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ABSTRACT

We explore the impact of a magnetic field on the ferroelectric domain pattern in polycrystalline hexagonal ErMnO; at cryogenic
temperatures. Utilizing piezoelectric force microscopy measurements at 1.65K, we observe modifications of the topologically protected
ferroelectric domain structure induced by the magnetic field. These alterations likely result from strain induced by the magnetic field,
facilitated by intergranular coupling in polycrystalline multiferroic ErMnOj3. Our findings give insights into the interplay between electric and
magnetic properties at the domain scale and represent a so far unexplored pathway for manipulating topologically protected ferroelectric
vortex patterns in hexagonal manganites.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0209216

The combination of magnetic and ferroelectric order in a single
system a so-called multiferroic," allows a broad range of scientifically
and technologically interesting physical phenomena. Intriguing exam-
ples are the polarization reversal by a magnetic field,” mutual rein-
forcement of caloric effects,’ and fascinating optical phenomena.*
Many of these potential applications stem from the magnetoelectric
coupling that links (anti)ferromagnetic and ferroelectric orders at the
domain level.” While some general observations about this coupling
can be made, such as the distinction between type II multiferroics,
where magnetic and ferroelectric orders arise together, and type I
multiferroics, where they can be independent, direct measurements are
crucial for understanding the specific interactions and emergent cou-
pling phenomena unique to each material.

A prominent example for a type I multiferroic is the family of the
hexagonal (h-) manganites, h-RMnOj3 (R=Sc, Y, In, and Dy-Lu).”’ In
h-RMnOs, the ferroelectric polarization emerges as a by-product of a
geometrically driven phase transformation linked to the tilting of the
MnOjs bipyramids at the Curie temperature T,>1200K.**° The

ferroelectric phase transition is followed by an antiferromagnetic
ordering of the Mn>" spins at the Néel temperature, Ty < 120K,
making h-RMnO; interesting as a model system for fundamental
research, addressing the coexistence and interplay of magnetic and
electric degrees of freedom. The system’s practical use as a multiferroic
is restricted by its requirement to operate at cryogenic temperatures,
where its magnetic properties arise. There, it shows promise for appli-
cations in cryogenic caloric cooling.”'’ Examples of the coupling in
h-RMnO; include the change in the ferroelectric polarization as a
function of the applied magnetic field, "' the flip of the magnetic
spins with ferroelectric polarization reversal,"” and the magnetic phase
diagram modification via an electric field."* Magnetoelectric coupling
phenomena in the hexagonal manganites were related to a prominent
magnetoelastic effect'” and the structural shift of atomic positions of
Mn”",'® indirectly resulting in a coupling between the magnetic and
ferroelectric order. An additional complication of the coupling in this
family of materials is the presence of topologically protected structural
vortices, which are known to pin the ferroelectric/multiferroic domain
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pattern.'” Practically, this means that an electric field applied to this sys-
tem can grow/shrink the ferroelectric domains but not erase them
completely.'*"” As the correlation between the ferroelectric and magnetic
orders emerges on the level of the domains”’ and domain walls,”" study-
ing the influence of a magnetic field on the ferroelectric domain structure
via imaging techniques can provide valuable insights into magnetoelectric
coupling phenomena in h-RMnOs.

Here, we investigate the effect of magnetic fields on the ferroelec-
tric domain structure of h-ErMnO; polycrystals using a combination
of macroscopic permittivity measurements and nanoscale domain
mapping. Permittivity measurements at 1.94 K indicate a change in the
dielectric response under an applied magnetic field. Performing piezo-
response force microscopy (PFM) at 1.65 K, we observe that the ferro-
electric domains, and topologically protected vortices, can be altered
by magnetic fields. Our finding provides a way to manipulate the ferro-
electric domain structure in polycrystalline h-ErMnOs.

Polycrystals of h-ErMnOj are synthesized via a solid-state synthe-
sis approach from Er,O5 (99.9% purity, Alfa Aesar, Haverhill, MA,
USA) and Mn,0; (99.0% purity, Sigma-Aldrich, St. Lois, MO, USA)
raw materials. Details on drying and ball-milling conditions are pro-
vided in Ref. 22. The heat treatment procedure to densify the powder
into millimeter-sized samples is carried out at a temperature of
1450°C for 12h. The magnetic field-dependent magnetization has
been studied utilizing a SQUID magnetometer (Quantum Design
MPMS 3, San Diego, CA, USA). The macroscopic dielectric response
was obtained in a plate capacitor geometry with painted silver electro-
des utilizing an Alpha analyzer (Novocontrol, Montabaur, Germany)
in a magnetic field ranging from 0 to 7 T, applied perpendicular to the
electric field. For cooling and heating, a *He-bath cryostat (CryoVac
GmbH, Troisdorf, Germany) was used. Prior to PEM scans, the sample
was lapped with a 9 um-grained AL,O; water suspensions (Logitech
Ltd, Glasgow, UK) and polished using silica slurry (SF1 Polishing
Fluid, Logitech AS, Glasgow, Scotland). To map the room-temperature
piezoresponse, the sample was excited with an alternating voltage
(40.13kHz, 10V peak-to-peak) using an electrically conductive plati-
num tip (Spark 150 Pt, Nu Nano Ltd, Bristol, UK) on a NT-MDT
Ntegra Prisma system (NT-MDT, Moscow, Russia). Cryogenic PFM
data were obtained on an attoAFM I (Attocube Systems AG, Haar,
Germany) system with conductive diamond tips (CDT-FMR,
Nanosensors, Neuchatel, Switzerland). The sample is in an atmosphere
of a few millibars of helium, that acts as an exchange gas, within a
sealed stainless-steel tube, which is placed into the cryostat with a base
temperature of approximately 1.6 K. A frequency of 55kHz with 10 V
peak-to-peak excitation voltage was utilized, while magnetic fields up
to 5T were applied perpendicular to the surface of the sample.

We begin our analysis by characterizing the crystal structure of
our polycrystalline h-ErMnOj; sample. An x-ray diffraction (XRD) pat-
tern, displaying the hexagonal space group symmetry P6;cm, is shown
in the inset of Fig. 1. We next probe the piezoelectric response of our
polycrystalline h-ErMnO; at room temperature. A representative PFM
scan is displayed in the inset in Fig. 1. The spatial resolution of Rcost}
(amplitude R and phase ¥ of the piezoelectric response) allows to dis-
tinguish domains with an antiparallel orientation of the ferroelectric
polarization, while the grain boundaries separating grains of different
crystallographic orientations are displayed by dashed white lines as
explained in detail elsewhere.”” > The PFM image reveals a pro-
nounced contrast, corresponding to the characteristic ferroelectric
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FIG. 1. Temperature-dependent dielectric permittivity, ¢, of polycrystalline h-ErMnOs
measured under different frequencies. The kink at about 80K indicates the onset
of an antiferromagnetic order in h-ErMnO;. Insets: The XRD pattern of crushed
polycrystalline h-ErMnO3 shows the hexagonal crystal structure with space group
symmetry P6;cm” and the out-of-plane PFM response of polycrystalline h-ErMnOs.
Dark and bright regions correspond to =P domains and dashed white lines mark
the position of the grain boundaries.

domain structure of polycrystalline h-ErMnOs, featuring a mixture of
vortex- and stripe-like domains that form at T, ~ 1420 K.”**

To explore the low-temperature response of our polycrystalline
h-ErMnO; sample, we measure the macroscopic dielectric permittivity
as a function of temperature over 2-250K for a range of frequencies
from 1 to 10° Hz. As displayed in Fig. 1, the dielectric permittivity con-
tinuously decreases with decreasing temperature, which was previously
explained by the suppression of barrier layer contributions.”*”” A
feature in the dielectric data at around 80K corresponds to Ty of
h-ErMnO;. At Ty =~ 80K, a second-order phase transition from a
paramagnetic (PM) to an antiferromagnetic (AFM) phase occurs.”””!

A simplified version of the temperature and magnetic field phase
diagram of single crystalline h-ErMnOj5 is sketched in Fig. 2(a).””
Figure 2(b) displays the magnetic field-dependent magnetization of
our samples measured at various temperatures between 2 and 80 K. At
low temperatures, the magnetization exhibits a significant enhance-
ment with a nonlinear dependence on the magnetic field. However, it
is noteworthy that full saturation has not been attained within the
investigated magnetic field range. This incomplete saturation can be
attributed to the fact that the transition is influenced not only by the
magnitude but also by the orientation of the field with respect to the
hexagonal axis of the individual grains. Consequently, the transition
occurs over a broad range of magnetic fields related to the random
crystallographic orientation of the individual grains in our polycrystal-
line material. Next, to investigate the influence of the magnetic field on
the ferroelectric order of our polycrystalline h-ErMnOs;, we measure
the magnetic field-dependent dielectric permittivity at 1.94K for two
frequencies (10" and 10°Hz), as displayed in Fig. 2(c). At both
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FIG. 2. (a) Simplified magnetic field vs temperature phase diagram for an h-ErMnO,
single crystal. Figure (a) adapted with permission from Ref. 33. Copyright 2012
American Physical Society. The antiferromagnetic (AFM), the ferrimagnetic (FIM),
and ferromagnetic (FM) phases are indicated. (b) The magnetic field dependence of
the magnetization of h-ErMnO3 polycrystals is measured at different temperatures,
as indicated in panel (a) by dashed lines of corresponding colors. (c) Magnetic
ﬂeld-debpendent dielectric permittivity of polycrystalline h-ErMnO5; measured at 10*
and 10° Hz at a temperature of T=1.94K.

frequencies, we find an anomaly in the dielectric response at around
0.8T, which is in line with the AFM-FM transition indicated in
Fig. 2(a), consistent with previous measurements on ErMnOj; single
crystals.”**> A change in the dielectric response under an applied mag-
netic field is often used as an experimental indication for the existence of
a magnetoelectric interaction.”” " To exclude spurious effects resulting
in a magnetic field-induced signature in the dielectric response, e.g.,
magnetoresistance effects,”” and to reveal the microscopic mechanism

ARTICLE pubs.aip.org/aip/apl

behind the observed feature, we next map the ferroelectric domain struc-
ture as a function of the magnetic field on the nanoscale.

We conduct this analysis by mapping the topography together
with the amplitude and phase of the out-of-plane piezoelectric
response at 1.65 K. For reliable PFM imaging, we select a grain exhibit-
ing substantial out-of-plane PFM contrast, indicative of a significant
out-of-plane polarization component (see Fig. S1). We display the
topography and ferroelectric domain structure before [Figs. 3(a)-3(e)]
and at a magnetic field of 5T, which is applied perpendicular to the
scan directions of the cantilever [Figs. 3(f)-3(j)]. Note that because of
the polycrystalline nature of the sample, the direction of the magnetic
field depends on the crystallographic orientation of the grain.”
Domain structure schematics, which are reconstructed from the PFM
amplitude and phase data, are presented in Figs. 3(d) and 3(i), showing
the domain structure at 0 T and 5 T, respectively. The schematics indi-
cate that the vortex core has moved after application of the magnetic
field, leaving locally a purely stripe-like domain structure behind. Such
movement is unexpected as ferroelectric domain structures are typi-
cally more flexible at higher temperatures, and even at high tempera-
tures, the vortex cores typically do not move under applied electric
fields.

165K,0T
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FIG. 3. Data obtained at 1.65 K without (a)—(e) and with (f)—(j) applied 5 T magnetic
field are shown. Topography images are presented in (a) and (f). The corresponding
PFM amplitude and phase are depicted in (b) and (c) for 0 T, while the influence of
a magnetic field of 5T is illustrated in (g) and (h), respectively. The schematic draw-
ing of the domain structure in (d) and (i) indicates a modified ferroelectric domain
structure under an applied magnetic field. Line profiles extracted from experimental
data, displayed in (e) and (j), highlight the modification of the ferroelectric domain
structure with a magnetic field applied. Alignment of the datasets was done utilizing
the unique topographic features seen in (a) and (f).
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To understand the underlying mechanism, we take line profiles
in Figs. 3(e) and 3(j), showing that the change of the domain structure
is driven by the vortex core. Since the domain structure in single crys-
tals of h-ErMnQO; was found to be independent of the applied mag-
netic field up to magnetic fields of 4T at 2.8 K,"’ we suggest that the
observed changes are a consequence of the polycrystalline nature of
the sample. It is established that vortex cores in h-RMnOj3 interact
with strain fields, and a strain-induced movement of the vortex cores
was theoretically'' and experimentally””**"* demonstrated for temper-
atures around 7. In our case, given the observed coupling and the geo-
metrically driven ferroelectricity, we propose that strain may arise
from magnetostriction, facilitated by the clamping of the individual
grains. Considering the magnetostrictive strain reported to arise in
hexagonal manganites, & = 40 x 107 at 5T,”* and a typical Young’s
modulus, E = 240 GPa,"* we estimate the magnetic field-induced
stress to be in the order of 10 MPa, acting in addition to stresses associ-
ated with intergranular coupling effects.””*" While mechanical stress
of comparable magnitude has been reported to effect the ferroelectric
domain structure.”> We note, that related thermal activation effects
remain to be studied, which goes beyond the scope of this work. In
addition, the magnetic field may interact with the magnetic moment
of the domain walls,”' further promoting the movement of vortex
cores.

The impact of the magnetic field on the domain structure appears
to be highly stochastic, with observable changes occurring inconsis-
tently across different areas of the sample. A representative area where
the ferroelectric domain structure is not impacted by the magnetic field
is displayed in Fig. 4. Figures 4(a)-4(d) illustrate PFM measurements
before applying the magnetic field, while Figs. 4(e)-4(h) show the cor-
responding results recorded under a magnetic field of 5T. The PEM
results are illustrated by the schematic domain structure drawn in Figs.
4(d) and 4(h). We do not resolve any field-induced change in the
domain structure at a magnetic field of 5T for this specific area. The
observed stochastic nature of the magnetic field-induced domain wall
movement may be related to different absolute strain values related to
the random orientation of the grains in combination with spatially dif-
ferent types of vortex cores and coupling behavior. Furthermore, the
mobility of ferroelectric domain walls at 1.65K is expected to be
low, """ related to thermal activation and spatially different pinning
potentials.

In summary, our study demonstrates that the ferroelectric
domain structure of polycrystalline h-ErMnOj; can be manipulated
using a magnetic field of 5 T at around 2 K, as evidenced by a combina-
tion of macroscopic dielectric and piezoresponse force microscopy
measurements. We observe that this effect is not universal and appears
highly stochastic in some areas of the sample. Further investigation is
required to understand how the interplay of grain orientations with
ferroelectric domains influences the field-induced mobility of vortices,
necessitating studies with larger statistics. Unlike an electric field,
which causes the contraction of domains into meandering
bands,*'**” our findings suggest that the magnetic field predomi-
nantly interacts with the vortex cores, promoting the formation of a
stripe-like domain pattern. The interaction between the magnetic field
and the domain structure is indirect and possibly occurs through a
magnetic field-induced elastic strain. Consequently, we attribute the
observed effect to the polycrystalline nature of h-ErMnOs;, extending
intergranular coupling, which already determines the switching

ARTICLE pubs.aip.org/aip/apl
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FIG. 4. Data obtained at 1.65 K without (a)—(d) and with (e)—~(h) an applied magnetic
field are presented. Topography images obtained at the same position are shown in
(@) and (). The corresponding PFM amplitude and phase are depicted in (b) and
(c) for 0T, while the influence of a magnetic field of 5T is illustrated in (f) and (g).
The schematic drawing of the domain structure in (d) and (h) indicates that the
applied magnetic field has no influence on the ferroelectric domain structure in this
area. Alignment of the datasets was done utilizing the unique topographic features
in (a) and (e).

mechanism in polycrystalline ferroelectric/ferroelastic materials,”’
toward multiferroics in their polycrystalline form. Moreover, the
observed indirect magnetoelectric coupling suggests the same unex-
pected properties may be present in other type-I polycrystalline multi-
ferroics, hosting vortex cores, such as hexagonal indates,”” ferrites,”* or
vanadates,” providing a rich platform for studying the influence of dif-
ferent magnetic sublattices on the interaction. Related to the efforts to
tune the Néel temperature toward room temperature,””” polycrystals
of hexagonal ferrites are particularly interesting to explore the discov-
ered coupling on a broader temperature range.

See the supplementary material for out-of-plane PFM contrast
encompassing a broader scan area (Fig. S1).
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