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Polarization control at spin-driven ferroelectric
domain walls

Naémi Leo!, Anders Bergman?, Andres Cano3, Narayan Poudel?, Bernd Lorenz?, Manfred Fiebig' & Dennis Meier!

Unusual electronic states arise at ferroelectric domain walls due to the local symmetry
reduction, strain gradients and electrostatics. This particularly applies to improper
ferroelectrics, where the polarization is induced by a structural or magnetic order parameter.
Because of the subordinate nature of the polarization, the rigid mechanical and electrostatic
boundary conditions that constrain domain walls in proper ferroics are lifted. Here we show
that spin-driven ferroelectricity promotes the emergence of charged domain walls. This
provides new degrees of flexibility for controlling domain-wall charges in a deterministic and
reversible process. We create and position a domain wall by an electric field in
Mng.05C00.0s WO 4. With a magnetic field we then rotate the polarization and convert neutral
into charged domain walls, while its magnetic properties peg the wall to its location. Using
atomistic Landau-Lifshitz-Gilbert simulations we quantify the polarization changes across the
two wall types and highlight their general occurrence.
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erroelectric domain walls represent a naturally occurring

type of oxide interface that develops versatile electronic

ground states. In particular, the polarity mismatch at
charged walls leads to characteristics that clearly distinguish
them from the interior of the domains they separate!™. Such
ferroelectric domain walls can behave as a two-dimensional
insulator’, become metallic®’, show orientation-dependent
electrical conductance®~!0 or anisotropic magnetoresistance!l,
even when the bulk material has none of these properties. Exotic
domain-wall phenomena are observed in archetypal ferroelectrics,
such as BaTiO; (refs 12,13), PbZr,TigsO5 (refs 7,14,15) and
LiNbO; (ref. 16), where metastable charged domain walls can be
induced by, for example, electric fields'”. Additional degrees of
freedom arise in so-called improper ferroelectrics, where the
polarization emerges due to the coupling to a primary structural
or magnetic order parameter. Here the boundary conditions
imposed by the primary order parameter dominate so that
unusual ferroelectric domain-wall configurations are readily
stabilized even in the as-grown state. In the hexagonal
manganites, for instance, both positively and negatively chargged
domain walls occur in the improper ferroelectric phase™!8,
Besides promoting the emergence of charged ferroelectric domain
walls, the coupling to the primary order parameter provides a
promising but so far unexplored handle to act on the local
polarization by means other than electric fields, such as
mechanical stress or magnetic fields.

In our work, we demonstrate the generation, positioning and
subsequent polarization control at a ferroelectric domain wall
using the spin-driven ferroelectric Mng 95C0g,osWOy (refs 19,20).
A moderate voltage is applied to inject and place a 180°
ferroelectric domain wall with the spontaneous polarization P
parallel to the wall (side-by-side configuration, 1 | ). By applying
a magnetic field we then continuously change the direction of P
with respect to the spin-stabilized ferroelectric wall and thus
transfer it gradually from a side-by-side state into head-to-head
(— «) or tail-to-tail (« —) configurations. Atomistic Landau-
Lifshitz-Gilbert (LLG) simulations are applied to analyse the
impact of this transformation on the magnetic and electric
domain-wall nanostructure. Our results show that the polariza-
tion state at spin-driven ferroelectric domain walls can readily be
manipulated by applying magnetic fields. By moving the
polarization with respect to the walls, but not the walls with
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respect to the polarization, we demonstrate a new route for
modifying the charge configuration of ferroelectric domain walls
dynamically in a fully reversible process.

Results
Spin-stabilized ferroelectric domain walls. Spin-driven
ferroelectrics display pronounced magnetoelectric coupling
effects that allow for electric polarization control by applied
magnetic fields?!. This rigid correlation is expressed by the
relation

P~ e,»jx(S,-ij), (1)

which links the electric polarization P to the vector chirality
S; x §; of the underlying spin structure?”?? (i and j denote
the positions of neighbouring spin S, e; is the unit vector
connecting them). Such correlations are well understood as bulk
phenomena?* but they have not been utilized yet to manipulate
the ferroelectric domain-wall states in a controlled way. Among
the magnetically induced ferroelectrics Mng95C00sWO, is
outstanding because its electric bulk polarization P (Tc=12K)
can be rotated continuously by about 90° as illustrated in
Fig. la—c (ref. 20). In the ground state, P is pointing along the
crystallographic b axis (Fig. 1a), but it gradually rotates towards
the a axis when a magnetic field H || b is applied (Fig. 1b). For
UoH, 27T a state with P || a is stabilized (Fig. 1c). The
continuous rotation is remarkably different from the magnetic
field-driven first-order flop observed in other spin-spiral
systems?>2®, This gives the opportunity to smoothly modify the
polarization configuration of ferroelectric domain walls.

To demonstrate the potential of spin-driven ferroelectricity for
reversible configuration control at domain walls, we thus chose
Mng 95C000sWO,. The ferroelectric order of the material was
probed by second harmonic generation (SHG), that is, frequency
doubling of a light wave in a material (Methods). SHG is a
particularly powerful tool for detecting polar phases because, in
the leading order, it occurs only in non-centrosymmetric media,
and thus emerges background-free when the inversion symmetry
is broken by the ferroelectric order. SHG allows for visualizing
and tracking the position of associated domain walls with a
resolution of about 1pm (ref. 27). In Fig. 1d we show
representative SHG signals at poH, =5T. The two contributions,
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Figure 1 | Ferroelectric order and domains in Mng 5C00 0sWO,. (a-c) Schematic illustrating the magnetic-field-induced polarization rotation from the b
axis at O T to the a axis at 7 T. (d) Temperature dependence of the polarization contributions P, and P, at 5 T measured by pyroelectric current (solid lines)
and SHG (open circles), the latter at a photon energy of 2.2eV. SHG intensities are scaled with respect to the pyroelectric current data (Ispe ~P2). The
correspondence of the data sets confirms that the SHG susceptibility is proportional to the ferroelectric polarization. (e) Ferroelectric domain structure
imaged at 5.5K after zero-field cooling. The ferroelectric domain walls are visible as dark lines. Side-by-side walls parallel to P, prevail in comparison to
head-to-head and tail-to-tail walls perpendicular to P,. Scale bar, 100 pm. (f) Spin structure in the ferroelectric domains. The direction of the spontaneous
polarization is directly linked to the chirality of the spin spiral, which is described by the vector product of neighbouring spins S; and S;.
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labelled y(P,) and y(Pp), are proportional to the spontaneous
polarization components along the a and b axis, respectively, in
P =(P,,P;,0) as indicated by the direct correspondence between
SHG amplitude (open circles) and pyroelectric current data (solid
lines).

We then exploited these SHG signals to image the ferroelectric
domain structure. Figure le displays the distribution of
ferroelectric domain walls in Mng 95C0g0sWO, imaged at 5K after
zero-field cooling. The SHG image is taken with light from y(P;)
and reflects the position of ferroelectric 180° domain walls by dark
lines. These lines arise because the sign reversal of P, across the
domain walls is converted into a 180° phase difference of the SHG
light field so that the SHG waves emitted from + P, and — P,
domains interfere destructively and cancel at the domain-wall
position. Figure le reveals that different types of ferroelectric 180°
domain walls are present. We note that every ferroelectric domain
wall is also a magnetic domain wall across which the spin system
changes its chirality as expressed by equation (1) and Fig. 1f.

The formation of ferroelectric side-by-side walls, that is,
domain walls oriented parallel to the spontaneous polarization,
as indicated by the arrows, is clearly preferred. Yet, sections with
head-to-head and tail-to-tail walls perpendicular to P are also
present. This distinguishes Mng 95C0gosWO, from conventional
ferroelectrics were the formation of such head-to-head and tail-
to-tail ferroelectric walls is generally avoided due to the energy
cost associated to long-range dipole-dipole interactions. In
Mny 95C099sWOy,, however, the presence of these walls reveals
that these interactions are overruled by the energy gain associated
to the underlying primary magnetic order so that electric dipole—
dipole interactions become secondary.

Magnetic field-driven change of the ferroelectric domain-wall
configuration. In the next step we generated and positioned a
single ferroelectric domain wall by applying the following poling
procedure. First, we prepared our sample into a single-domain
state by electric field cooling (E || b), which was achieved in
a setup with external electrodes as sketched in Fig. 2a.
The corresponding SHG image taken at 9 K with light from y(P,)
is displayed in Fig. 2b and shows a homogeneous brightness level
as expected for a uniformly polarized sample. We then applied a
field of 4.8kV cm ~ ! in order to create a domain wall and set its
position. Figures 2c—f document the domain-wall injection
and subsequent sideways creep under the applied electric field.
The image sequence shows that, after the injection, a net
movement of the entire domain wall perpendicular to P occurs
rather than nucleation and growth of a multitude of reverse
domains. Just as in Fig. le the system thus displays a preference
for ferroelectric side-by-side domain walls. Local head-to-head
and tail-to-tail sections up to a length of hundred micrometres
appear occasionally but disappear upon the continuing propa-
gation of the wall (Fig. 2e). Once the domain wall had reached the
centre of the sample (Fig. 2f) the electric field was switched off.
Henceforth, the primary magnetic order stabilizes it against fur-
ther motion.

To tune the polarization configuration of the injected and
stabilized domain wall we then applied a magnetic field along the
b axis of the system and continuously rotated the ferroelectric
polarization from P || b towards P || a. Figure 3a shows integrated
SHG measurements (open circles) taken at 5K while increasing
the magnetic field Hj,. In agreement with our pyroelectric current
measurements (solid lines) the SHG data reveal that y(P,)
decreases with increasing Hj,, whereas y(P,) increases towards
higher magnetic fields, reflecting the aforementioned polarization
rotation?’. In Fig. 3b,c we present the corresponding spatially
resolved SHG image for P || b and P || 4, that is, at yyH, =0 and

Figure 2 | Electric-field-driven injection and positioning of a domain wall.
(@) Schematic illustration of the setup and sample orientation in between
two metallic electrode plates. (b) SHG image of a ferroelectric single-
domain state ( — P,) taken after electric field poling. (c-f) Image sequence
documenting the injection and subsequent positioning of a ferroelectric
domain wall at a constant electric field — E, =4.8kVcm . Note the
general preference for side-by-side domain walls with only the transient
occurrence of short head-to-head or tail-to-tail sections in the course of
wall progression. All images were taken at 9K at a SHG photon energy of
2.1eV. Scale bar, 250 pm.

6T, respectively. Both images show identical domain walls on the
length scale resolved in our experiment. This demonstrates in a
striking way that the domain wall is stable and unaffected by the
continuous rotation of P in the magnetic field. Due to its spatial
stability, the ferroelectric domain-wall state in Mng 95C000sWOy4
can readily be transformed from a side-by-side into a head-to-
head or tail-to-tail configuration as sketched in Fig. 3b,c.

Microscopic domain-wall structure. To develop a microscopic
domain-wall model and elaborate the impact of the magnetic
field-driven configuration change, we performed atomistic
simulations based on the LLG equation. We modelled the spin-
driven ferroelectric state with Heisenberg exchange interactions,
magnetocrystalline  anisotropy and Dzyaloshinskii-Moryia
interactions as input parameters (Methods)?®?°. The resulting
electric polarization was calculated according to the Katsura—
Nagaosa—Balatzky model®? assuming that electric dipole-dipole
interactions can be neglected as mentioned before. Our
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Figure 3 | Magnetic field control of the ferroelectric domain-wall state. (a) Pyroelectric current (solid lines) and integrated SHG measurements at
5K tracking the magnetic-field-induced polarization rotation in Mng ¢5C00 05sWO,4. SHG intensities are normalized with respect to the pyroelectric current
data (Ispg ~ P?). (b) Spatially resolved SHG image of the injected and positioned ferroelectric domain wall (Fig. 2f) at zero magnetic field with P || b. Blue
arrows highlight the side-by-side configuration of the wall. The panel on the right illustrates the arrangement of electric dipoles at the domain wall. (¢) SHG
image taken after increasing uoH, to 6 T with P || a as indicated by the red arrows. All images were taken at 5K at a SHG photon energy of 2.1eV. The
arrangement of the electric dipole moments at the wall is sketched on the right hand side. Scale bar, 250 pm.
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Figure 4 | Magnetic and ferroelectric domain-wall structure. (a) Simulation of the spin structure at a ferroelectric side-by-side wall at poH,=0T
with coloured arrows indicating individual spins S;. (b) Evolution of the vector chirality S; x S; across the side-by-side wall. The discs represent the
plane defined by S; and S; and arrows indicate the orientation of §; x S;. (¢) Calculated local ferroelectric polarization based on the spin structure in a.
Colored arrows show the polarization direction in adjacent domains. Grey arrows show the local polarization. (d) Changes in |P| and the components P, and

P, across a side-by-side domain wall. (e-h) Like (a-d) but for uoH,=20T.

simulations lead to a ferroelectric ground state (T=0K) with
P || b and a ferroelectric transition temperature To=15K,
which is in reasonable agreement with the experimental data.
Domain walls were obtained by simulating a hot (disordered)
system at T >> Ty that was then cooled into the ordered state at
T=0.1K

The results of our atomic LLG simulations for the case of a
ferroelectric side-by-side domain wall at zero magnetic field
(uoHp=0T) and for the associated magnetic-field-driven head-to-
head state (1oH, =20 T) are summarized in Fig. 4. In Fig. 4a—c, we
present the calculated spin structure, the vector chirality §; x S; and
the corresponding polarization for the side-by-side domain wall.
The simulation results visualize how the spin structure and the
induced polarization change across side-by-side domain walls.
Moreover, the projection of P shown in Fig. 4c reveals that the

side-by-side domain wall in our system is not a simple Ising wall
but has a more complex structure with a Néel (longitudinal)
component such that P rotates in the ab-plane’®3!. The evolution
of the components P, and Py, as well as the absolute value |P| of the
polarization across the domain wall is displayed in Fig. 4d. The plot
shows that the width of the spin-driven ferroelectric 180° domain
wall is about 10 nm, which is comparable to the values found in
proper ferroelectrics such as PbZr,,TipgO3 (ref. 15). For the
induced head-to-head domain-wall state promoted by the
magnetic field (Fig. 4e-h), the Néel component is preserved but
with the smaller domain-wall width of about 5nm.

Remarkably, the simulations reveal that anomalous polariza-
tion values emerge at the centre of the domain walls. For the side-
by-side domain wall, the polarization rotates from the b to the a
axis at the wall centre, where it is about three times larger than in
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the bulk. This relation is in agreement with the bulk behaviour
shown in Fig. 3a, where P,(0 T) <P,(7 T). It highlights the ability
of domain walls to locally enhance the spontaneous polariza-
tion®2. For the head-to-head wall P is suppressed compared with
the bulk, yet with a finite value P, at the wall centre. Thus, we
conclude that the magnetoelectric anisotropy, which is
responsible for the different magnitude of P, and P, in the
bulk, also determines the enhancement or suppression of P at the
ferroelectric domain walls. Such variations in P may further be
enhanced by the anisotropic dielectric response of the system
(e,>€p), which is not taken into account in our LLG simulations.

We note that the Ising-Néel walls obtained in our simulations
are qualitatively different from those forming in proper ferro-
electrics due to the flexoelectric effect. In the latter, the Néel
component varies as an odd function across the domain wall so
that P =0 at the wall centre?*3, In our case we have P#0 across
the entire cross-section of the domain wall, which reflects the
multiferroic nature of our system. Similar to Néel components
obtained via the flexoelectric effect, the extra components of P at
the domain walls in Mng ¢5C0y s WO, can reach values of about
100 uCm 2. In addition, these domain walls can get charged
with a density of bound charges of up to 10° C m ™~ 3, because
there is a genuine Néel component that gives 9,P, = — prouna <0
across the wall. This implies that the transformation from a side-
by-side wall, across which 0,P, changes sign so that the net
charge is zero, into a head-to-head configuration changes the
density of bound domain-wall charges.

Discussion

We expect that the magnetic-field-induced polarization rotation
and the associated change in the domain-wall charge will affect
the local density of mobile carriers (holes?®®) and hence the
transport properties, analogous to the case of improper
ferroelectric ErMnQO; (ref. 9). In Mng¢5C0g o5 WO,, however,
the low value of the spontaneous polarization and the cryogenic
range of the multiferroic phase forfeit the technological merit.
Since the bulk polarization of Mng 95C0¢ 05 WOy, is in the order of
50 uCm ~2, the amount of charge to screen head-to-head and
tail-to-tail walls is about three orders of ma9gnitude smaller than,
for example, in the hexagonal manganites’. Thus, domain-wall
conductance with currents in the fA range is expected, which is
challenging to detect in local transport measurements at low-
temperature. Successful and ongoing attempts at obtaining spin-
driven ferroelectrics with a spontaneous polarization of
>1,000uCm~2 and higher ordering temperatures are,
however, continuously improving these odds®>~37.

Another important issue is the time dependence of the order-
parameter reorientation. Phenomenologically it has been demon-
strated that a reorientation by acting on the improper (electric)
order parameter tends to be slow with reversal times in the
millisecond range®®3°. By acting on the primary (magnetic) order
parameter, theory predicts scenarios with a reversal within a few
picoseconds, yet at so far unrealistically large fields*.
Experimentally, all-optical magnetic switching in 1-100ps has
been demonstrated, yet in non-multiferroic compounds and with
the theory for this process still being under development*!42,

In conclusion, we demonstrated the continuous polarization
control at a ferroelectric domain wall in the spin-driven
ferroelectric Mng 95C0¢05WO,. The spontaneous polarization at
the domain wall was continuously rotated by application of a
magnetic field, which smoothly transferred the wall between a
neutral side-by-side and a nominally charged head-to-head state
in a fully reversible process. The primary magnetic order inducing
the ferroelectric polarization protects the wall against any
reorientation that may be favoured by this charging process.

The electric and magnetic structure of the domain walls
throughout the polarization-reorientation procedure was ana-
lysed by LLG simulations. By moving the polarization with
respect to the walls instead of the walls with respect to the
polarization, we point out a route for the reversible modification
of the electric polarization configuration at ferroelectric domain
walls. With this approach we add an additional degree of
flexibility for dynamical domain-wall engineering. Even though
the results obtained on Mng¢5CogosWO, are conceptual rather
than device oriented, the continuing and successful search for
multiferroics with larger spontaneous polarization and ordering
temperature turns the design of domain-wall-based devices for
nanoelectronics into a realistic goal.

Methods

Second harmonic generation. The emission of light at frequency 2 from a
material irradiated with light at frequency w is described by the equation

S(2w) = ey E(w)E(w). Here E(w) denotes the electric field components of the
incident light, S(2w) is the induced nonlinear polarization acting as source for the
emitted SHG wave, and the nonlinear susceptibility tensor y characterizes the
symmetry of the host material. By temperature- and polarization-dependent SHG
spectroscopy in a transmission geometry, we identified the nonzero SHG sus-
ceptibilities %app> Ybaq a0d Yppp- In agreement with the symmetry analysis and with
pyroelectric current measurements, these couple linearly to the components P, or
Py, of the ferroelectric polarization. In a simplified notation, the susceptibilities 4z
and (Yppp @ paa) are therefore denoted as as y(P,) and y(P;), respectively, in the
main text. Maximum SHG emission was obtained at 2.2eV (yapp), 2.1 €V (Ypaa)»
and 2.2 eV (yupp) so that these photon energies were employed in the experiments.

LLG simulations. To parameterize the spin Hamiltonian, Heisenberg exchange
interactions, magnetocrystalline anisotropy and Dzyaloshinskii-Moryia interac-
tions served as input*®. The Heisenberg exchange and Dzyaloshinskii-Moryia
interactions were at first calculated for undoped MnWO, using density functional
theory calculations based on the multiple scattering theory and a local density
approximation. The calculated exchange interactions led to a spin-spiral ground
state at 0 K with the wave vector k=(0.17, 0.5, 0.41). To approximate the larger
magnetic anisotropy of Mng 95C0g0sWO, in comparison with MnWO,, we
considered two kinds of anisotropies, a ‘double-easy-axis’ anisotropy** and an
easy-plane anisotropy with the plane chosen such that the two easy axes are within
the easy plane. All the simulations presented in the main text were performed using
a system of 200 x 24 x 24 unit cells.
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