmetry restricted magnetic moment refinement in α-Fe2O3 from Table II. The left-hand side shows
the projection of the exact field direction (orange arrow) and the resulting magnetic moment configuration (red arrows) on the ab plane.
The magnetic field has a small out-of-plane component of −0.7ð1Þ° toward the c axis. All angles are drawn exaggerated to be visible.
Additionally, the orthogonal x, y, and z directions used in the text are defined. The right-hand side shows the comparison between the
observed and calculated asymmetry values for the refinement.
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intensity) were excluded due to their high measurement
uncertainty, leaving 59 FM- and 58 AFM-type reflections.
Although the crystal [120] direction was aligned rather well
with the vertical instrument axis, a slight tilt of 0.72(6)° in
the ab plane toward the b axis (Fig. 4) and −0.7ð1Þ° toward
the c axis was observed by refining the experimental
orientation matrix. This was taken into account for the
refinement. Similar as for MnCO3, we refined the collected
asymmetry values using either free or restricted (mFM

A kH
and mAFM

A ⊥H) magnetic moments. Assuming a single
domain state, the AFM moment of the free refinement
was found to be only 2.37ð6ÞμB per iron atom (see SM,
Sec. V, for detailed refinement results [40]). This is
significantly lower than expected because, for example,
neutron powder diffraction found an ordered AFMmoment
of 4.06ð1ÞμB [56]. Because trigonal domains can be
excluded (see Sec. III C), some of the 180° domains must
remain even after applying a magnetic field of 2.0 T to
explain the observed discrepancies in the AFM moment.
Introducing these 180° domains in the refinement, which
are illustrated in Fig. 2(c) or 2(d) dependent on a negative
or positive DMI sign, respectively, increased drastically the
fit quality for the AFM part from χ2r ¼ 3.63 without to
χ2r ¼ 2.44 with domains. Moreover, the resulting AFM
moments with 3.9ð2ÞμB for the free and 3.69ð6ÞμB for the
restricted refinement (see Table II) are in clearly better
agreement with literature when considering domains. The
fraction of the 180° domain was refined to be 17(2)% for
the free and 16.0(7)% for the restricted refinement.
Assuming an equal population of all six domains in zero
field (see Sec. III C), the observed 1=6 domain ratio
suggests that the initial domain with the WFM moment
antiparallel to the field direction and the antiferromagnet-
ism perpendicular to it still survives the application of the
2 T magnetic field, resulting in a quasimonodomain
structure with 5=6 of the sample volume in a certain
AFM domain state and 1=6 of the sample volume in the
equivalent 180° AFM domain. This might be attributed to

the smallness of the WFM moment in α-Fe2O3 at RT
compared to the MnCO3 experiment at 4 K, finally not
being sufficient to introduce a 180° rotation of this domain.
The detailed magnetic moment components refined for the
predominant domain are listed in Table II.
Both refinements result in a small FM moment at the

level of its uncertainty. This is not surprising as the
expected FM component is of around 0.009μB=Fe only,
as determined from SQUID measurements in 2 T [41].
Such magnetic moment values indicate the sensitivity limit
for the relatively short measurement times (on average 80 s
for each Bragg reflection) used in this experiment. Among
the measured 59 FM asymmetries, only four show an
asymmetry value larger than 2σ, but still below the 3σ level.
This explains also the small χ2r values for the FM part in
Table II. However, since the FM moment direction is given
by the field direction, a fact confirmed also from the
MnCO3 refinement above, only a refinement of the AFM
moment direction is crucial to verify the sign of the DMI.
For the AFM moment of the free refinement, we observe

a small component along the x direction, which might be
attributed to the nonperfect field alignment. For the
symmetry restricted refinement, this component is not
allowed, leading to a slight increase in the χ2r value of
the AFM part. For the y and z component, both refinements
agree within the uncertainty. Again, the small z component
of the refinedmAFM

A causes a slight tilt of the AFM moment
by 2.8(5)° out of the ab plane, which is in accordance with
the theoretical considerations by Dzyaloshinskii [1] and
discussed in more detail in the SM, Sec. VI [40]. The
results of the restricted refinement, projected to the ab
plane, are shown in Fig. 4. By comparing these results with
the two possible spin configurations for a minus and plus
sign of the DMI and an aligned WFM moment, illustrated
in Figs. 2(a) and 2(b), respectively, one can clearly deduce a
negative sign for the DMI in hematite. Moreover, the
comparison between the observed and calculated asym-
metry values in the right-hand panel of Fig. 4 shows a very
good agreement for the AFM-type reflections, whereas
almost no significant asymmetry for the FM-type reflec-
tions is observed. Note that all AFM-type asymmetry
values within the two white areas support the refined sign
of the DMI, whereas the ones in the gray areas would
support an inverted sign. Therefore, we can select any
AFM-type reflection with a significantly strong asymmetry
to conclusively determine the negative sign of the DMI in
α-Fe2O3, emphasizing again the power of the PNDmethod,
even for the case where the WFM moment is extremely
difficult to detect.

V. DMI AND MAGNETIZATION VECTOR
SIMULATION IN MnCO3 AND α-Fe2O3

BY AB INITIO CALCULATIONS

In the case of MnCO3, the negative DMI sign determined
by PND in Sec. IVA can be independently verified by the

TABLE II. The results for the magnetic moment refinement for
the predominant domain in α-Fe2O3 from the reduced dataset of
117 measured PND asymmetries both in the free and restricted
models. The minority domain, accounting for a fraction of
17(2)% for the free and 16.0(7)% for the restricted refinement,
has a spin structure rotated by 180° around the c axis. The
components of the magnetization refer to the xyz directions defined
inFig. 4.A corresponding refinement in a single domain state can be
found in the SM, Sec. V [40], which shows a significantly lower fit
quality and a clearly reduced total magnetic moment.

Component Restriction mxðμBÞ myðμBÞ mzðμBÞ χ2r

mFM
A Free 0.01(1) 0.0(2) 0.00(5) 0.78

mAFM
A Free 0.03(1) −3.9ð2Þ −0.17ð5Þ 2.44

mFM
A kH 0.006(7) 0 0 0.79

mAFM
A ⊥H 0 −3.69ð6Þ −0.18ð3Þ 2.79
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resonant x-ray results of Beutier et al. [30]. However, for
α-Fe2O3 no such complementary x-ray study is available so
far. Thus, we performed density functional theory ab initio
quantum calculations for both compounds in order to add
an independent DMI sign verification by an additional
method. Nowadays, with continuously increasing comput-
ing power, DFT calculations have become an important and
versatile tool to address scientific questions. Especially for
complex magnetic structures, these simulations can be used
in addition to the classical experiment to gain a deeper
understanding of the underlying interactions and the
observed effects.
We used the QUANTUM ESPRESSO [57,58] DFT package

to simulate the expected magnetization vectors in MnCO3

and α-Fe2O3. The DFT calculations have been performed
with the full-relativistic Perdew-Zunger norm-conserving
pseudopotentials taking into account the spin-orbit inter-
action which is crucial for noncollinear magnetization.
We used the local-spin-density approximation (LSDAþU)
and the pseudopotentials from the web site of the THEOS
Group at EPFL [59]: Mn.rel-pz-n-nc.UPF, C.rel-pz-
nc.UPF, and O.rel-pz-nc.UPF for MnCO3 and Fe.rel-pz-

n-nc.UPF and O.rel-pz-nc.UPF for α-Fe2O3. These
pseudopotentials have been chosen simply because they
provide rather fast convergence of the DFT calculations at
our desktop workstation. The 6 × 6 × 6 Monkhorst-Pack
mesh [60] was used for both crystals: the wave function
energy cutoff 50 (80) Ry, the charge-density energy cutoff
300 (500) Ry for MnCO3 (α-Fe2O3).
In the previous PND studies on WFM NiF2 [32] or

Gd2CuO4 [33] the canting of the moments of the transition
metal away from the main AFM axis could be attributed to
some extent to crystal field effects of the coordinating
polyhedra of neighboring anions. In the materials studied
here, the rotation by the crystal field would be in the same
direction as that of its coordinating polyhedron of ligands
and would cause a magnetic anisotropy in the ab plane. In
order to clarify this, we performed QUANTUM ESPRESSO

calculations of the expected magnetization vectors for
different in-plane orientations of the WFM moment in
MnCO3. The results are listed in Table III. The DMI angle
shows very small deviations from its average value of
ϕDMI ¼ 0.31ð2Þ°. There is also practically no evidence for
any anisotropy in the total energy with an average value of
Etot ¼ −290.38941099ð1Þ Ry per unit cell and in the
single-atom magnetization of jmij ¼ 4.21μB. Thus, the
observed canting is caused by the DMI rather than
the crystal field, as it was assumed in Refs. [32,33].
By defining the WFM moment along the crystal [110]

direction in MnCO3 and the [120] direction in α-Fe2O3,
thus almost perfectly along the field direction of the
corresponding experiment, we could reproduce well the
observed sign formAFM

A and the DMI in both compounds as
shown in Table IV. The simulated AFM moment for
MnCO3 agrees perfectly with the measured one, whereas
for α-Fe2O3 it is slightly smaller. The clearly larger
experimental mFM

A value of MnCO3 consists of
the intrinsic WFM moment aligned by the field (around
0.03μB [43]) and an additional field-induced magnetic
moment. The simulation in contrast does not consider the
induced magnetic moment, explaining the observed
difference.

TABLE III. Search for a magnetic anisotropy in MnCO3.
Magnetization vectors for different in-plane orientations of the
WFMmoment. The x axis is along the crystal [100] direction and
the z direction is parallel to [001]. The y axis forms the right-
handed completion.

Orientation mxðμBÞ myðμBÞ mzðμBÞ ϕDMIð°Þ
Along x (0°) mFM

A 0.0246 0.000 0.0000 0.334
mAFM

A 0.0000 −4.210 0.0378
Along y (90°) mFM

A 0.000 0.0238 0.0039 0.324
mAFM

A 4.209 0.0000 0.0000
Along 116.9° mFM

A −0.0098 0.0192 0.0000 0.294
mAFM

A 3.7533 1.9057 −0.0002
Along 134.7° mFM

A −0.0155 0.0156 −0.0033 0.299
mAFM

A 2.9877 2.9652 0.0138
Along 160.2° mFM

A −0.0218 0.0078 −0.0010 0.315
mAFM

A 1.4262 3.9604 −0.0141

TABLE IV. Magnetization vectors from DFT ab initio calculations for MnCO3 and α-Fe2O3 compared to the experimental results
from the PND data refinements (Tables I and II). For the simulations, the WFM moment was aligned along the crystal [110] direction in
MnCO3 and the [120] direction in α-Fe2O3, whereas for the experiment this direction is given by the applied magnetic field. The
orthogonal xyz directions of the magnetization are defined as x parallel to the respective field, y in the ab plane, and z as the right-handed
completion (see Figs. 3 and 4).

Calculation Experiment

Compound mxðμBÞ myðμBÞ mzðμBÞ mxðμBÞ myðμBÞ mzðμBÞ
MnCO3 mFM

A 0.0246 0 0 mFM
A 0.156(8) 0 0

mAFM
A 0 −4.210 0.0378 mAFM

A 0 −4.21ð5Þ 0.13(4)
α-Fe2O3 mFM

A 0.0054 0 0 mFM
A 0.006(7) 0 0

mAFM
A 0 −3.597 0.0009 mAFM

A 0 −3.69ð6Þ −0.18ð3Þ
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VI. FURTHER EXAMPLES OF APPLICATION
IN OTHER SYMMETRIES

The symmetry analysis of the DMI vector presented in
Sec. III and the PND method utilized in Sec. IV to
experimentally determine the DMI sign in the two title
compounds are generally valid and can be applied to any
zero propagation WFM material. To emphasize this, we
have analogously determined the DMI sign in two further
compounds of different crystal systems.
The first compound is HoFeO3, a magnetocaloric

material with orthorombic space group Pbnm, showing
weak ferromagnetism in the high temperature Γ4 phase,
which is determined by Fe-Fe interactions, and in the low
temperature Γ2 phase, which is dominated by Ho-Ho
interactions [61]. Applying the symmetry restrictions on
the DMI vector presented in Sec. III A to the Γ4 phase of
HoFeO3, we found a restriction of the DMI vector normal
to the [001] direction for the interplane and normal to the
[100] direction for the intraplane interaction of iron atoms.
For the Γ2 phase, only the z component of the DMI vector
for the intraplane interaction of holmium atoms contributes
by symmetry. Analyzing the experimentally determined
magnetic moment directions of Chatterji et al. [34], we
found a positive sign for the y component of the interplane
and intraplane Fe-Fe DMI vector in the Γ4 phase and a
positive z component of the intraplane Ho-Ho DMI vector
in the Γ2 phase. A more detailed analysis is given in the
SM, Sec. VII A [40].
The second compound is Ba2CoGe2O7, an unconvential

multiferroic material with tetragonal, noncentrosymmetric
space group P4̄21m [62]. It is weak ferromagnetically
ordered below TN ≈ 6.7 K with the AFM and WFM
moments bound to the ab plane [63]. Only the z component
of the DMI vector contributes to a WFM moment as
determined by symmetry averaging, utilizing the restrictions
given in Sec. III A. To determine the sign of Dz in
Ba2CoGe2O7, we have performed a PND study on a
cylindrical high-quality Ba2CoGe2O7 single crystal at the
VIP diffractometer at the Orphée reactor of LLB (Saclay,
France). Analyzing the results of our PND experiment with
the procedure presented in Sec. IV, we found a negative sign
of the Dz component. More details to our experiment, the
symmetry averaging and theDMI sign determination, can be
found in the SM, Sec. VII B [40]. A comprehensive analysis
of the results from our PND study on Ba2CoGe2O7 will be
published elsewhere; here we address only the sign of the
DMI in this interesting compound.

VII. CONCLUSION

To summarize, we have established polarized neutron
diffraction as a powerful method to reliably determine
the sign of the bulk Dzyaloshinskii-Moriya interaction in
weak ferromagnets (canted antiferromagnets) with zero
propagation vector. We could demonstrate that this

determination is possible by measuring the asymmetry
between intensities with up and down polarized neutrons
of a single suitable Bragg reflection. This is of great
value, given that such a single FR measurement requires
much less experimental effort, measurement time, and is
straightforward to interpret compared to the recently
applied [29,30] resonant x-ray scattering technique. It
can be easily applied to any WFM material with zero
propagation vector, even under extreme sample environ-
ment conditions or using highly absorbing or weakly
scattering samples of different types of modern highly
topical materials.
We first validated the method on MnCO3, for which the

DMI sign had previously been determined with resonant
x-ray scattering [30]. Our results both on the sign of the
DMI and the details of the magnetic moment canting values
are in perfect agreement with Ref. [30] as well as with our
additionally performed ab initio calculations.
After this validation, we applied the method to the

classical WFM α-Fe2O3 that had inspired the development
of the theory of the DMI as an explanation of WFM [1–4],
but for which the long-standing doubts about the absolute
direction of the DMI could not be solved so far [49]. We
were able to determine for the first time the negative sign of
the DMI in this prototypical material. By ab initio calcu-
lations, we could reproduce the experimentally determined
sign. Our results on the AFM domain distribution under
applied magnetic field in α-Fe2O3 may be of additional
importance for the recently discovered phenomenon of
protection of magnetic bits by AFM vortex domains in thin
film α-Fe2O3 [35], moving this material into the focal point
of active current research in the field of future computing
technologies, due to the ultrafast picosecond switching
dynamics of AFM domain walls in comparison to classical
FM domains.
Moreover, we have provided a universally valid approach

to determine symmetry restrictions on the DMI vector
imposed by the nuclear structure and have demonstrated
the generality of the here presented PND method by addi-
tionally determining the DMI sign in orthorhombic HoFeO3

and tetragonal, noncentrosymmetric Ba2CoGe2O7.
We anticipate that with the method presented here, it will

be possible to quickly and routinely determine the sign of
the DMI in many more compounds.
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APPENDIX: POLARIZED NEUTRON
DIFFRACTION

For PND with an incoming neutron polarization P
parallel to the external magnetic field H, the scattering
cross section σq, which is proportional to the measured
intensity I of the diffracted beam, is given for a mixed
nuclear-magnetic Bragg reflection by [64]

σqðPÞ ¼ NN�|ffl{zffl}
nuclear

þM⊥qM�⊥q|fflfflfflfflffl{zfflfflfflfflffl}
magnetic

þ Pð2Re½NM�⊥q�|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
interference

− iðM⊥q ×M�⊥qÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
chiral

Þ; ðA1Þ

with N and M the nuclear and magnetic structure factors
and

M⊥q ¼ q̂ × ðM × q̂Þ ðA2Þ

the part perpendicular to the scattering vector q. The
nuclear structure factor can be written as

N ¼
X
j

bje−iq·rj ; ðA3Þ

with the sum over all atoms j in the unit cell at positions rj
and coherent mean scattering length bj. Here and below,
some positive factors (such as the Debye-Waller factor and
conversion constants) are omitted, since they are well
known and do not influence the determined sign of the
DMI. The magnetic structure factor can be written in Bohr
approximation as

M ¼
X
j

fjðqÞmje−iq·rj ; ðA4Þ

where fjðqÞ is the magnetic form factor and mj the
magnetic moment of atom j in the unit cell [64]. An
approximation for the magnetic form factor is given by
Brown [65]. Since all compounds investigated in this article
are centrosymmetric,N andM are both real and, thus, there
is no chiral contribution. This reduces the measured
asymmetry A of a typical PND measurement to

AqðPÞ ¼
σqðPÞ − σqð−PÞ
σqðPÞ þ σqð−PÞ

¼ 2PNM⊥q

NN þM⊥qM⊥q
: ðA5Þ

It is clear to see that the sign of the asymmetry in a PND
measurement reflects the sign of the magnetic structure
factor relative to the neutron polarization for a known
nuclear structure factor, and thus allows us to determine the
sign of the DMI.
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