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Ferroelastic switching for nanoscale non-volatile

magnetoelectric devices

S. H. Baek', H. W. Jang', C. M. Folkman', Y. L. Li?, B. Winchester?, J. X. Zhang?, Q. He3, Y. H. Chu?,
C. T. Nelson?, M. S. Rzchowski®, X. Q. Pan*, R. Ramesh3, L. Q. Chen? and C. B. Eom'*

Multiferroics, where (anti-) ferromagnetic, ferroelectric and
ferroelastic order parameters coexist', enable manipulation
of magnetic ordering by an electric field through switching of
the electric polarization®™®. It has been shown that realization
of magnetoelectric coupling in a single-phase multiferroic
such as BiFeO; requires ferroelastic (71°, 109°) rather than
ferroelectric (180°) domain switching®. However, the control
of such ferroelastic switching in a single-phase system has
been a significant challenge as elastic interactions tend to
destabilize small switched volumes, resulting in subsequent
ferroelastic back-switching at zero electric field, and thus
the disappearance of non-volatile information storage™.
Guided by our phase-field simulations, here we report an
approach to stabilize ferroelastic switching by eliminating the
stress-induced instability responsible for back-switching using
isolated monodomain BiFeO; islands. This work demonstrates
a critical step to control and use non-volatile magnetoelectric
coupling at the nanoscale. Beyond magnetoelectric coupling, it
provides a framework for exploring a route to control multiple
order parameters coupled to ferroelastic order in other low-
symmetry materials.

There are two important requirements to achieve switchable,
non-volatile magnetoelectric devices with multiferroics. First, it
is necessary to selectively control the switching path. Second, the
switched domain must be stabilized. The first point arises in
multiferroics because each switching path can generate different
changes in the magnetic order, and some switching paths may
not affect the magnetic order at all. This is particularly relevant
when magnetic and electric orders are coupled through partial
ferroelasticity'’. In this case, only ferroelastic switching can be used.

The second requirement arises because local ferroelastic switch-
ing may produce a high-energy domain state, leading to a relaxation
of the smaller (switched) domain back to the original ferroelastic
state'®!. This would disable long-term storage of information
because the magnetic order also relaxes. This phenomenon can
potentially occur for all ferroelastic multiferroics such as boracites
(M3B,0,;X with M: Cr, Mn, Fe, Co, Cu, Ni and X: Cl, Br, I),
BaMF, compounds with M: Mg, Mn, Fe, Co, Ni, Zn, molybates
(Tb,(Mo0Oy); and Gd,(Mo00O,)s), phosphates (LiCoPO,) and mag-
netite (Fe;Oy; refs 1, 10, 12).

We study these issues in BiFeOs, one of the most promising
candidates for magnetoelectric devices as a room-temperature
multiferroic system®. Figure 1 shows the detailed coupling structure
of ferroelectric, antiferromagnetic and ferroelastic orders. If the
electric polarization is switched with an external electric field, the

rhombohedral BiFeO; can locally either preserve the ferroelastic
state with an electric polarization antiparallel to the original one
(Fig. 1b, ferroelectric switching or 180° polarization reversal) or
transition to a different ferroelastic state with a different distortion
axis (Fig. 1c, ferroelastic switching or 71° polarization reversal).
As only the latter type of switching can change the plane of
the antiferromagnetic order, 180° polarization switching should
be avoided. A recent ab initio study of polarization switching
paths in BiFeO; predicts reorientation of the antiferromagnetic
plane by 71° polarization switching under [001] electric fields'.
Similarly, 109° switching also allows magnetoelectric switching
because it is another type of ferroelastic domain switching (not
shown here). This electrically switched antiferromagnetism can be
implemented in magnetoelectric devices using exchange bias with
another ferromagnetic layer'*'8. However, as discussed above, local
switching of the electric polarization in this way locally switches the
ferroelastic state, nucleating high-energy walls with the surrounding
domain. This leaves the switched domain subject to relaxation.

A possible way was reported to stabilize such a ferroelastic
switching from relaxation by writing further domains locally by
piezoresponse force microscopy (PFM) that surround switched
regions in (110) BiFeOj; thin films'!, which is not practical for large-
scale device applications. Here we reveal the polarization switching
path in monodomain (001) BiFeOs; thin films under a [001] electric
field, showing that the dynamics of the switching path changes
dramatically with domain size. Moreover, we demonstrate robust
ferroelastic switching by fabricating BiFeO; islands, eliminating
the high-energy structural domain wall and removing the driving
force for relaxation. Our simple and scalable method is directly
applicable to a real device.

A key aspect of the present study is our ability to grow es-
sentially single-variant (001) BiFeO; heterostructures by off-axis
sputtering (see Supplementary Information). This results in an
atomically smooth surface as shown in Fig. 2a, which reduces
any rough surface ambiguities during the PFM measurement.
Previous studies were complicated by the complex domain struc-
ture of BiFeQO; arising from its low symmetry. For example, a
multi-variant BiFeO; film on a (001) SrTiO; substrate has a
maximum of four structural (ferroelastic) variants and eight ferro-
electric variants', making it difficult to uniquely characterize the
switching behaviour. In addition, a particular domain boundary
affects switching dynamics as a leakage path'*?. Reciprocal space
mapping by four-circle high-resolution X-ray diffraction (XRD;
Fig. 2b) and transmission electron microscopy (Fig.2c) show
that our growth method produces a pure monodomain sample.
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Figure 1| Magnetoelectric coupling in BiFeO3. a, The coupling between polarization and antiferromagnetic order in BiFeOs film. The spin cycloid has been
believed to be broken in thin films3C. pc: pseudocubic. b,c, The magnetoelectric coupling geometry after 180° polarization switching (b) and 71°

polarization switching (c).

Standard polarization—electric-field hysteresis loop measurements
demonstrate that the polarization direction is down throughout
the sample. The notations for ferroelectric and ferroelastic domains
of BiFeO; thin films are adopted from ref. 21: rl1, r2, r3 and
r4 for ferroelastic domains, and positive (+) and negative (—)
signs for ferroelectric ‘up’ and ‘down’ states, respectively, as shown
in Fig. la.

We first use a phase-field simulation approach® to predict
the preferred switching path of (001) monodomain BiFeO;
films under a [001] electric field. In the BiFeO; system, the
ferroelastic energy contributes significantly to the total energy
because of its rhombohedral distortion” and substrate strain.
The r1™ domain resulting from 180° switching is the most
stable because of the absence of structural mismatch with the
surrounding unswitched r1~ region, whereas the r3t domain
from 71° switching is the most unstable because of the large
structural mismatch. However, we find that the required activation
energy for direct 180° switching is much higher than for 71°
switching. 180° switching needs to switch all three components
of polarization, whereas 71° switching needs to switch only the
vertical component. Moreover, an applied field along the [001]
direction on (001) BiFeO; films is effectively applied to switch the
vertical component, and does not have a direct driving force to
switch in-plane components of polarization because of the relative
geometry between the applied field and polarization. On the basis
of this phase-field result, the polarization-switching diagram can be
described as shown in Fig. 3. It suggests that direct 180° switching
is kinetically suppressed because of its high activation barrier.
Instead, a new polarization-switching path is predicted: relaxation-
mediated 180° switching. The applied electric field induces 71°
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switching, and the unstable 3% domain subsequently relaxes into
the stable r17 state in the absence of an electric field, resulting in
180° switching finally.

There are two possible ferroelastic relaxation paths of a
71°-switched domain (r3"): from r3* to r1~ or from 3" to r1™.
Our phase-field simulation results show 3" to r1t relaxation
on a (001) SrTiO; substrate, resulting in 180° domains, rather
than direct relaxation to the matrix domain through the r3* to
r1~ path. Thermodynamic consideration alone does not explain
this ‘unexpected’ switching. We attribute this phenomenon to
kinetic reasons; that is, it is easier to relax kinetically to the 180°
domain rather than the as-grown matrix domain. The biaxial
compressive strain imposed by the substrate on the BiFeO; film
distorts the rhombohedral unit cell, resulting in shorter in-plane
lattice parameters and an elongated out-of-plane lattice parameter.
This strain results in the preferential 180° relaxation. We also
carried out phase-field simulations for ferroelastic relaxation under
biaxial tensile strain. Tensile strain distorts the rhombohedral
unit cell, resulting in elongated in-plane lattice parameters and a
shorter out-of-plane lattice parameter. The simulation shows that
a 71°-switched domain under tensile strain follows the 3% to r1~
relaxation path, switching back to the matrix domain.

Our phase-field simulations also reveal that ferroelastic re-
laxation proceeds preferentially from the domain boundary by
replacing the unstable domain with the stable one. The stable
domain (r1%*) is formed at the boundary, and propagates into
the unstable domain (r3"). The simulations indicated that this
non-uniform transformation process is domain-size dependent
because the portion of the domain wall, which is the active region of
domain relaxation, is inversely proportional to domain size. Thus,
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Figure 2 | Monodomain (001) BiFeOs thin films. a, Surface morphology of a monodomain BiFeOs3 thin film measured by atomic force microscopy. The
steps have 2 or 3 unit-cell height because of the step bunching resulting from the high angle (4°) of substrate miscut. b, Reciprocal space mapping of 103
peaks. ¢, Cross-sectional transmission electron microscopy image with a [T10] zone axis. The inset is the selected-area electron diffraction image of the

BiFeOs region.

the smaller the r3™ domains are in the matrix of r 17, the shorter the
relaxation time is expected to be.

To examine these theoretical predictions in real time, we used
XRD for large size domains. The relatively large rhombohedral
distortion (o = 89.4°) of BiFeO; permits us to easily distinguish
different ferroelastic domains. Areas of 200 pum x 700 um size
are switched by applying a negative electric field with Pt top
electrodes. After polarization switching, XRD mapping around the
113 substrate peak shows that a new ferroelastic domain (r3%) of
BiFeO; has evolved, which indicates polarization is switched by
71°, with no observation of 180° switching. This 71° switching path
is reversible by applying a positive electric field, and repeatable
over many cycles. The intensity of the BiFeO; 113, peak from
the 73" domain, directly proportional to the domain volume, was
monitored as a function of time as shown in Fig. 4a. Clearly, 71°
switching is observed, as predicted by the phase-field simulations,
and large-area ferroelastic switching is stable throughout the 24 h of
the experiment.

However, this stability does not extend to small domain
sizes. We used PFM to switch areas with dimensions of a
few micrometres by applying an electric field by means of the
conductive PFM tip. Subsequently, the domain structure was
monitored as a function of time. Figure 4b shows ferroelastic
relaxation with time for r3* domains of different sizes. The
in-plane PFM image in the inset of Fig. 4b shows the contrast
change of a 3 x 3um size r3% domain from dark to bright
after 2h, which corresponds to a transition from the initial 3%
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Figure 3 | Schematic illustration of the ferroelectric switching path of
BiFeO3 thin films predicted by phase-field calculations. Direct 180°
polarization switching is not kinetically favourable because of the high
activation barrier. Instead, the ferroelastic relaxation-mediated 180°
switching path through 71° switching is expected. The diagrams show the
high-energy state of the domain walls resulting from disorientation of unit
cells in ferroelastic switching, and the low-energy state after relaxation into
180° switching.
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Figure 4 | Enhanced stability of ferroelastic switching by a BiFeOs island. a, 113, peak intensity of the r3* domain as a function of time after polarization
switching of a 200 x 700 um area by the top electrode. The inset is an XRD peak of 113 BiFeOs. b, r3™ domain area change by PFM imaging as a function
of time after switching of 3 x 3um, 1x Tum and 0.5 x 0.5 um areas by the PFM tip. ¢, r3* domain area change of an island with 3.4 x 3.4 um area as a
function of time. The insets of b and c are the in-plane PFM images. d, Phase-field simulation results on the nanometre scale for ferroelastic relaxation in
films and an island. The diagrams on the left describe the samples measured (continuous film in a,b and patterned island in ¢). BFO: BiFeO3, SRO: SrRuO3
and STO: SrTiOs.

domain (71° switching) to the r1* domain (180° switching). plotted by fitting simulation data with the same area ratio to
Furthermore, the relaxation rate increases markedly with decreasing ~ experimental data. Some part of the r3" domains near the
initial domain size. These results are consistent with our theoretical ~domain boundary is relaxed to r1~ through r17*, resulting in
prediction as shown in Fig. 3. As the micrometre size range shrinkage of the total volume, which is due to the small scale
is too large for phase-field simulation, the data in Fig.4 are of simulation. Other supportive evidence for this switching path
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is the field-dependence behaviour by PFM tip switching: 180°
switching by low electric field and 71° switching by high field,
which is consistent with previously reported PFM works on BiFeO;
films'®*. The role of high field is to increase the switching
area under the PFM tip?>*, which slows down the relaxation
process during domain writing (see Supplementary Information).
Our results are distinctively different from a previous report”
on intermediate non-180° switching during 180° polarization
reversal in rhombohedral (111),. Pb(Zn,3Nb,,3)O3;-PbTiO; single
crystals with multiple domains under an electric field in the
[111], direction. Our ferroelastic relaxation occurs under zero
electric field.

These results indicate that for both non-volatile storage as well
as magnetoelectric coupling, the switched domain must be large
to slow down the relaxation process, which is not desirable for
high-density memory applications. However, the nature of the
domain switching path, as shown in Fig. 3, provides a possible way
to achieve both selective control and stabilization of ferroelastic
71° switching by suppressing the relaxation process. As revealed
by the simulations, the origin of relaxation is the high-energy
domain walls with structural distortions between the switched
and the unswitched regions. Those boundaries can be removed
simply by eliminating the matrix (unswitched) region. Here we have
demonstrated stable 71° switching by fabricating BiFeOj; islands,
the side walls of which are free surfaces without any mechanical
stress. The heterostructure of (001) monodomain BiFeO; thin film
with a platinum top layer is ion-milled down to a BiFeO3/SrRuO;
interface with a lithographically patterned photoresist mask. The
polarization of the island is switched by applying an electric field
between the top and bottom electrodes. The top Pt electrode is then
removed, and the domain structure is imaged by PFM as a function
of time. Figure 4c shows a pronounced enhancement of ferroelastic
(r3%) switching stability in a 3.4 X 3.4 um island compared with
a similar sized domain in a continuous thin film (Fig. 4b). The
island sustains ferroelastic 71° switching even after 26 h without
relaxation, whereas a domain with similar size in a continuous film
is fully relaxed after only two hours. This experimental result on
BiFeO; islands is also consistent with our theoretical prediction.
To check the validity of this method at the nanometre scale,
where direct experiments are challenging, phase-field simulations
were carried out. Figure 4d shows possible relaxation behaviours of
nanometre-sized domains in both continuous BiFeOj; films and a
100 x 100 nm large BiFeOs; island. It is interesting to note that the
BiFeQ; island has stable ferroelastic switching, whereas continuous
films have a faster relaxation.

There are several unique advantages of this island structure.
First, it fundamentally can be scaled down, constrained only by
nanofabrication technology?®, which might lead to high-density
memory devices. Second, by controlling the shape, sidewall
orientation and crystallographic orientation of the island, this
method can be applied to other multiferroics where the magnetic
and electric orders are coupled in their own unique ways.
Third, our island structure can reduce noise signals coming
from undesirable domain switching. In ferroelastic materials,
mechanical cross-talk, the formation of undesirable domains to
release elastic and electric energy, can occur near ferroelastic
domain boundaries’. These undesirable domains contain a different
magnetoelectric coupling geometry than desired, distorting stored
information. Fourth, it can reduce the operating voltage. The
vertical capacitor structure requires an electric field only just
above the coercive field whereas localized probe switching needs
a higher field to stabilize ferroelastic switching. Moreover, we can
expect that the high aspect ratio may reduce the coercive field as
demonstrated in ref. 29.

We have demonstrated that the stability of the switched state in
multiferroic BiFeOj; thin films is sensitive to the lateral constraints
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that are imposed on it. Eliminating the constraints imposed by
the surrounding matrix has a significant effect on the stability of
the switched state. This work opens a new avenue to designing
magnetoelectric coupling routes and device geometries to realize
non-volatile magnetoelectric coupling devices at the nanoscale.
Beyond magnetoelectric coupling, it provides a framework for
exploring routes to control multiple order parameters coupled to
ferroelastic order in other low-symmetry materials.
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