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Local electric-field control of multiferroic spin-spiral domains
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Spin-spiral multiferroics exhibit a magnetoelectric coupling effects, leading to the formation of hybrid domains with inseparably
entangled ferroelectric and antiferromagnetic order parameters. Due to this strong magnetoelectric coupling, conceptually
advanced ways for controlling antiferromagnetism become possible and it has been reported that electric fields and laser pulses
can reversibly switch the antiferromagnetic order. This switching of antiferromagnetic spin textures is of great interest for the
emergent field of antiferromagnetic spintronics. Established approaches, however, require either high voltages or intense laser
fields and are currently limited to the micrometer length scale, which forfeits the technological merit. Here, we image and control
hybrid multiferroic domains in the spin-spiral system TbMnOs using low-temperature electrostatic force microscopy (EFM). First, we
show that image generation in EFM happens via surface screening charges, which allows for probing the previously hidden
magnetically induced ferroelectric order in ToMnO3 (Ps = 6 x 10~ % C/m?). We then set the antiferromagnetic domain configuration
by acting on the surface screening charges with the EFM probe tip. Our study enables detection of entangled ferroelectric and
antiferromagnetic domains with high sensitivity. The spatial resolution is limited only by the physical size of the probe tip,
introducing a pathway towards controlling antiferromagnetic order at the nanoscale and with low energy.
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INTRODUCTION

Magnetoelectric multiferroics allow controlling one order para-
meter by influencing another, opening pathways to affect forms of
ferroic order, which are not accessible to external manipulation in
conventional ways. This enables conceptually advanced ways for
controlling ferroic domains, which is crucial for modern technol-
ogy. Recently, magnetoelectric multiferroics moved into focus
because of their inherent capability for controlling antiferromag-
netic order by electric fields'. In contrast to ferromagnets, the net
magnetisation of antiferromagnetics cancels out so that stored
information is inherently protected against perturbations by
external magnetic fields. Because of this outstanding robustness,
antiferromagnets hold great promise for the design of next-
generation non-volatile memory technology?™®.

A particularly strong one-to-one coupling between magnetic
and electric order occurs in so-called spin-spiral multiferroics. In
spin-spiral multiferroics, the emergence of non-collinear spin
textures breaks inversion symmetry and, thereby, induces ferro-
electric order”®. Prominent compounds that fall into this class of
materials are TboMnO3°"", NisV,05'? and MnWO,'*"*. Each of
these materials develops hybrid multiferroic domains, that is, with
inseparably entangled electric and magnetic degrees of free-
dom’>. Application of an electric field can thus influence the
antiferromagnetic domain pattern, for example, by driving these
systems into a single-domain state'’'® or switching between
single-domain states with spin cycloids of opposite helicity'”. A
recent breakthrough towards local control of antiferromagnetism
was the demonstration of sequential optical writing and erasing of
micrometre-sized multiferroic domains in TobMnO;'®. However,

while these experiments showed the general possibility to
reversibly switch antiferromagnetic order by light, the applied
approach is specific to a certain configuration of material
parameters, imposing strong boundary conditions for the utilisa-
tion of optical domain control.

Here, we demonstrate local electric-field control of hybrid
multiferroic domains in orthorhombic TbMnOs. Below 27 K,
TbMnOs forms a spin cycloid (zero net magnetic moment). This
type of antiferromagnetic order is characterised by a spin chirality
C=S5xS5; and the distance unit vector ¢; linking neighbouring
spins S; and §; (Fig. 1a). The spin cycloid breaks inversion symmetry
and induces a polarisation P « e; X (S; X §;) along the c axis, thus
establishing the multiferroic phase'®'®'°. Depending on the sense
of chirality, the polarisation points up or down leading to a rigid
connection between the polarisation and antiferromagnetic
structure. Upon heating, the material undergoes a phase transition
to an incommensurate antiferromagnetic (AFM) phase, with
sinusoidally modulated spins and zero polarisation, and, subse-
quently, at 42 K, a transition into the paramagnetic state (PM)”.

Using low-temperature electrostatic force microscopy (EFM), we
probe the ferroelectric component of the hybrid multiferroic
domains via complimentary screening charges formed at the
surface. This approach removes the need to resolve the piezo-
response associated with the magnetically induced polarization,
which so far hampered the visualization of hybrid multiferroic
domains by scanning-probe microscopy. In contrast to previous
measurements by X-ray?® and nonlinear optical methods'’, our
EFM measurements allow nanoscale resolution of the hybrid
multiferroic domains. By applying a voltage as low as 3 V to the
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Multiferroic hybrid domains in TbMnO; and their detection via the ferroelectric component. a lllustration of the rigid link between

chirality (C) of the spin spiral and induced polarisation (P) direction. The spins S; and S; (orange arrows) rotate in the bc-plane forming a
clockwise (O) or anticlockwise (O) spin spiral. The polarisation is determined by P « ¢;; x C with the unit vector e linking neighbouring spins
(Graphic adapted from ref. '®). b Working principle of the EFM method used in this paper. A positive charge Grip at the tip experiences different
overall forces depending on the surface charge gs and the mirror charge g,, (induced by the tip voltage). The graphic shows a negative or
positive net surface charge for down or up polarisation leading to an attractive (F2"") or repulsive force (FI*P), respectively, due to an under-
screening of the surface. The mirror charge always leads to an attractive force (F2").

probe tip, we can manipulate the distribution of surface charges
and thus the ferroelectricity, and trough their rigid coupling to the
spin system, create antiferromagnetic domain patterns in arbitrary
geometries, benefiting from the nanoscale spatial precision
offered by scanning-probe microscopes.

RESULTS
Detection of multiferroic hybrid domains

We perform low-temperature EFM measurements on a c-oriented
out-of-plane-polarised bulk sample of ToMnOs using a cryogenic
scanning-probe microscope (see Methods). EFM is sensitive to
electrostatic properties, including changes in surface potential as
well as bound or free charges. The basic working principle of the
EFM method used in this work is shown in Fig. 1b. Charge at the
tip (qep) interacts with the surface charge (gs) and the mirror
charge generated by the tip (). Depending on the sign of the
surface charge, the tip experiences an either ‘more attractive’ or
‘more repulsive’ overall force Fs+ F, (Fig. 1b shows the example
of a positively charged tip)?'. The corresponding force is detected
as a phase shift in the tip oscillation, which is due to a change in
resonant frequency of the tip (more information on the tip-sample
interaction can be found in the Supplementary Fig. 2). This allows
us to indirectly image the surface polarisation. Figure 2a-c shows
three EFM images recorded in the multiferroic phase, the AFM
phase with zero polarisation and the PM phase. The EFM images
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are recorded for decreasing temperatures with a holding time of
3-4 h at each temperature. A flat EFM signal is detected in the PM
as well as the AFM phase (Fig. 2b, c); only in the multiferroic phase
with P # 0, a pronounced structure appears (Fig. 2a). See
Supplementary Fig. 1 for an evaluation of the signal-to-noise ratio
of the EFM images.

The magnitude of the contrast between the bright and dark
areas in the EFM images is shown in Fig. 2d as a function of
temperature. In addition to the EFM measurements, we determine
the spontaneous electric polarisation of the sample by pyroelectric
current measurements (Fig. 2d). A transition temperature of T. =
28.5+ 1 K as well as a spontaneous polarisation of Ps = 6.6 x 10™*
C/m? at 9 K can be determined from pyroelectric experiments (see
Methods) in agreement with previous studies (pyroelectric
measurements®’; P-E£ loops®%; measurements of the ferroelectric
phase transition by applying a magnetic field?®). The comparison
of the EFM signal and pyroelectric current data shows that the
contrast in Fig. 2a relates to the onset of ferroelectric order.
Additionally, reversing the tip voltage leads to a reversed domain
contrast, confirming that the signal is of electrostatic origin
(Supplementary Fig. 2). Additional surface potentials may create
an additional homogeneous background, acting as an additional
charge on the tip. The latter manifests as a shift in the voltage at
which the contrast inversion occurs, but does not alter the
results qualitatively (see Supplementary Figs. 3 and 4). This leads
us to the conclusion that dark and bright areas in Fig. 2a
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Fig.2 Temperature-dependent polarisation. EFM signal in the multiferroic (a), AFM (b) and in the PM (c) phase of ToMnOs (c-cut, tip voltage
1V, tip-surface distance 30 nm). The scale bar corresponds to 5 pm. d Polarisation determined by pyrocurrent measurements (black line; left
axis) and EFM signal determined by the contrast between dark and bright domains (orange dots; right axis) as a function of temperature.

correspond to hybrid multiferroic domains, imaged via their
ferroelectric component.

Microscopic origin of EFM contrast

To scrutinise the origin of the pronounced EFM contrast further,
we record a sequence of EFM images above and below the
multiferroic transition temperature (Fig. 3). Prior to each of the
consecutive measurements, the sample is cooled into the multi-
ferroic phase to a temperature of 20 K and then heated to the
respective temperatures above the transition temperature. This
procedure is sketched in Fig. 3g and applied in the range from 30
to 70 K in 5 K steps. Each heating and cooling cycle requires
approximately 3 h. Representative images from the data acquisi-
tion sequence are shown in Fig. 3a—f.

EFM images in Figs. 3a-c show the effect of thermal cycling
between 20 and 30 K for the initial domain structure (a), an image
recorded in the same area above T, (b) and again the same area
after cooling back to 20 K (c). Interestingly, despite heating into
the paraelectric (AFM) phase, the same pattern is observed in all
three images. Once established, the EFM contrast pattern persists
above the transition temperature and remains unchanged when
re-entering the multiferroic phase. This behaviour can be
observed up to about 50 K (Fig. 3g) in the PM phase. From about
60 K upwards (Fig. 3d), the contrast pattern begins to change
when cooled back to the ferroelectric state. At 65 K (Fig. 3e)
the EFM contrast has vanished entirely and subsequent cooling
below T. leads to a completely different multiferroic domain
pattern (Fig. 3f).

As the multiferroic transition temperature T, is unambiguously
identified by the emerging ferroelectric order at 27 K (Fig. 2d), the
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observed contrast at higher temperatures cannot be caused by
residual hybrid multiferroic domains in TbMnOs. Notably, the
domain-like pattern above the transition temperature is only
observed when the sample has previously been cooled below
the transition temperature, whereas it is not observed during the
initial cool-down. Therefore, it is reasonable to assume that the
EFM signal above T. is due to residual screening charges
remaining on the surface after the polarisation has disappeared.
Persistence of the EFM signal up to 60 K indicates very low
mobility of these screening charges and thus a slow deterioration.
This can be readily tested since the residual screening charge is
not E)jnned by polarisation and thus is expected to decay over
time™™.

Hence, Fig. 4a shows the time-dependent evolution of the EFM
signal at 35 K. Its magnitude is derived from the signal difference
between the dark and bright domains. This value decays
exponentially with a mean lifetime of 8.37 + 0.29 h, during which
time the domain-imprinted pattern remains unchanged, which
corroborates our hypothesis that the observed EFM signal is due
to screening charges with low mobility.

To probe the behaviour and dynamics of the screening charges
further, we record EFM images below and above the transition
temperature with the same tip voltage (see Fig. 4b, c). Images in
Fig. 4b, c show the same area at 20 K and 35 K. Both temperatures
show the same pattern, however, with a reversed contrast
(highlighted by the white dotted line). The reversal occurs
because above T, the surface hosts residual screening charges
due to the previous presence of ferroelectric polarisation, whereas
below T, the surface polarisation is now under-screened due to a
slow reacquisition of screening charges subsequent to their
interim decay/degradation above T. (mechanism sketched in
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Fig. 3 Persisting domain patterns resolved above the multiferroic transition temperature. a-f Representative EFM images in the
multiferroic phase (20 K) and above T (all images are taken at the same position). Tip voltages are chosen to produce the best contrast and
are2V(a),0V(b), -2V (c), 0V (d), 0V (e) and —4 V (f). See Supplementary Fig. 2 on a more detailed discussion on the implications of tip
voltage and surface potential on the EFM signal. For temperatures above T, no voltage is applied to the tip in order to minimise the impact of
the tip on the electrostatic potential of the sample. The length of the scale bar is 3 pm. g Schematic sketch of the thermal annealing protocol
(blue line) and the two temperature regimes identified in this work: up to 50 K the domain pattern is preserved; above 50 K the domain

structure changes (the time for each heating and cooling cycle is ~3 h).

Fig. 4d)**. Thus a similar exponential decay of the EFM signal as in
Fig. 4a can also be seen at 20 K, where it corresponds to a slow
acquisition of screening charges to compensate the ferroelectric
polarisation (see Supplementary Fig. 5).

Electric control of antiferromagnetic domains

After establishing the origin of our EFM signal, we use mobile
charges at the sample surface to control the hybrid multiferroic
domains via local electric-field cooling. In contrast to hysteretic
electric field switching, the electric field required to orient the
domains while cooling through the phase transition is much
smaller and previous studies demonstrated that electric fields of
2-3kV/cm, are sufficient to drive ToMnO;'®2® into a macroscopic
single-domain state. Figure 5a depicts the domain pattern at 20 K.
After imaging, the temperature is increased to 40 K and a 2x
2 pum? box is written onto the sample surface with 3 V applied to
the EFM tip as illustrated in Fig. 5b. By applying a voltage above T,
to the EFM tip while in contact with the sample surface, the
screening charges can be influenced by the electric field®*?® or
the pressure exerted by the tip?/, leading to a redistribution of
existing surface charges and/or charge injection. Then, the
temperature is reduced to 20 K and the same surface area is
imaged again by EFM (Fig. 5c). The domain pattern in the region
where no tip voltage was applied remains the same, whereas a
bright domain appears where the voltage was applied. Addition-
ally, the bright square is surrounded by a predominately dark
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region of oppositely polarised domains, whereas the distribution
further away remains the same. This behaviour can be explained
based on the minimization of electric stray fields, which can only
be achieved via a rearrangement of the domains around the
switched area, as the polarization state of the manipulated area is
stabilized by the persistent surface charges. Furthermore, the EFM
contrast level (bright) in the manipulated region is comparable to
other domains with the same orientation (Supplementary Fig. 6),
which shows that contributions from the polarisation orientation
play a dominant role, without any sign of pronounced additional
contributions from, e.g. charged adsorbents or charges manipu-
lated by the tip.

To analyse the precision with which we can write domains, we
compare the distances across which the contrast changes from
bright to dark for the written box-shaped domain and naturally
occurring domains (Supplementary Fig. 6). We find that this
distance is about 800 nm for both our written domains and the
naturally occurring ones. As the width of domain walls in spin-
spiral multiferroics is well below this value®, this demonstrates
that we are resolution limited by the EFM experiments, with
800 nm giving an upper bound for the precision with which
domains can be controlled. In Supplementary Fig. 7, we show that
domains can also be written without entering the multiferroic
phase first, which indicates that residual screening charges are not
required to write domains. Possible mechanisms that can lead to
the observed effect, but which we cannot distinguish in the EFM

Published in partnership with Nanjing University
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Fig. 4 Interplay of surface-bound polarisation charges and mobile screening charges. a Time dependence of the signal difference between
the bright and dark domains at 35 K. The measured contrast decays exponentially (the black line is a fit to the measured data points (orange)).
b and ¢ show the same area below and above T, respectively, measured with the same voltage of 5 V applied to the tip. The same pattern, but
with reversed contrast is measured. One exemplary region is highlighted by a white dotted line. The scale bar corresponds to 3 pm.
d Schematic sketch of the charge distribution in the multiferroic and paraelectric phase. The circled charges on the surface represent the
screening charges, the charges depicted inside the material are induced by the polarisation. The total charge in each area reverses its sign

upon crossing the multiferroic transition temperature.

experiment, are a redistribution of existing charges that cause the
aforementioned homogeneous surface potential and/or charge
injection from the bias tip. Concerning the thermal stability, we
observe the same behaviour for the written charges as for the
residual ones as presented in Supplementary Fig. 8. Thus, by
electrically modifying the local surface potential (via the
redistribution of mobile surface charges and/or charge injection)
we can efficiently influence the multiferroic domain pattern.
Hence, the antiferromagnetic order can be manipulated by
thermal cycling combined with a small seed voltage (local
electric-field cooling) through a coupling to the ferroelectric
order, whereas direct poling in the multiferroic phase would
require impractically large fields.

DISCUSSION
Our experiments show that we can visualise the hybrid multiferroic
domains by EFM via the ferroelectric order of TbMnO; at low

Published in partnership with Nanjing University

temperatures. An EFM signal is utilised through an imbalance
between the polarisation and the screening charges due to the low
charge carrier mobility of the material. The contrast pattern
imprinted by the domains can be observed even above the
multiferroic transition temperature, which we attribute to the
persistence of screening charges in the paraelectric state. Manipula-
tion of charges at the sample surface above the transition
temperature allows to realise local electric-field cooling to influence
the hybrid multiferroic domains with voltages on the scale of a few
volts. Our approach thus allows us to switch antiferromagnetic
domains of opposite chirality at low energies.

Thus, utilizing the one-to-one coupling between electric and
magnetic order in ToMnOs;, we manipulate the antiferromagnetic
order using the probe tip of an atomic-force microscope. Being
resolution limited with respect to the imaging of the manipulated
area, it is possible to give an upper bound of about 800 nm for the
precision with which domains can be manipulated. However, as the
area where the surface charge state is controlled correlates with the

npj Quantum Materials (2020) 86
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40 K

-
Fig. 5 Manipulation of hybrid multiferroic domains. The EFM images in a and ¢ were taken with 3 V applied to the tip and are shown before
and after a square box with 3 V applied to the tip was written onto the surface at 40 K (b). To be able to compare both images we reversed the
contrast in image (c) as it was originally measured with —3 V (see Supplementary Fig. 2 for reversed contrast under opposite voltage). The
scale bar corresponds to 3 um.

diameter of the probe, it is reasonable to assume that the accuracy of
the actual writing procedure can reach =10 nm (size of commercially
available tips). The potential to control domains at the nanometre
length scale could be a crucial step towards the realisation of
antiferromagnetic memory devices. Antiferromagnetic memory
devices are predicted to have an increased speed of operation, are
robust against external perturbations and could have higher storage
densities. These abilities make them very attractive for industry and
could result in future antiferromagnetic data storage devices.

METHODS
Electrostatic force microscopy

Electrostatic force microscopy (EFM) measurements were performed with a
low-temperature atomic-force-microscopy system (attocube attoLl-
QUID2000). We use an oscillating platinum-coated tip, which is scanned
across the material at a constant distance of 10-30 nm from the surface. In
all experiments, the sample is grounded and a voltage is applied to the tip.
The interaction between the charge on the tip and the charge on the
sample results in a charge-dependent signal recorded as a change in
phase shift of the cantilever oscillation (see Fig. 1b). The TbMnO3 sample
investigated is a crystal of size 0.5x 10x 10 mm? grown by the floating
zone method. A face of the crystal perpendicular to the c-direction was
chemo-mechanically lapped and polished for EFM measurements, with the
ferroelectric polarisation pointing out of the measurement plane.

Pyroelectric current measurements

In addition to the EFM measurements, we determined the polarisation
strength of the sample by pyroelectric current measurements. Silver-paste
electrodes were applied on the ab plane and their size was optically
determined. Then the sample was field cooling in £ = 0.3 kV/mm from 50
to 9 K. At 9 K the electrods were grounded before we connected them to
an electrometer (Keithley 6517B). The pyroelectric current was then
determined by measuring the current between the electrodes under a
heat rate of 1 K/min. The found transition temperature T.=285+1 K as
well as the polarisation strength of Ps = 6.6 x 10~ C/m? at 9 K are in good
agreement with previous studies®®.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.

CODE AVAILABILITY

Codes used for simulations and data evaluation are available from the sources cited
and from the corresponding author upon reasonable request.
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