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Although ferromagnetism is known to be of enormous 
importance, the exploitation of materials with a compen-
sated (for example, antiferromagnetic) arrangement of 
long-range ordered magnetic moments is still in its infancy. 
Antiferromagnetism is more robust against external per-
turbations, exhibits ultrafast responses of the spin system1 
and is key to phenomena such as exchange bias2,3, magneti-
cally induced ferroelectricity4 or certain magnetoresistance 
phenomena5. However, there is no conjugate field for the 
manipulation of antiferromagnetic order, hindering both its 
observation and direct manipulation. Only recently, direct 
poling of a particular antiferromagnet was achieved with 
spintronic approaches6. An interesting alternative to anti-
ferromagnetism is ferrotoroidicity—a recently established 
fourth form of ferroic order7,8. This is defined as a vortex-like 
magnetic state with zero net magnetization, yet with a spon-
taneously occurring toroidal moment9. As a hallmark of ferroic 
order, there must be a conjugate field that can manipulate the 
order parameter. For ferrotoroidic materials, this is a toroi-
dal field—a magnetic vortex field violating both space-inver-
sion and time-reversal symmetry analogous to the toroidal 
moment10. However, the nature and generation of the toroi-
dal field remain elusive for conventional crystalline systems. 
Here, we demonstrate the creation of an artificial crystal11,12 
consisting of mesoscopic planar nanomagnets with a mag-
neto-toroidal-ordered ground state. Effective toroidal fields 
of either sign are applied by scanning a magnetic tip over the 
crystal. Thus, we achieve local control over the orientation of 
the toroidal moment despite its zero net magnetization.

The ferrotoroidic order parameter is the so-called toroidization, 
derived from the toroidal moment = ∑ ×t r mi i i, where ri and m i 
are the position and magnetic moment of the ith atom within the 
unit cell, see Fig. 1c. In a crystal, individual toroidal moments t j of 
the jth unit cell align uniformly to yield a ferrotoroidic state with 
a spontaneous macroscopic toroidization, = ∑T tj j (refs 7,10). Both 
experiments13,14 and theory15 have confirmed that ferrotoroidicity 
constitutes a fourth form of primary ferroic order in addition to 
ferromagnetism, ferroelectricity and ferroelasticity8. So far, toroi-
dal poling has been achieved by reproducing the symmetry con-
ditions of the toroidal field, with the simultaneous application of 
perpendicular magnetic and electric fields14. This drives a magneto- 
electric interaction, but the coupling to the actual toroidal field 
remains unclear.

Here we transfer the concept of magnetization-free ferrotoroidic 
order and toroidal field poling to the mesoscopic scale by design-
ing arrays of ferromagnetic nanoelements, whose moments form a 
ferrotoroidic ground state. Two-dimensional periodic arrays of sub-
micrometre-sized single-domain nanomagnets, which represent 
giant Ising spins, have proven to be a valuable testing ground for 

magnetic correlations11,12,16. A well-studied example is artificial spin 
ice—a frustrated system in which emergent magnetic monopoles17, 
phase transitions18,19 and long-range order20–22 have been observed. 
Externally applied magnetic fields, as well as thermal anneal-
ing, have been employed to modify the magnetic configuration of  
these patterns17,22–25.

Two-dimensional dipolar-coupled arrays of elongated permalloy 
(Ni81Fe19) nanomagnets are shown in Fig. 1a. The magnetic force 
microscopy (MFM) image in Fig. 1b reveals that a toroidal state  
with domains of either toroidization, ±T, forms spontaneously 
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Fig. 1 | Artificial magneto-toroidal crystal. a, Atomic force 
microscopy image of an artificial magneto-toroidal crystal built from 
450 ×​ 150 ×​ 20 nm3 permalloy nanomagnets (fabricated on a silicon 
substrate) with 11 ×​ 6 unit cells (as shown in c) and with a lattice constant 
of 830 nm (the whole array contains 68 ×​ 68 unit cells). Unit cells 
comprising four nanomagnets are highlighted by the white boxes. Scale 
bar: 2 μ​m. b, Corresponding magnetic force microscopy image revealing 
an as-grown toroidal domain structure with a domain boundary separating 
states of opposite toroidization. c, The orientation of the toroidal moment, 
+tt (red arrow) or −tt (blue arrow), depends on the handedness of the 
arrangement of the magnetic moments (green arrows) in the unit cell.
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in the as-grown sample. In transferring the magnetic order from 
the atomic to the mesoscale, we have replaced exchange interac-
tions with magnetic–dipolar interactions as the basis of this ferroic 
order26,27. The presence of long-range order with distinct domain 
states, which is uniquely associated with the orientation of an 
order parameter (see Fig. 1c), distinguishes the ordered state in 
the magneto-toroidal crystal fundamentally from the long-range 
order observed in artificial spin ice20–22. It should also be noted that 
magnetic elements with intrinsic vortex states have been explored 
as potential memory cells or for high-density data storage28,29. In 
arrays of such magnetic elements, each element can carry a local 
toroidal moment. However, because of the intentionally weak cou-
pling between the elements, crosstalk is negligible by design so that 
long-range order and domains, which are key to the functionality of 
the magneto-toroidal crystal, are not present.

Preference for the ferrotoroidic state in our magneto-toroi-
dal crystal is confirmed with a cycled in-plane magnetic field. 
Measurements of the longitudinal magneto-optical Kerr effect 
(LMOKE; see Methods) probe the in-plane net magnetization M of 
the array. We observe a hysteresis loop, shown in Fig. 2a, in which a 
magnetic field of ±​40 mT drives the array into a uniformly magne-
tized state that is spatially resolved in Fig. 2b. At the coercive field of 
±​27 mT, the net magnetization is compensated. Remarkably, instead 
of forming a state with an equal distribution of +M and −M domains 
as in a ferromagnet, our system exhibits a ferrotoroidic ±T multi-
domain pattern, as shown in Fig. 2c. The spontaneous occurrence 
of toroidal domains confirms the ferrotoroidic nature of our sys-
tem, bestowing a physical identity on the concept of ferrotoroidicity. 
In contrast to previous work on weakly coupled magnetic vortex 
elements28, there is no built-in geometric asymmetry to enforce a 
uniform vorticity in the entire sample. Rather, our toroidal order 
occurs spontaneously as a consequence of the long-range dipolar 
coupling between the nanomagnets. The spontaneous nature of the 
toroidal order provides the freedom to choose between two differ-
ent degenerate domain states, and thus allows the formation of a 
multi-domain pattern.

The domain pattern seen in Fig. 2c also demonstrates that a 
global magnetic field cannot induce a single-domain +T or −T fer-
rotoroidic state. This would require the application of a toroidal 
field S as the conjugate field of ferrotoroidic order. The application 
of S introduces an imbalance in the free energy, ∝ ⋅F S T, between 
opposite toroidal domain states, and therefore promotes a single 
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Fig. 2 | Magnetization curve and ferrotoroidic ground state. a, In-plane magnetization of the two-dimensional array of nanomagnets from Fig. 1 measured 
with the longitudinal magneto-optical Kerr effect (LMOKE) as a function of a magnetic field H applied along the [110] direction. Purple curves are 
Gaussian fits of |∂​M/∂​H| (with M as the measured magnetization component and H as the applied magnetic field), and indicate the areal density of 
ferrotoroidic regions, which peaks around the coercive magnetic field. b, MFM image of the ferromagnetic single-domain state at remanence. Inset, a 
corresponding unit cell. c, MFM image of the multi-domain ferrotoroidic state at the coercive magnetic field. The colour bar represents the value of the 
toroidal moment, with a range from −tt to +tt. Scale bars: 2 μ​m.
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Fig. 3 | Generation of a toroidal poling field at the mesoscale. Left, schematic 
of the top-to-bottom magnetic-tip scanning process for a mesoscopic 
unit cell within our artificial magneto-toroidal crystal. Shown are the initial 
state with net magnetization along the [110] direction (top), a sketch of 
the scanning process with the tip trajectory indicated by dashed arrows 
(middle) and the final magneto-toroidal state with toroidization along the 
[001] direction (bottom). Right, sequential tip-assisted destabilization 
and reorientation of the nanomagnets. The magnetic field exerted by the 
magnetic moments (green arrows) is indicated by red contours. The bold 
red arrow represents the net value of the local magnetic field at the position 
of the respective nanomagnet above which the tip hovers in time steps τ1 
to τ4. The direction of this net magnetic field (see Methods) determines 
whether the nanomagnet will reverse its magnetization (τ1 and τ2) or remain 
unswitched (τ3 and τ4). The combination of the four time steps (bottom right) 
yields an effective toroidal field (red circular arrow) at the level of the unit cell.
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domain. This is analogous to the formation of uniform magneti-
zation M in a ferromagnet in response to a magnetic field H via 

∝ ⋅F H M. Until now, the local application of a toroidal field has not 
been achieved. Here, we demonstrate its application to a mesoscopic 
toroidal crystal.

Our toroidal poling (see Fig. 3) is based on the MFM-tip-
assisted reorientation of individual nanomagnets. As a first step, a 
global magnetic field is used to uniformly align all magnets into 
a remanent state with ∣∣M [110]. The magnetic tip is then scanned 
line-by-line at 10 μ​m s−1 along the ±​[110] ‘fast’ direction, while the 
net motion of the tip is in the [110] ‘slow’ direction. Whenever the 
tip passes across a nanomagnet, the local energy landscape is modi-
fied by the MFM-tip field23,25 such that the magnetization of the 
nanomagnet is destabilized. As a result, the nanomagnet becomes 
susceptible to reorientation due to the local field exerted by the 
surrounding magnets. Using a model system of anisotropic point-
dipoles arranged in a lattice (data not shown), we have confirmed 
that there is a ‘perturbation’ regime where the tip field only catalyses 
the process and does not contribute to the poling of the nanomag-
nets. In Fig. 3, the four essential time steps τ1 to τ4 of this procedure 
are depicted for a representative unit cell defined by the central four 
magnets. The net field acting on the tip-destabilized nanomagnet, 
which originates from the surrounding magnets, is derived from a 
micromagnetic finite-element calculation (see Methods) and is rep-
resented by a red arrow. This net field determines the new direction 
of the magnetization of the nanomagnet. The combination of steps 
τ1 to τ4 shown at the bottom right of Fig. 3 reveals that, most strik-
ingly, our MFM-tip scan results in an effective toroidal field. Since 
the unit cell shown in Fig. 3 represents the entire crystal lattice, we 
thus obtain a time-integrated global toroidal field that is applied to 
the entire area scanned by the MFM tip.

We verified the toroidal poling procedure experimentally by 
scanning an MFM tip across areas of the crystal as shown in Fig. 
4. Apart from a few local defects, the four areas are homogeneously 
poled in either the +T or −T orientations, using an effective con-
jugate toroidal field (±Seff). The reversal of the slow-scan direc-
tion (between Fig. 4a,b and Fig. 4c,d) introduces time reversal into 
the poling process such that Seff , and thus T, reverses its sign. The 
reversal of the initial magnetization of the sample is equivalent to 

a rotation of the sample by 180°, and therefore is equivalent to the 
aforementioned reversal of the tip-scanning direction. In contrast, 
the reversal of the tip magnetization does not affect the resulting 
toroidization, which corroborates the fact that the MFM-tip field 
does not contribute to the generation of the net toroidal field. The 
only function of the tip is to destabilize the spin configuration of 
individual nanomagnets, and thus to catalyse the poling procedure.

In conclusion, we have created an artificial magneto-toroidal 
crystal consisting of a two-dimensional array of nanomagnets that 
are strongly coupled and therefore spontaneously form a ferroto-
roidic multi-domain state. This type of long-range order possesses 
zero net magnetization, yet has a toroidal moment that emerges at 
the mesoscale. This order parameter is orientated with an effec-
tive toroidal field by scanning the array with a magnetized tip. The 
trajectory of the tip defines the orientation of a locally generated 
effective toroidal field in the scanned area. The stray field of the 
tip merely catalyses the poling process by destabilizing the local 
magnetic configuration, thus promoting its response to the toroidal 
field. The polability requires the strong coupling between the nano-
magnets. Indeed, using the employed poling protocol, the scanning 
tip cannot convert a single, isolated quadratic unit of our lattice 
into a toroidal state. This is very different from the case of weakly 
coupled nanomagnets, where an external perturbation is needed 
to coerce each magnet separately into a magnetic vortex state of 
defined handedness28.

Our array of nanomagnets not only provides a model system 
designed to access a novel type of magnetization-free, yet polable 
ferroic state, but also provides a new route to non-reciprocal physi-
cal phenomena that are based on the simultaneous violation of 
spatial and temporal inversion symmetry30,31. The sub-micrometre 
periodicity of our lattice is particularly beneficial as it provides 
the opportunity for the generation of exotic optical effects32. For 
example, phenomena such as non-reciprocal directional dichro-
ism (that is, the dependence of the absorption of unpolarized light 
on the direction of propagation, ultimately leading to an ‘optical 
diode’33) can be obtained with artificial ferrotoroidic crystals where 
the optical coefficients are given by the macroscopic domain struc-
ture. The twofold space–time symmetry violation and its physical 
consequences are of general interest, as evidenced by the intense 
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Fig. 4 | Experimental demonstration of magneto-toroidal poling. a–d, MFM images of four regions of an artificial magneto-toroidal crystal to which 
toroidal poling fields +SS or −SS were applied as calculated (see Methods and Fig. 3). Scale bar: 4 μ​m. The different combinations of slow-scan directions 
(blue and red block arrows), the tip trajectory (dashed arrows) and out-of-plane tip magnetizations (‘North’,‘South’) are shown schematically above the 
images. Note that the sign of the toroidal poling field (−SS in a and b; and +SS in c and d; see Fig. 3 and Methods) determines the resulting orientation of the 
toroidal moment (see colour bar) and depends on the slow-scan direction but not on the magnetization direction of the tip.
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research on magneto-electric multiferroics, topological materials, 
polar superconductors and other fascinating states of matter that 
fall into the same symmetry category8. The demonstrated ability 
to access exotic field configurations and engineer emergent ferroic 
orders will provide new insights into the formation, control and 
dynamics of multifunctional materials.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
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Methods
Sample fabrication. Two-dimensional artificial magneto-toroidal crystals 
were patterned on a silicon-(100) substrate using a combination of electron 
beam lithography and thermal evaporation at room temperature, followed by a 
lift-off process. A 20-nm-thick permalloy film was deposited through thermal 
evaporation, and coated with 2 nm of aluminium to prevent oxidation of the 
sample in air. Four stadium-shaped permalloy (Ni81Fe19) nanomagnets with 
dimensions of 450 ×​ 150 ×​ 20 nm3 formed the unit cell of a square lattice with a 
period of 830 nm. To achieve strong dipolar coupling, the edge-to-edge separation 
between neighbouring magnets was set to 70 nm. The whole toroidal crystal 
measured ~55 ×​ 55 μ​m2.

Using permalloy as a ferromagnetic material ensures a negligible magneto-
crystalline anisotropy that, together with polycrystalline growth, results in a 
magnetic state determined by the shape anisotropy. The lateral aspect ratio of 1:3 
of the magnets results in Ising-like magnetic moments pointing in one of the two 
directions parallel to their long edge.

Magnetic manipulation and imaging. Magnetic manipulation and imaging  
were performed using an NT-MDT NTEGRA magnetic force microscope  
in semi-contact lift-height mode. The system includes an electromagnet  
providing an in-plane magnetic field of up to 50 mT, which is used to prepare  
the [110]-net-magnetized initial state of the nanomagnetic array, as shown in 
Fig. 2b. For the toroidal poling, an MFM tip with a high magnetic moment 
(NanoWorld PPP-MFMR) was scanned across the sample. The tips were coated 
with a cobalt-alloy layer of 40 nm, providing permanent magnetization along the 
tip axis, which was set using an Nd2Fe14B permanent magnet. Using these tips,  
a bidirectional raster scan at 10 μ​m s−1 tip velocity along the fast axis with a  
line-to-line spacing of 20 nm was applied for toroidal poling across an area 
of 12 ×​ 12 μ​m2. By scanning the crystal with a tip of low magnetic moment 
(Nanosensors PPP-LM-MFMR), the magnetic state of our mesoscopic crystal 
could be probed without altering the direction of magnetization. All imaging  
was performed with a lift height of 45 nm.

Magneto-optical Kerr effect. Magnetization curves of our array of nanomagnets 
were measured using LMOKE. A current-stabilized continuous-wave laser diode 
emitting light at a wavelength of 405 nm and with a power of ~10 mW was used. 
The light was polarized along ±[110] directions and incident at an angle of 45° to 
the sample normal. The laser was focused to a spot diameter of about 30 μ​m. The 
sample was positioned in an electromagnet providing an in-plane magnetic field of 
up to ±​250 mT along the [110] direction. Magnetization curves were obtained by 
measuring the rotation of the polarization of the reflected light with a Wollaston 
prism and balanced silicon photodiodes34.

Calculation of the effective toroidal field. To determine how the toroidal field is 
generated, we performed micromagnetic calculations based on two-dimensional 
finite elements. We considered the dipolar interactions of eight nanomagnets: the 
four central building blocks of a unit cell and the four magnets next to it (see Fig. 3).  
Contributions from the next-nearest neighbours did not change the result and 
were therefore neglected. To calculate the net field acting on a tip-destabilized 
nanomagnet, magnetic stray fields exerted by its seven neighbouring magnets 
were superimposed. The magnetic field exerted by the MFM tip was not taken into 
account, as it catalyses the reorientation process but does not determine the new 
direction of magnetization. The resulting field determined the new magnetization 
direction of the tip-destabilized magnet. Quantitatively, the magnetic-dipolar field 
H m r( , )D  generated by a finite magnetic element with magnetic moment m located 
at r0 was calculated as:


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where r was measured from the centre of the unit cell. Each nanomagnet 
was approximated by 2,585 homogeneously magnetized finite elements with 
dimensions of 5 ×​ 5 nm2. As the trajectory of the tip was followed, all four 
nanomagnets of a unit cell were sequentially destabilized at four different times, 
shown as τ1–τ4 in Fig. 3. To determine the field acting on the respective destabilized 
magnet, an average (bold red arrows in Fig. 3) of the magnetic field derived from 
equation (1) (red contours in Fig. 3) was calculated over the area of this magnet. 
The resulting effective toroidal field ∇≡ ×S Heff  was then obtained according to:
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based on the averaged local field component Hi obtained from equation (1). 
Calculating equation (2) for both scan directions (see Fig. 4), the two opposite 
orientations of the acting toroidal field Seff  can be verified.

Data availability
The data that support the figures within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request.
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