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The intertwined nature of magnetic and electric degrees of freedom in mag-
netoelectric (ME) materials is well described by ME-coupling theory. When an
external electric field is applied to a ME material, the ME coupling induces
unique and intriguing magnetic responses. Such responses underpin the uti-
lisation of ME materials across diverse applications, ranging from electro-
magnetic sensing to low-energy digital memory technologies. Here, we use
small angle neutron scattering and discover a novel magnetic response within
an archetypal chiral ME material, Cu,0SeOs. We find that the propagation
direction of an incommensurate magnetic spiral is deterministically actuated
and deflected along controllable trajectories. Furthermore, we predict the
emergence of distinct non-linear regimes of spiral-deflection behaviour with
external electric and magnetic fields, unlocking innovative devices that
leverage controlled and customisable variations in macroscopic polarisation
and magnetisation.

In our increasingly data-driven and environmentally conscious world,
the imperative to reduce the impact of electronics while enhancing
their functionality is undeniable. Magnetoelectrics (ME) represent a
promising avenue in this pursuit, offering highly functional yet sus-
tainable applications. This feature has fostered intense research, both
fundamental and for applications ranging from sensing to low-power
digital technologies; however, the full richness of the magnetoelectric
response of large-scale magnetic structures, such as incommensurate
magnetic spirals, remains relatively unexplored.

ME materials are characterised by intertwined electric and mag-
netic order parameters'™. A ME coupling between these degrees of
freedom manifests from various mechanisms, leading to the realisa-
tion of a multitude of physical phenomena under the application of an
applied electric (E) field*"*. Examples include the appearance of con-
comitant ferromagnetism and ferroelectricity’®?, the selection of
magnetic spiral chirality and domain wall motion*, and control of
the stability and orientation of topological magnetic skyrmion
lattices” ?°. These ME coupling effects continually inspire the

development of next-generation technological devices, such as low-
energy digital memory schemes, advanced sensors,*, and applications
in biology and medicine®. Exploring novel magnetoelectric responses
to applied E-fields presents an exceptional opportunity to deepen our
understanding and engineer devices with tangible real-world impacts.

Large-scale magnetic structures are composed of complex
arrangements of many individual spins with periodicities spanning
numerous atomic unit cells. This composite nature gives rise to rich
emergent behaviour, contrasting significantly with isolated magnetic
moments®™ . For instance, even in insulators where the magnetic
moments are localised at crystallographic sites, large-scale magnetic
structures can collectively shrink and expand, coherently reorient, and
be driven through a crystalline system**, Therefore, new physical
effects can be anticipated by amalgamating the richness of magneto-
electric responses with novel phenomena associated with the many
degrees of freedom in large-scale magnetic structures.

Here, we investigate the E-field driven response of large-scale
incommensurate magnetic spiral structures in the archetypal
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magnetoelectric material Cu,0SeOs. Using small-angle neutron scat-
tering (SANS) to directly probe these spiral structures, we demonstrate
that an applied E-field liberates the directional anchoring imposed on
the spiral structures by magnetic anisotropies, providing fine control
over the propagation direction of the spirals along specific trajectories.
Theoretical modelling suggests this propagation-deflection is deter-
ministic and induces measurable variations in both the macroscopic
magnetisation and electric polarisation. Moreover, our modelling
predicts the existence of distinct regimes of E-field-driven spiral-
deflection behaviour whose onsets are further tunable by an applied
magnetic field, permitting a variety of dynamic E-field-driven effects
that are ripe for exploitation.

Results and discussion

Figure 1 summarises the magnetic and magnetoelectric properties of
Cu,0SeO; for magnetic fields applied along a crystallographic (100)
axis. At the atomic level, the unit cell contains sixteen S =1/2 Cu** ions
distributed across two symmetry-distinct Wyckoff sites, which cou-
ple to form ferrimagnetic tetrahedra with effective S=1 (See
Fig. 1a)**°. These ferrimagnetic building blocks form the magnetic
basis that constitutes the large-scale incommensurate magnetic
structures. Below T¢ =58 K, helical windings with a wavelength of the
order 60 nm (=70 times the lattice constant) form the magnetic
ground state due to the quantum-driven, multi-length scale nature of
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the material, stabilising incommensurate magnetism through a
complex network of effective interactions between the tetrahedra.
The delicate balance of competing effective interactions causes dif-
ferent magnetic structures to lie close together in magnetic free
energy* ™, generating a wealth of many magnetic states that exist at
different temperatures and applied magnetic fields, as depicted by
the magnetic phase diagram shown in Fig. 1b. At low temperatures
(<30 K), unusual magnetic states such as low-temperature skyrmion
and tilted conical (TC) states arise due to the increasing significance
of higher-order anisotropic interactions**’,

The low-temperature magnetic states visualised in Fig. 1c-e are
characterised by magnetisation propagating incommensurately along
distinct directions. The conical state exhibits a spin-structure with a
periodicity along the applied magnetic field, with a component of the
magnetisation exhibiting a ubiquitous canting (by a conical angle 6)
towards the same direction. This periodicity along a high-symmetry
direction causes the electric polarisation to vanish when integrated
over a magnetic unit cell. The TC state adopts a similar structure but
differs by a characteristic tilting in propagation direction (by angle ¢)
away from the magnetic field. This tilting forces the periodicity of the
magnetisation along a low-symmetry direction, generating a finite bulk
electric polarisation parallel to the magnetic field direction (See SI).
Conversely, zero electric polarisation is realised for low-temperature
magnetic skyrmions (topologically protected whirls of magnetisation
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Fig. 1| Magnetic and electric polarisation properties of Cu,0SeO; for fields
along the [001] direction. a Chiral cubic crystal structure of Cu,0SeO3 (non-
centrosymmetric with space group P2,3, point group 23) featuring two symmetry
inequivalent copper sites. The relative orientation of the local moment (S,,) within
these Cu-sites generates local polarisation via the d-p hybridisation mechanism,
contributing to a net macroscopic polarisation that depends on the propagation
direction and the overall nature of the magnetic structure'”*>*>, b Magnetic phase

diagram for an applied magnetic field along the crystallographic [001] direction.,
showing five distinguishable ordered magnetic phases: the helical (H) ground state,
conical (C), tilted conical (TC), low-temperature skyrmion (LTS), field polarised
(FP), and skyrmion lattice (SkL). c-e Real-space schematics of the incommensurate
spin textures investigated in this study, illustrating variations in the propagation
direction (q), net electric polarisation (2P), and their relative orientation to the
applied magnetic field (uoH).
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Fig. 2 | Reciprocal space depiction, experimental geometry and three-
dimensional tomographic SANS maps. a Schematic of the expected neutron
intensity distributions in reciprocal space arising from different incommensurate
magnetic phases in Cu,0SeOs. The diagram illustrates the applied magnetic field,
crystallographic directions, and the diffraction condition for a particular detector
plane. b Experimental SANS configuration showing the directions of the magnetic
and E-field relative to the sample and the incoming neutron beam. The detector
captures a single exposure, probing the volume of reciprocal space corresponding
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to the slice depicted above. Rotating about the vertical (w) axis sweeps the dif-
fraction condition through a volume of reciprocal space, premising our tomo-
graphic SANS measurements (See Methods). ¢, d Electric field-dependent 3D
tomographic SANS maps at £=0 (c) and 2500 V/m (d) at 5 K. Each voxel contains
normalised intensity scattered from a 0.01 x 0.01 x 0.01 0.01 A~ volume in reci-
procal space, with additional reciprocal space information labelled. The TC spot is
cut vertically to highlight the effect of the E-field. The deflection trajectory of the
TC wavevector is clearly visible in the difference map shown in (e).

forming periodic lattices in a plane perpendicular to the applied
magnetic field®*) due to the net cancellation of electric charge
quadrupoles generated within the core of each magnetic skyrmion for
this magnetic field configuration”.

The periodic nature of the various low-temperature magnetic
structures corresponds to particular locations in reciprocal space,
linked via the Fourier transform of the real-space magnetisation. These
locations are defined by the magnetic wavevector (q) of the states and
are related to the real-space periodicity (1) of the structure by |q| = 2.
Due to the different directions of propagation displayed by the spiral
textures shown in Fig. 1c-e, their associated magnetic wavevectors
align with different directions in Fourier space, as visualised in Fig. 2a.
For instance, the magnetic wavevector of the conical state (purple
arrow) lies along the field direction, in accordance with the periodicity
direction. The characteristic tilting away from the applied field (in the
polar-direction-¢) of the TC state is evident, and the cubic anisotropy
leads to the stabilisation of four symmetry-equivalent TC domains,
with propagation directions directed towards different azimuthal
angles (y), corresponding to the four (111) directions. The low-

temperature skyrmion state forms with periodicities confined to the
plane perpendicular to poH, and in domains with mutual orientational
disorder*. Therefore, the associated magnetic wavevectors form a
ring in reciprocal space (blue ring in Fig. 2a).

Experimentally, the separation of these magnetic wavevectors in
momentum space allows for efficient simultaneous probing of
the three magnetic states. SANS is the optimal technique for investi-
gating such large-scale magnetic structures, excelling in obtaining
detailed information about the magnetic ordering, periodicity, and
orientation of each phase*. The experimental geometry is schemati-
cally shown in Fig. 2b, summarising the mutual orientations of the
crystalline axes, electric and magnetic fields (See Methods for further
information). In this setup, magnetic wavevectors differing in ¢ and
lying within the detector plane can be observed easily in a single
neutron exposure. To collect orientational information along the out-
of-plane (y) direction it is necessary to rock the sample about the
vertical axis by an angle, w.

Our main finding is highlighted by the three-dimensional tomo-
graphic reciprocal space maps shown in Fig. 2c-e. We intentionally
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Fig. 3 | Characterisation of the magnetic wavevector trajectory as a function of
electric field and temperature. a Diffracted neutron intensity from the TC state as
a function of rocking angle, w, for different applied voltages at 5 K. Horizontal shifts
in peak position indicate a change in wavevector corresponding to a deflection of
the spiral along the neutron beam direction. b £-field dependence of this deflection
as a function of temperature, with each temperature offset along the y axis for
clarity. Linear trends are observed in all datasets. Errors correspond to the diag-
onalised covariance matrix obtained in the fitting procedure.

generated a triple-state coexistence of the conical, TC and low-
temperature skyrmion states (See Methods) for both the zero E-field
(V=0) and finite E-field (V=2500 V/m) datasets. For the conical and
low-temperature skyrmion states, no E-field-induced changes in the
observed intensity, peak shape and wavevector are detected, as
expected for magnetic textures that do not generate any electric net
polarisation. In contrast, we observe a clear E-field actuated deflection
of the TC magnetic wavevector. The deflection trajectory is out of the
diffraction plane along the x direction, towards the applied £-field, and
orthogonal to the TC tilt-angle ¢. This observation marks the first
demonstration of such a magnetoelectric deflection response.
Quantitative information on the deflection of the TC texture is
presented in Fig. 3a. The integrated neutron intensity from the TC state
is presented as a function of the experimental rocking angle, w. The
displacement of the peak center maps the trajectory of the magnetic
propagation deflection, which lies along the y-direction. These trajec-
tories shift towards lower or higher angles, respectively, in response to
the magnitude and sign of the applied E-field. Fitting these rocking
curves to a Gaussian function and extracting the peak center reveals a
linear relationship between the deflection angle and the applied E-field.

This behavior is consistent across a range of temperatures (Fig. 3b),
indicating the occurrence of this effect in all regimes where the TC is
energetically stable. These experimental results provide an unambig-
uous and microscopic demonstration of the magnetoelectric deflec-
tion of the TC spin-texture, and moreover reveal that the trajectories
vary smoothly with the applied E-field over the explored para-
meter space.

To explain our observations, we develop a theoretical framework
that describes the physical mechanisms of the TC state stability and
the trajectory of the E-field actuated magnetoelectric deflection
response. Given that the periodicity of the TC state is much greater
than the crystallographic unit cell, we employ mean-field theory.
Experimentally, we clarify that a TC state nucleates from the conical
state upon increasing the magnetic field, as presented in Fig. 4a. By
inserting a conical Ansatz into a model Hamiltonian consisting of the
standard exchange, Dzyaloshinskii-Moriya and Zeeman interactions*’,
we stabilise the TC state by incorporating competing fourth-order
magnetocrystalline and exchange anisotropies, using experimentally
determined values***"' (See Methods for more information).
Figure 4b shows the expected TC polar angle (¢) as function of both
the magnetic field and its angle-offset with respect to [001]. By over-
laying the experimentally determined values, we find that the model
successfully captures the TC nucleation, the magnitude of ¢-tilting,
and eventual collapse with increasing magnetic field. In accordance
with the experimental geometry and observations, we reproduce the
observed second-order transition into a TC state by including a small
field tilt-angle relative to [001] in the model calculations.

Having reproduced the stability of the TC state, we turn our
attention to the magnetoelectric coupling. Accounting for the sym-
metry of the d-p hybridisation mechanism of magnetoelectric cou-
pling appropriate for chiral cubic systems, the continuous form of the
electric polarisation is given by refs. 52,53:

P=(P,, Py' P, =AC(mymz' m,m,, mxmy)' @

where {x, y, z} define a basis following the (100) crystal directions, and
Ac is the bulk saturation polarisation. The TC spin-texture generates a
net electric polarisation along the direction of the TC magnetic
wavevector projected in the ¢=0 plane, specifically along the
magnetic field direction for y=0. We explain the observed deflection
of the TC state by minimising the magnetoelectric free energy density,
Fyra= — P - E, which aligns a component of the net electric polarisa-
tion along the E-field. However, this deflection increases the anisotropy
energy, which varies approximately parabolically about the x=0
direction for small x. By expanding the free energy density, integrating
over a TC period and differentiating with respect to x, we find that, in
the limit of small E, the deflection trajectory is linear and lies along the
X direction:

o Ac cos @f (6)
OF  yq2sin®Gsin®¢ + Ksin*pg(6)

)

where y, K are, respectively, the anisotropic exchange and magneto-
cystalline anisotropy constants. The functions, g(6) and f(0), are tri-
gonometric functions dependent solely on the TC cone angle (See
Methods). The linear relationship between the deflection and the
applied E-field aligns with the experimentally determined trajectory,
indicating that the magnetoelectric energy term acts as a perturbation
significantly weaker than the anisotropic magnetic interactions. This
allows the stability of the TC state to be maintained throughout the
entire deflection trajectory. By calculating the expected TC deflection
for different values of A, we numerically find that the saturation
polarisation required to reproduce the experimental observations is
Ac=10.4(4) x107° C/m?, in strong agreement with previous macro-
scopic measurements”**. The physical origin of the deflection
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Fig. 4 | Continuum magnetic theory explaining the trajectory of the spiral
deflection. a Series of rocked SANS patterns showing the evolution of the mag-
netic states from the helical ground state into a field-polarised state at 0.1 T, pas-
sing through an intermediate regime with coexisting tilted conical and conical
states. b Theoretical calculations and experimental data for the TC polar angle as a
function of the applied magnetic field. The TC deflection angle is simulated for a
range of different fiel offsets from the [001]-direction. ¢ Curves illustrating the

dependence of the magnetoelectric response on the saturation polarisation, Ac. A
linear trend in the simulated TC trajectory is consistently observed around the
refined value. d 3D reciprocal space difference map between the theoretical
population of two states subjected to external fields of O and 2.5 x10° V/m,
respectively. Errors correspond to the diagonalised covariance matrix obtained in
the fitting procedure.

response, therefore, primarily manifests directly from EP-coupling,
dominating over secondary effects such as anisotropies arising
from inverse piezoelectric deformations. With all constants estab-
lished, we proceed to fully model the magnetoelectric deflection
response of the TC texture by simulating the £-field dependent clas-
sical populations of the state, analogous to the intensity distributions
measured with SANS. By subtracting two datasets simulated at differ-
ent E-fields, we obtain a difference plot (Fig. 4d) showing fantastic
agreement with the subtraction of the experimentally observed data
shown in Fig. 2e.

Having confirmed our model successfully captures the physics
underlying our experimental observations, we next theoretically
investigate the effects of applying higher electric fields beyond those
explored in our experiments, while remaining bounded below the
breakdown voltage of the material®. In Fig. 5a, we simulate the expected
magnetoelectric deflection response for a TC domain under two dif-
ferent applied magnetic fields and identify three distinct trajectory
regimes. Moving past the linear E-field-dependence of y found near £ =0
for H=0.5H, an increase of the E-field first leads the system into a non-
linear regime. Increasing the E-field further eventually leads to a flop of
the magnetic wavevector, transitioning abruptly to a second type of TC
domain oriented 90° from the original domain. In this configuration,
the net polarisation of the second TC domain aligns fully with the E-
field, no longer competing with the anisotropic magnetic interactions.
For H= 0.6H(, the trajectory of the deflection states similarly shifts from
linear to non-linear behaviour as the E-field increases, with no wave-
vector flop observed within the bounds of the simulation.

The predicted emergence of these new trajectory regimes leads
naturally to exciting expectations for novel ME coupling phenomena.
In Fig. 5b, we demonstrate that one can continuously tune the onset E-
field of these regimes and the gradient of their deflection trajectory by
varying the applied magnetic field, uncovering an intricate interplay

between competing ME coupling and anisotropic magnetic interac-
tions. Figure 5c, d highlights further these response regimes. In the
lower parts of each panel, we simulate the low-frequency deflection
response for both the linear-regime (small £, large H) and flop-regime
(large E, low H), respectively. In (c), we predict an in-phase and linear
variation in x for an oscillating electric field. Decreasing the applied
magnetic field or increasing the magnitude of the E-field encourages
the magnetoelectric response to enter into a non-linear regime, typi-
cally characterised by the appearance of extra odd-frequencies har-
monics in the deflection response®*°. In contrast, the flop-regime
exhibits bistable-like behaviour, with the entire state undergoing sig-
nificant reorientation between two distinct TC domain states, aligning
the electric polarisation of the newly populated domain to the applied
E-field. This flop between the two states exhibits a small phase shift,
influenced by the H-dependent anisotropy barrier required to flop the
magnetic wavevector into the lower energy state. Although this study
focuses on the zero-frequency limit, we anticipate a plethora of
frequency-driven excitations as we approach the resonant modes of
the deflection, typically occurring in the MHz to GHz regime for large-
scale spin structures®, Finally, we emphasise the capability to cus-
tomise the desired magnetoelectric deflection response in situ simply
by adjusting the strength of the applied magnetic field. This distinctive
behavior points to the potential for next-generational sensor technol-
ogy, as deflections of the TC propagation direction generate macro-
scopic changes to both the net magnetisation and electric polarisation.

Our findings on the magnetoelectric behaviour of the TC texture
differ significantly from previously reported E-field-induced skyrmion
lattice rotations within the same material”>*°. Specifically, the deflec-
tion direction of the TC state magnetic wavevector aligns with the £-
field, while the skyrmion lattice in earlier studies remained fixed within
the plane perpendicular to the magnetic field, regardless of the
strength and direction of the £-field. Additionally, observing skyrmion
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Fig. 5 | Functionality and variation of the magnetoelectric response. a Electric
and magnetic field-induced variation of the TC state deflection, showing a transi-
tion from a linear regime at low £-fields into a non-linear regime for larger E-fields.
Further increasing the magnitude of the applied E-field eventually induces a dis-
continuous flop of the TC propagation direction into that of a different TC domain
state. The flop transition occurs at lower E-fields for a lower magnetic field.

b Diagram depicting the nature of the magnetoelectric response as a function of
the applied magnetic and electric field. Dashed lines indicate boundaries between
the different regimes, drawn by eye after numerically differentiating the plot twice
with respect to the applied E-field. ¢, d Schematic representations of the linear
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magnetic wavevector deflection and flop regimes. Semi-circles represent contours
of constant ¢, analogous to looking down the north-south pole in Fig. 2a. ¢ The
linear regime is characterised by a smooth and continuous deflection of the
magnetic propagation direction along the y direction, centered around x=0.In a
hypothetical alternating electric field scenario, the system response would be in-
phase and proportional to the input E-field. d Ramping large E-fields rapidly causes
the magnetic wavevector to flop, forming a distinct TC domain with a propagation
direction located 90° away in x. Subsequent cycles of opposite voltage skip over
the intermediate y = 0, resulting in a bistable magnetoelectric response.

lattice rotations experimentally requires low-frequency excitations of
the magnetic field*. In contrast, our observations of the TC state reveal
distinct in situ deflection effects, which are anticipated to be further
enriched by the onset of non-linear and flop-like deflection
trajectories.

Despite considerable interest in magnetoelectric materials, the
observation of such a macroscopic deflection, as reported here, has
remained elusive. Previous investigations on one-dimensional incom-
mensurate magnetic structures in other magnetoelectric materials
have predominantly focused on systems hosting magnetic cycloid and
transverse conical states exhibiting atomic-scale periodicities, such as
the RMn,05 series**®,, as well as CuO and LiCu,0,°* . In these
materials, magnetoelectricity originates from the spin-current
mechanism, generating electric polarisation between two spins (S;)
separated by a position vector (r) described by P« r x (S; x S;). The net
polarisation is inherently orthogonal to the magnetic propagation
wavevector, meaning that any deflection to the propagation direction
of these states does not reduce magnetoelectric energy under an
applied E-field. Furthermore, significant magnetic anisotropy in these
systems prevents a deflection of the magnetic wavevector, favoring

instead a reversal of the symmetry-breaking spiral handedness in
response to the applied E-field. To observe additional magnetoelectric
deflection effects in materials, it is crucial to focus on those materials
exhibiting the d-p hybridisation coupling mechanism, along with
relatively weak magnetocrystalline anisotropies.

In our experiments, we primarily focused on the TC state; how-
ever, we intentionally cycled the magnetic field to create a coexistence
state including the conical, TC and low-temperature skyrmion phases.
This approach provides a comprehensive insight into the ME response
of all the phases present. We observed that the low-temperature sky-
rmion and conical states do not exhibit any direct response to the E-
field, as expected due to their negligible net electric polarisation.
Nonetheless, it is intriguing to consider the potential effects of mag-
netoelectric deflection from a TC state at the interfaces between
neighbouring domains of coexisting magnetic textures. The local
magnetoelectric deflection in regions of the TC state in contact with
isolated skyrmion states may provide a mechanism for tuning the local
positions of the skyrmions. Alternatively, an intricate network of local
TC domains could be deterministically nucleated using ion-beam
methods®, enabling dynamic control of magnetic skyrmions along
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different paths using thermal gradients, similar to what has been
observed with skyrmions and antiskyrmions moving down 1D helical
‘racetracks®®*%, Direct visualisation mechanisms such as Lorentz
transmission electron microscopy, scanning superconducting quan-
tum interference devices or magnetic nanowire force microscopies
could be employed to investigate these possibilities®”".

From our combined experimental and theoretical work, we have
demonstrated a novel magnetoelectric response, in the form of a
deflection of the propagation direction of an incommensurate mag-
netic state. The deflection mechanism we identify is rather general,
indicating that magnetic materials that host both the d-p hybridisation
ME coupling mechanism and competing anisotropies may show simi-
lar effects. This generality opens up the potential for room tempera-
ture applications in suitable materials and presents a significant
opportunity to develop innovative functionalities in magnetoelectric
devices.

Methods

Sample preparation

Single crystals of Cu,0SeO; were grown from 5 g of thoroughly mixed
stoichiometric amounts of CuO (99.99%, Alfa Aesar) and SeO,
(99.999%, Thermo Scientific Chemicals) powders using the chemical
vapour transport method. The powder, along with 2 mg/cc of TeCl4
transport agent, was sealed in a silica tube. The sealed tube was then
placed in a two-zone furnace with the source maintained at 640 °C and
the sink at 550 °C for 4 weeks. Several single crystals with dimensions
of ~4 x 4 x 4 mm® were obtained. For the SANS experiment, one single
crystal was shaped using a polishing wheel into a plate with dimensions
3.5 x4 x 0.9 mm? and a mass of 51.7 mg. The sample was polished such
that there were two large, parallel (110) faces.

Magnetic property measurements

A quantum design magnetic property measurement system, MPMS3,
superconducting quantum interference device magnetometer, was
used to investigate the bulk magnetic properties of the sample as a
function of both temperature and magnetic field. The single-crystal
used for the SANS measurements was aligned such that uoH|| [001] and
magnetic field-dependent DC magnetic-susceptibility measurements
were carried out between 5K and 60K in 2K intervals by zero-field
cooling to the temperature set-point and increasing the magnetic field
from O to 100 mT in 1 mT steps. Numerical derivatives of the resulting
magnetisation were calculated to obtain phase boundaries and
ordering temperatures, with the first derivative plotted in Fig. 1b.

SANS measurement and tomographic maps

SANS measurements were performed at the SANS-I beamline at the
Swiss Spallation Neutron Source SINQ, Paul Scherrer Institut, Swit-
zerland, with incident neutrons of wavelength A, = 8 A, at a wavelength
resolution AT" =10%, and a collimator and detector distance of 18 m.
The single crystal was mounted onto a dedicated E-field sample
holder”, with electrodes attached directly onto the large, flat (11 0)
faces. The sample was placed within a horizontal-field cryomagnet and
oriented such that E||n,||[110], and HLno|| [001], see configuration in
Fig. 1c. In our experiment, we applied a slight magnetic field offset to
intentionally break the TC domain degeneracy and promote the TC
domain highlighted in red in Fig. 2a. The rocked SANS diffraction
patterns were measured by rotating both the sample and cryomagnet
together through an angular range of 14 degrees such that the dif-
fraction spots completely passed through the diffraction condition. By
calculating the momentum transfer required to diffract a neutron into
each pixel of the detector, and by using information about the rocking
angle, 3D tomographic SANS maps can be created as shown in Fig. 2.
All measurements were taken at temperatures ranging from 5 K to 60 K
and with magnetic fields ranging from 0-250 mT. Background mea-
surements were carried out in the paramagnetic state at T=70 Kand in

the field-polarised regime at 5 K, 250 mT. The cooling down procedure
was from 60 to 5 K, before simultaneously ramping to the desired
electric field and applying 40 magnetic field oscillations from 40 mT to
60 mT, see white arrows in Fig. 1. This procedure allowed a consistent
coexisting state to be obtained at low temperatures.

Continuum-field model
Hamiltonian. Expanding upon the Bak-Jensen model to include the
Zeeman and magnetoelectric terms, we model the complex network of
effective interactions within Cu,0SeO; using symmetry-consistent
free energy density expansion valid for a slowly-varying magnetic field
(m(r)) such as the TC state. This is given by ref.*’:

F(r)= Dm(r) - (Vxm(r))

1
34 ((me)2 +(Vmy)? + (sz)z)

2 2 2
. ly om\* . om, L (om, 3)
2 ox ay 0z
+K(m§ +m;+m;‘>

— HoM(m(r) - H) — P(r) - E,

where D, A are the Dzyaloshinskii-Moriya and exchange stiffness
constants, respectively. H and E denote the applied magnetic and
electric fields. The anisotropy constants, K and y, correspond to the 4th
order magnetocrystalline anisotropy and anisotropic exchange inter-
actions, respectively, and must assume specific values in order to
stabilise a TC state****. Additional details about these terms can be
found in the Supplementary Information.

Due to the one-dimensional and periodic nature of the magnetic
textures studied here, we compute the average free energy density, F,
across a single conical period using:

1
=1/

1
F(r)dr, “)
where F represents the average free energy density along a path par-
allel to the propagation vector, q. In micromagnetics, magnetic free
energy densities are typically evaluated in three dimensions”. How-
ever, for the conical spin textures under consideration, the energy
density varies only along the direction of q, while remaining uniformin
the other two orthogonal directions. By integrating along q, we
account for all relevant variations in the texture, and the contributions
from the constant perpendicular directions can be excluded without
loss of generality. This approach simplifies the calculation while
remaining fully consistent with the dimensionality of the system.
In order to evaluate the stability and deflection of the TC state, we
start with the continuum form of a general conical state with a wave-
vector pointing along an arbitrary direction:

m(r)/M; = sin 8(cos(q - 1)é, + sin(q - r)é,) + cos 6&;, (5)

where @ is the conical angle, and {&,} define three mutually orthogonal
basis vectors, such that q || ;. By using the same polar coordinate
basis to define the wavevector, q=g(sin¢ cosy, singsiny, cos @),
together with an applied E-field along the [110] direction, inserting Eq.
(5) into Eq. (3), integrating over one conical period to find the average
free energy density before differentiating with respect to x, we find:

g—; = yxg*sin®Osin* @
+EAcsing cos p(1+x)f (0) ©)
+Kxsin*¢g(®),
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Table 1 | Experimentally determined parameters used in the
mean-field model

Constant Value (SI)

Exch. stiffness, A 7 x10™ J/m®
DMI constant, D 7.4%x107° J/m?8°
Exch. anisotropy, y 1x10™ J/m*>°
Cubic anisotropy, K 320 J/m3®

Sat. Magnetisation, Mg 1.03 A/m*°

1.4 x10° C/m?®
10.2 x10°C/m?2%*
16 x10° C/m? %
10.4(4) x 10 C/m?

Macroscopic Pol, A¢

Our work

where the functions f(0)=5‘"7297c0529 and g(6) = 24sin*6cos26 —
3sin*@ — 4cos*0 are dependent on the conical angle only. By
inspection, we can see that in the absence of an external field £, a
stable solution to the equation % =0 is found with y=0. However,
the (1+)) term in Eq. (4) introduces a non-zero electric field to
shift the solutions of the free energy density differential to finite values
of x. For small E, this yields the linear relationship presented in the
main text. Detailed derivations of each term in Eq. (3) are available
in ref. 74.

Experimental constants. The experimentally determined constants
used in the mean-field model are shown below in Table 1.

Simulated populations of magnetic states. The populations of the
magnetic states were generated using a classical theory, whereby the
relative probability (P;) of a state (i) being occupied compared to the
lowest energy state follows a Boltzmann distribution”:

P; exp—(fi—fo)/ksr' @)

where E; is the energy of the state given by Eq. (3), with Ey being the
state of lowest energy. kT is the temperature dependent Boltzmann
function. In our population simulations, a temperature corresponding
to T=5K was chosen to match the intensities found during the SANS
experiment.

Visualisation methods

The three-dimensional reciprocal space maps were generated using
custom Python code’. The output of the code was to export legacy
.vtk files for generated a scenic .x3d file using Paraview’”’”®, These
scenes were then rendered using Blender”. Inkscape was used
throughout to create the composite figures.

Data availability

Experimental data and the relevant analysis scripts utilised to produce
the presented figures are available from an online repository: https://
gitea.psi.ch/moody_s/NCOMMS-25-19576-T/settings. Further material
is available from the corresponding author upon reasonable request.
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