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The promise of antiferromagnetic spintronics largely relies on the possibilities of electrical 
manipulation of antiferromagnetic states, which requires the exploration of innovative material 
platforms to meet the challenge. Erythrosiderite-type compounds constitute a class of non-oxide 
materials presenting magneto-electric couplings ranging from multiferroicity to linear magneto-
electric behaviour. In this communication, we demonstrate that Cs2[FeCl5(D2O)] shows evidence of 
another ferroic order, ferrotoroidicity, providing an alternative way of manipulating the magnetic 
states. The magnetic structure of this compound (a collinear antiferromagnet with moments along 
b) allows a toroidal moment in the ac-plane. We have used spherical neutron polarimetry on a single 
crystal of Cs2[FeCl5(D2O)] cooled in different configurations of applied electric (E) and magnetic (H) 
fields to show that the toroidal domains can be selected by a conjugate field (ExH) coupling with the 
c-component of the toroidal moment. The extraordinary sensitivity of spherical neutron polarimetry 
allows detecting and quantifying this toroidal domain selection.

Four primary ferroic orders can be defined with respect to time-reversal and space inversion symmetries: (i) 
ferroelasticity, (ii) ferroelectricity, (iii) ferromagnetism, and (iv) ferrotoroidicity1–3. In the case of ferroelasticity, 
the alignment of strain is even under both time- and space-inversion symmetries; the alignment of electric dipoles 
leading to ferroelectricity breaks only the space inversion; in ferromagnetism, the time-reversal symmetry is 
broken by the aligned magnetic moments, but not the space-inversion. In the case of ferrotoroidicity, a toroidal 
moment T originated by a vortex of magnetic moments produces both time-reversal and space-inversion 
symmetry breaking4. The first three ferroic orders are the most widely known, while the fourth is much more 
elusive, and the number of materials where this order has been characterized remains reduced. This may be 
due, to some extent, to the fact that the experimental determination of ferrotoroidic order in a material is not 
as straightforward as for the other ferroic orders5. However, ferrotoroidic materials are decidedly promising 
for application in spintronics due to the possibilities they offer of electrical manipulation of antiferromagnetic 
states. Indeed, a direct relation is identified between switchable antiferromagnets and the ferrotoroidic order, 
both theoretically6 and experimentally (see, for example,3,7,8). This evidences the significance of investigations in 
ferrotoroidic compounds and the importance of expanding the range of materials that express ferrotoroidicity.

The majority of known ferrotoroidic materials involve transition metals in an octahedral crystal field and 
include oxoanions such as phosphate or silicate groups that help establishing the dimensionality of the magnetic 
exchange constants5. Here we present a compound with a different structural arrangement that, as we demonstrate, 
shows evidence of ferrotoroidicity. Cs2[FeCl5(D2O)] belongs to the erythrosiderite-type family of compounds with 
general formula A2[FeX5(H2O)], where A stands for an alkali-metal or an ammonium ion, and X for a halide 
ion. This family of non-oxide materials shows examples of magneto-electric coupling ranging from multiferroicity 
in (NH4)2[FeCl5(H2O)]9,10 to linear magneto-electric behaviour in K2[FeCl5(H2O)], Rb2[FeCl5(H2O)] or 
Cs2[FeCl5(H2O)]11. Cs2[FeCl5(H2O)], and its deuterated analogue Cs2[FeCl5(D2O)] display an orthorhombic crystal 
structure at room temperature (space group Cmcm) consisting of [FeCl5·D2O]2− ionic units that form distorted 
octahedrons, with a Fe3+ ion in the center, four Cl atoms in the equatorial plane, and the remaining Cl-atom and a 
water molecule occupying the apical positions (see Fig. 1). These units are connected along the c axis through an 
extensive network of H bonds (or D bonds for the deuterated compound), with the Cs+ counterions occupying the 
empty space and stabilizing the structure12,13. The title compound undergoes a phase transition below ca. 175 K 
(ca. 158 K for the hydrogenated analogue) implying the positional ordering of the water molecules, which results 
in a breaking of symmetry with a structural transformation from orthorhombic to monoclinic (I2/c space group), 
with an associated doubling of the c-axis. Below TN = 6.6 K, at zero applied magnetic field, magnetic ordering 
takes place, with magnetic propagation vector k = (0,0,0), adopting a collinear antiferromagnetic arrangement 
with moments along b and magnetic space group I2’/c12, as illustrated in Fig. 1. This magnetic structure is fully 
consistent with the linear magneto-electric behaviour of this compound11,13.

Interestingly, the symmetry of the system in the magnetically ordered phase is indeed consistent with 
ferrotoroidicity. The magnetic point group is 2’/m, which is included in the 31 out of the 122 Heesch-
Shubnikov magnetic point groups that allow ferrotoroidicity (in this case pure ferrotoroidicity, not associated 
with ferromagnetism and/or ferroelectricity)5,14. Here, the inversion center is combined with time reversal, the 
magneto-electric tensor is constrained by symmetry to be non-diagonal with non-equal off-diagonal elements and, 
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finally, the symmetry analysis shows that a ferrotoroidal moment, T, is allowed in the ac-plane15. From the point 
of view of the symmetry, this case is very similar to the ferrotoroidic compound MnPS3, with the same magnetic 
point group and also a toroidal moment allowed in the ac-plane16. Cs2[FeCl5(D2O)] should present ferrotoroidic 
domains corresponding to antiferromagnetic 180º domains, which can be manipulated jointly by the application of 
combined magnetic (H) and electric (E) fields14.

As previously mentioned, ferrotoroidicity is not easy to prove experimentally. Among the different techniques 
employed to prove this physical property, such as second harmonic generation (SHG)3 or nonreciprocal directional 
dichroism17, spherical neutron polarimetry (SNP) stands as a powerful neutron scattering technique that allows 
proving ferrotoroidicity and quantifying ferrotoroidic domain population5. In a SNP experiment, neutron 
polarization matrices relating the scattered neutron polarization to the incoming one are measured for a number of 
Bragg reflections on single crystals that can be cooled under different applied H and E fields (see “Methods” section). 
Due to the sensitivity to the vectorial nature of the magnetic structure factor (and not only the modulus, like for 
unpolarized neutron diffraction) the off-diagonal terms of these matrices may express the ferrotoroidic domain 
population, which can be manipulated upon application of a conjugate E × H field along the toroidal moment 
direction. Here we have used SNP measurements on a crystal of Cs2[FeCl5(D2O)] to prove ferrotoroidicity in this 
material, showing that the toroidal domains can be selected by a conjugate field applied along the c-component of 
the toroidal moment.

Results and discussion
Following the method proposed by Ederer and Spaldin4, a significant volumic toroidic moment can be calculated 
in the unit cell of Cs2[FeCl5(D2O)]: T = (0.01746 0.00000 – 0.01804) µB Å−2 (details of this calculation can 
be found in the Supporting Information). Therefore, by cooling into the magnetically-ordered phase under a 
conjugate E × H field in the ac-plane, it should be possible to couple with the ferrotoroidal moment and create a 
ferrotoroidic domain imbalance. With this in mind, we performed different field-cooling procedures of a single 
crystal of Cs2[FeCl5(D2O)]. Starting from temperatures well above TN (typically ~ 30 K) we cooled down the 
sample well into the magnetically-ordered state (below 4 K) in an electric field of 8 kV cm−1 applied along the b 
axis (vertical) and a magnetic field of ± 0.7 T applied parallel to the a axis, before removing the magnetic field, 
placing the cryostat into the SNP device and measuring neutron polarization matrices for a series of magnetic 
Bragg reflections. The results for just a single reflection, (4 0 2), depicted in Fig. 2, immediately show that a nearly 

Fig. 1.  View of the crystal and magnetic structure of Cs2[FeCl5(D2O)], with the direction of the toroidal 
moment and of the applied electric and magnetic fields. The crystal structure at low temperature is I2/c with 
cell parameters a = 17.016 Å, b = 7.339 Å, c = 16.105 Å, α = γ = 90°, and β = 90.07°, and the magnetic structure, 
with magnetic propagation vector k = (0,0,0), corresponds to the Shubnikov magnetic space group I2’/c12. The 
iron, cesium, chlorine, oxygen, and deuterium ions have been represented in brown, light blue, green, red and 
gray, respectively; the magnetic moments are represented by the red arrows over the iron positions, and the 
direction of the toroidal moment is represented by a blue arrow.
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complete domain selection can be achieved, and that this selection can be reversed by changing the sign of the 
applied H field (and therefore the conjugate E × H field). The Pxy and Pyx neutron polarization matrix terms 
are directly sensitive to the toroidic domain population (see “Methods” section). Their absolute value close to 
1 (ca. 0.8) is indicative of an almost complete population of one of the domains (97(1)% population), while the 
change of sign upon reversal of the conjugate field reveals the full population of the other domain, and therefore 
the complete switch of the domain populations. In contrast, when the sample is cooled under parallel E and H 
fields (E = 8 kV cm−1, H = 0.7 T both along b), i.e. E × H = 0, the Pxy and Pyx terms become zero (while the rest of 
the terms remain the same as in the other conditions), indicating an equal population of the magnetic domains 
(49(1)% population of one of the domains).

The full results of the SNP measurements in different poling conditions are displayed in Fig. 3. Complete 
polarization matrices of 10 magnetic reflections were measured after cooling under a negative conjugate E x H 
field of −5.6 T kV cm−1 along c. Starting from the crystal and magnetic structure models from ref.12, a fit with 
a minimal set of parameters allowing to vary only the magnetic domain population and the modulus of the 
magnetic moment (Fig. 3a) confirms the virtually complete population of one of the magnetic (ferrotoroidic) 
domains. The refined magnetic moments are slightly lower than those reported in ref.12, a tendency which is also 
observed in the fits corresponding to other poling conditions (see Fig. 3). Confirming the direct observations 
from the (4 0 2) reflection, the opposite nearly complete domain population is obtained for the fit of the 
polarization matrices of 5 magnetic reflections measured after cooling under a reversed conjugate E x H field of 
5.6 T kV cm−1 along c (Fig. 3b). Finally, the domain population can be almost entirely balanced by cooling under 
parallel E and H fields, i.e. E × H = 0 (Fig. 3c, fit of the polarization matrices of 5 magnetic reflections). Zero-field 
cooling was also tested by measuring a limited number of polarization matrix elements, which were consistent 
with a nearly balanced domain population.

Attempts to switch the domain population once into the magnetically ordered phase by reversing the E field 
where unsuccessful, even at temperatures close to TN, which indicates that the domains are strongly pinned once 
a crossed E x H field cooling is carried out. This is in contrast with the relatively easy switching of the cycloidal 
domains in the multiferroic member of this family (ND4)2[FeCl5(D2O)] at temperatures near TN

10. However, the 
intensity of the conjugate field applied on cooling has an observable effect on the domain populations. When 
the sample is cooled under an E field of 1.5 kV cm−1 applied along the b axis and a H field of 0.7 T parallel to 
the a axis (negative conjugate E x H field of −1.05 T kV cm−1 along c), the domain population is not completely 
unbalanced, with the fit giving values of 0.165/0.835(7) for the population of the domains (Fig. 3d). Therefore, 
when plotting the domain populations or the directly observed Pxy value as a function of the intensity of the 
applied E x H field (Fig. 4), we retrieve a typical s-shaped curve commonly observed when manipulating ferroic 
domains with the appropriate field (see for example refs.5,18,19).

In conclusion, we have proposed a compound candidate for ferrotoroidicity, Cs2[FeCl5(D2O)], expanding 
the limited range of materials that express this property. This material belongs to the family of magneto-electric 
erythrosiderite-type compounds, which from the crystal chemistry point of view represent a different approach 

Fig. 2.  Observed (solid color columns and error bars) and calculated (black rectangles) neutron polarization 
matrix elements for the (4 0 2) reflection of a crystal of Cs2[FeCl5(D2O)] oriented with b vertical. (Left) 
Sample cooled under an E field of 8 kV cm−1 applied along the b axis and a H field of 0.7 T parallel to the a 
axis (negative conjugate E x H field of – 5.6 T kV cm−1 along c). (Middle) Sample cooled under an E field of 
8 kV cm−1 applied along b axis and a H field of 0.7 T parallel to the b axis (zero conjugate E x H field). (Right) 
Sample cooled under an E field of 8 kV cm−1 applied along the b axis and a H field of – 0.7 T parallel to the a 
axis (positive conjugate E x H field of 5.6 T kV cm−1 along c). For the calculations, the crystal and magnetic 
structure models from ref12. were used, with only the magnetic domain population allowed to vary, giving 
final values of 0.03/0.97(1), 0.49/0.51(1) and 0.97/0.03(1) for the negative, zero, and positive conjugate fields, 
respectively.
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with respect to the majority of known ferrotoroidic materials5. Oxoanions are absent in these structures, with the 
octahedral coordination sphere around the magnetic atoms being formed by halide ions and water molecules, 
and there are no direct exchange coupling paths. The superexchange pathways are created by intermolecular 
hydrogen and halogen bonding rather than by traditional chemical bonds20. Compared with the more common 
oxides, these compounds display lower energy scales (which makes them particularly sensitive to external 
stimuli), offer tunable chemical architectures (for example, chemical substitution is an accessible and effective 
way to tune their physical properties), and present rich phase diagrams. Another interesting characteristic of 
these materials is that they are produced by accessible methods of solution chemistry at room-temperature. They 
crystallize easily and can be grown in thin films and surfaces by mild methods, which facilitates the incorporation 
in devices. Ferrotoroidicity adds another interesting ingredient to the rich playground of physical properties of 
the family of erythrosiderite-type compounds. We have shown that the magnetic structure of Cs2[FeCl5(D2O)] 
allows a toroidal moment in the ac-plane, and we have used spherical neutron polarimetry on a crystal cooled 
under combined electric and magnetic fields to give evidence of its ferrotoroidicity. Cs2[FeCl5(D2O)] presents 
ferrotoroidic domains corresponding to antiferromagnetic 180º domains, which we have been able to manipulate 
by the application of crossed fields E x H, obtaining a nearly complete domain selection. The variety of magneto-
electric behaviours in the erythrosiderite family, together with the flexibility in the design of such compounds, 
allows speculating with the possibility of tuning the ferrotoroidicity by, for example, substitution of Cs by K/Rb, 
which may change the direction of the magnetic moments and possibly the orientation of the toroidal moment 

Fig. 3.  Observed versus calculated neutron polarization matrix elements for the different poling conditions. 
The error bars of the observed terms are of the size of the markers. a 10 full matrices measured after cooling 
under E field of 8 kV cm−1 along b and H field of 0.7 T along a (negative conjugate E x H field of -5.6 T kV 
cm−1 along c). b 5 full matrices measured after cooling under E field of 8 kV cm−1 along b and H field of -0.7 T 
along a (positive conjugate E x H field of 5.6 T kV cm−1 along c). c 5 full matrices measured after cooling under 
E field of 8 kV cm−1 and H field of 0.7 T, both along b (zero conjugate E x H field). d 8 full matrices measured 
after cooling under E field of 1.5 kV cm−1 along b and H field of 0.7 T along a (negative conjugate E x H field of 
-1.05 T kV cm−1 along c). For the calculations, the crystal and magnetic structure models from ref.12 were used, 
allowing to vary the magnetic domain population and the modulus of the magnetic moment, with the final 
values of the fit given in the figures.
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in the ac-plane. Due to the direct relation between electrically switchable antiferromagnets and the ferrotoroidic 
order6, ferrotoroidicity is a promising property for the development of spintronics.

Methods
Spherical neutron polarimetry (SNP) measurements were performed on the D3 diffractometer at the Institut 
Laue–Langevin (ILL) using the Cryopad device21,22. The incident beam is polarized and monochromatized to 
0.83 Å wavelength by Bragg reflection from the (111) planes of a ferromagnetic Heusler alloy crystal (Cu2MnAl). 
An erbium filter in the incident beam suppresses half-wavelength contamination. The direction of the incident 
and scattered beam polarization is controlled by means of nutators and precession fields, and a 3He spin filter is 
used to analyze the polarization of the scattered beam.

Full details of Cs2[FeCl5(D2O)] single-crystal preparation and characterization can be found in our previous 
work12. A prism-shaped crystal of Cs2[FeCl5(D2O)], with dimensions ca. 2 × 8 × 3  mm3 along the crystallographic 
a-, b- and c- directions (referred to the low temperature phase) was aligned with an accuracy better than 0.5 
degrees using the neutron Laue diffractometer Orient Express23, and mounted onto a sample stick allowing 
the application of an electric field in the vertical direction. High voltage is applied by a potential difference 
between two parallel horizontal aluminum plates. The crystal was fixed to the lower plate by silver epoxy with 
the b axis being vertical, and with the upper plate positioned at 10 mm from the lower electrode. The aluminum 
sample chamber was indium-sealed and evacuated, and the ensemble placed in a thin tail cryostat. Next to the 
instrument, a magnetic field (horizontal or vertical) of up to 1 Tesla can be applied together with the electric 
field while cooling the crystal below the magnetic ordering temperature; then the magnetic field is switched-off 
(the electric field remaining applied) and the thin-tail cryostat is transferred to the Cryopad device to measure 
neutron polarimetry.

The scattering of a fully polarized incident neutron beam can be expressed by a polarization matrix with 
elements Pij (i, j = X, Y, Z), representing the polarization of the scattered beam in the direction i, for an incident 
beam polarized in the direction j. The Blume reference frame is used24, with the X-axis parallel to the scattering 
vector Q, the Z-axis perpendicular to the scattering plane (vertical in our case), and the Y-axis completing the 
right-hand set. For a full description of the most general polarization matrix with detailed explanation, see the 
supplementary material.

Fig. 4.  Observed PXY neutron polarization matrix elements for the (4 0 2) reflection for the different poling 
conditions (black markers; the line is only a guide to the eye), together with the deduced domain population 
(colour bars), as a function of the intensity of the applied E x H field.
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We used the Mag2Pol program25 for analyzing and fitting the spherical neutron polarimetry data. The 
polarization matrix components were corrected for the imperfect incident neutron beam polarization and the 
efficiency of the neutron spin-filter in the scattered beam. The spin-filter efficiency was monitored by measuring 
the polarization term Pzz on the (008) Bragg peak (with negligible magnetic contribution). The crystal and 
magnetic structure models from ref12 were used for the calculations. These models imply two structural 
monoclinic twins equally populated and two antiferromagnetic (ferrotoroidic) domains, related by a change of 
sign of the magnetic moment. Only the magnetic domain population was allowed to vary in the fits, while the 
twin population was kept fixed. In the present case, the off-diagonal components, Pxy/Pyx, are directly sensitive 
to the population of the antiferromagnetic domains.

Data availability
The neutron scattering data presented in this paper are available at ref.26 (D3 instrument, Institut Laue-Langevin, 
experiment 5-54-232).
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