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A ferromagnetic (FM) thin film deposited on a substrate of Pb(Mg, ;Nby/3)1..Ti,O3 (PMN-PT) is an ap-
pealing heterostructure for the electrical control of magnetism, which would enable nonvolatile memories with
ultralow-power consumption. Reversible and electrically controlled morphological changes at the surface of
PMN-PT suggest that the magnetoelectric effects are more complex than the commonly used “strain-mediated”
description. Here we show that changes in substrate morphology intervene in magnetoelectric coupling as a key
parameter interplaying with strain. Magnetic-sensitive microscopy techniques are used to study magnetoelectric
coupling in Fe/PMN-PT at different length scales, and compare different substrate cuts. The observed rotation
of the magnetic anisotropy is connected to the changes in morphology, and mapped in the crack pattern
at the mesoscopic scale. Ferroelectric polarization switching induces a magnetic field-free rotation of the
magnetic domains at micrometer scale, with a wide distribution of rotation angles. Our results show that the
relationship between the rotation of the magnetic easy axis and the rotation of the in-plane component of the
electric polarization is not straightforward, as well as the relationship between ferroelectric domains and crack
pattern. The understanding and control of this phenomenon is crucial to develop functional devices based on

FM/PMN-PT heterostructures.

DOI: 10.1103/PhysRevMaterials.00.004400

I. INTRODUCTION

The electric-field control of magnetism is desirable for
many applications, especially low-power and nonvolatile
memories [1-5]. Single-phase multiferroics (displaying more
than one long-range ferroic order, like ferromagnetic and
ferroelectric [6]) would be suitable materials for these pur-
poses, but generally the ordering temperatures are too low
to be of practical interest [7,8]. To circumvent this, artificial
heterostructures are studied, in which piezo/ferroelectrics are
coupled with magnetic materials through an interface [9-15].
These systems can provide room-temperature functionality
and are suitable for industrial production. Several review arti-
cles have appeared on the topic over the last decade [16-20].
As thoroughly discussed in those papers, the main concerns
are the understanding and description of the phenomena at
the origin of magnetoelectric coupling in heterostructures, in
order to improve and tailor their functionality.

One way to induce magnetoelectric coupling is through
interface strain; an electric field induces a deformation of
the heterostructure by the inverse piezoelectric effect; the
strain transferred across the interface to the magnetic layer

2475-9953/2020/00(0)/004400(11)
ACC.CODE MU10138

004400-1
AUTHOR Motti

determines a change of magnetic anisotropy (and eventually
magnetic domain rotation) via inverse magnetostriction. In
this respect, the relaxor ferroelectric Pb(Mg, 3Nby/3)1.. Ti,O3
(PMN-PT) is very appealing, because of its high piezoelectric
coefficient.

The solid solution Pb(Mg; 3Nb3/3)1.4TixO3 (PMN;.,-PT,)
shows a complex phase diagram as a function of x [21] [see
Fig. 1(a)]. At the morphotropic phase boundary (0.3 < x <
0.4), the compound exhibits the highest piezoelectric coeffi-
cient and a coexistence of rhombohedral and tetragonal phases
[22,23]. PMN7-PTy3 is a substrate widely used in multi-
ferroic heterostructures [24-27]. It is rhombohedral, with the
electric dipole moment oriented along the eight possible (111)
directions. In the (011) cut, application of an electric field
out of plane can effectively stabilize different in-plane strain
states at remanence [28]. This can be used to modify the
magnetic state of a film (or nanostructures) deposited on top
of it [29-31]. Considering shear strain, it has been shown that
a rotation of magnetization M by an angle of about 62° is
expected when the polarization P switches from out of plane
to in plane with a rotation of 71° or 109° [32]. In the (001) cut
instead, the in-plane strain at remanence is modified only if the

©2020 American Physical Society
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FIG. 1. (a) Schematic of the phase diagram of PMN,_,-PT,. Stars mark the investigated compositions. (b) Sketch of the possible directions
of the ferroelectric polarization P in the pseudocubic unit cell. The surface plane of the substrate is highlighted in the 3D representation. The
2D representations show the projection of P on this plane. Orange and blue colors represent up/down out-of-plane direction of P, respectively.
(c) Two-terminal current vs electric field characteristic measured during the out-of-plane poling of PMN-PT substrates. The presence of peaks
in the current testify the switch of P at the coercivity of the substrate. After setting the polarization, subsequent sweep of the voltage with the
same polarity does not produce any peak (dark line for negative electric field values), which demonstrates that the polarization state has a net

remanence.

P rotates by 109°, while no changes take place for rotations
of 71° [see Fig. 1(b)]. This leads to an observed copresence
of volatile and nonvolatile magnetoelectric effects [33-35]. In
general however the change in anisotropy is mainly visible at
angles oriented 45° with respect to the pseudocubic axes [36],
due to the orientation of P (and hence of the transferred strain)
along the (111) directions. The magnetic easy axis is expected
to rotate by 90°, purely due to shear-strain effects.

In 2018, Liu et al. reported a surprising mechanical
behavior of PMN 7,-PT(25(001) crystals close to the mor-
photropic phase boundary: out-of-plane electric polarization
produced cracks on the surface, which can be erased and
reformed reversibly and reproducibly by toggling the polarity
of the applied field, with possible applications as resistive
memory [37]. Shortly after, our group showed how this re-
versible change in morphology has strong implications on
the magnetoelectric effect in ferromagnet/PMNj 6-PT( 4(001)
heterostructures [38]. Both reports show that the surface
cracking of the substrate breaks the interfacing metallic film
when switching the polarization out of plane. However, when
the polarity is reversed, the cracks disappear. Consequently,
the metallic film recovers its conductive and magnetic proper-
ties.

In this paper, we report results on the morphologi-
cal changes connected with magnetoelectric coupling in
Fe/PMN|_,-PT,. Our results reveal a correspondence between
rotation of the magnetic anisotropy and crack orientation.

We employ microscopy techniques to unveil the microscopic
details of the observed effect in Fe/PMNj ¢-PT( 4(001). Mag-
neto optical Kerr effect (MOKE) microscopy allows us to
measure the local variations in the shape of the ferromag-
netic hysteresis loop. In particular, we compare different
regions separated by cracks. Complementary, x-ray magnetic
circular dichroism combined with photoemission electron
microscopy (XMCD-PEEM) allows us to reconstruct the spa-
tially resolved rotation of the magnetization vector M, in
connection with the switching of the electrical polarization P.
The comparison with a different substrate cut and composi-
tion, PMNj 7-PT3(011), points out that the interplay between
morphology and magnetoelectric coupling is a general phe-
nomenon in ferromagnet/PMN-PT heterostructures.

II. RESULTS

Out-of-plane electrical polarization of the
PMNj 6-PT(4(001) substrates induces morphology changes
that emerge at the surface as vertically displaced areas
separated by cracks. These cracks reversibly annihilate for an
applied electric field of inverted polarity. Cracked and smooth
morphologies correspond hence to opposite orientations of
P (from here on, P,, and Pyown, respectively). The change is
evident at the coercive electric field [Ec ~ 1.5kV/cm, see
Fig. 1(c)]). The change in morphology can be observed with
an optical microscope. Figure 2 shows some typical images
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FIG. 2. Electrically driven change in morphology of PMN-PT(001). (a) Optical microscope image in the cracked state (b) after reversing
the polarization. (c), (d) Higher-magnification images of a region of the surface, in which the cracks form an ordered pattern. (e), (f) AFM
topographic images acquired at zero bias, after switching the electric polarization down and up, respectively. (g) Cross section of the previous

images across the step [dashed white line in (e) and (f)].

for PMN-PT (001), in Py, and Pyown states (orange and light
blue squares, respectively). Cracks form a dense and irregular
network (panel a), and they all seem to be reversible (panel
b). Within a millimeter distance, the motif formed by the
cracks may vary considerably. Occasionally, we can observe
a stripelike pattern, although on a scale 10 times smaller than
that observed for the other cut (panel ¢, showing a magnified
image of a region in panel a). In the Py, state, faint lines are
still visible in correspondence of the cracks (panel d, in the
same area as panel b).

The cracking induces the formation of steps and terraces on
the surface. Figure 2 (panels e, f, and g) shows a quantitative
characterization by atomic force microscopy. On PMN-PT
(001), the step height is of the order of tens of nanometers,
although terraces up to 100 nm high were observed [38].

A. Kerr microscopy characterizations

In PMNj6-PTp4(001) the cracking pattern has a typical
length scale of 10-50 um, which is suitable for a study by
Kerr microscopy. In particular, we analyzed the change in
the magnetic hysteresis loop in regions separated by a crack.
We selected two different regions where cracks run parallel
[see Figs. 3(a) and 3(b)]. These stripelike patterns in the two
regions are roughly perpendicular one to the other. We stress
once again that these two regions are quite peculiar, since on
most of the surface the cracks form a disordered pattern in
PMN-PT (001) [see Fig. 1(c)]; nonetheless, it can be consid-
ered as a simplified case.

A first analysis was performed by integrating the magnetic
signal on a large region of interest, containing three cracks
[dashed boxes in Figs. 3(a) and 3(b)]. The results can be seen
in Fig. 3 (panels c—f). We notice that the effect of the electric
polarization is opposite in the two investigated regions. For the
region with vertical cracks, the P, state is more anisotropic

0 (deg) =

S

el
A = i

15 .10 -5 0 5 10 15
Magnetic field (mT)

Kerr signal [arb.units]

15 .10 5 0 5 10 15
Magnetic field (mT)

FIG. 3. (a) Microscope image of a region with cracks running
parallel, labelled as “vertical.” The dashed box delimits the integra-
tion area used to obtain the hysteresis loops. (b) Image of a second
region in which the cracks are almost perpendicular to the first one,
labeled as “horizontal.” (c) Hysteresis loops acquired for polarization
up in the region shown in panel a. (d) Same for polarization down.
(c), (d) Analogous measurements in the region shown in panel b.
Different directions of the magnetic field (% = 0° or 90°) correspond
to light or dark colors, respectively.
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FIG. 4. Stripe-by-stripe analysis of the magnetic behavior for
the two regions with (a) vertical cracks and (b) horizontal cracks.
The big regions of interest (white dashed contours) were divided
in subregions (colored contours, labeled Left-Center-Right and Top-
Middle-Bottom) and the intensity was integrated over each of them to
obtain the hysteresis loops. For all measurements the magnetic field
was applied along ¥ = 0°.

than Pyown (compare panels ¢ and d), whereas for the region
with horizontal cracks it is the opposite, and Pyow, 1S more
anisotropic than P, (compare panels e and f).

In a second analysis, we integrated separately the intensity
coming from each subregion separated by cracks. The aim is
to understand if the cracking of the surface induces different
magnetic anisotropy between the two sides of the crack. The
results are presented in Fig. 4 for the case of # = 0°. It can be
seen that the different “stripes” within the same region display
hysteresis loops that are not identical, with variations in the
shape of the hysteresis [see in Fig. 4(a) the changes in the
Pyown state from left to right]. Nonetheless, the overall effect
of the electric polarization on the anisotropy is uniform. Thus,
the magnetoelectric coupling acts in similar ways in regions
separated by cracks, coherently contributing to the overall
behavior shown in Fig. 3.

B. Imaging of ferromagnetic domains by PEEM

After probing magnetoelectric coupling at the macroscopic
and mesoscopic scale, we employed XMCD-PEEM to reach
submicrometer resolution [11,32,39,40] and to study the evo-
Iution of magnetic domains as a function of out-of-plane

ferroelectric polarization of the substrate. With a field of view
of 50 um, the imaged area is comparable with the one probed
by XMCD measurements. We can therefore use PEEM to
have a “spatially resolved insight” of the previously reported
data [38]. Two-dimensional (2D) maps of the magnetization
were obtained at zero electric bias, before and after switching
the polarization between Py, and Pyown in situ on a demagne-
tized sample. Here we present two zones of the same sample
whose starting demagnetized Pyow, States were strongly dif-
ferent, investigating the role of surface crack in the Py, state.

In the first case, shown in Fig. 5, the starting magnetic
configuration was almost saturated. Figure 5(a) shows the
polarization-averaged intensity map acquired at the Fe Lj
preedge in P, state, where a surface crack is visible (high-
lighted by the red dashed box). Its position is marked by
a dashed white line in the magnetization vector maps [39]
in panels b, c, and d, where the direction of M is mapped
via a color code. We arbitrarily choose ¢ = 0° as the most
represented direction of M in the initial state to determine the
rotation angles. The initial polarization state was set to Pyown
ex situ, before demagnetizing the sample. In this initial state
[Fig. 4(b)] the magnetization is mainly pointing in one direc-
tion (¢ = 0°), with some small elongated domains pointing
in the opposite one (red and light blue colors, respectively).
Hence, there is a clear preferential alignment of M along
one axis. After switching the polarization to Py, [Fig. 5(c)]
the direction of the magnetization vector changed for a large
portion of the probed area (purple color). This happens at
both sides of the crack. However, along the fracture opened
with the switching, the magnetization appears disordered. We
ascribe this local disorder to the effect of dipolar interactions
across the crack of the two regions vertically displaced. When
the polarization is switched again down [Fig. 5(d), Pyown] the
system goes back to an assembly of domains pointing along
the originally preferred axis. The crack, now closed, coincides
with a 180° domain wall.

These data show that by simply reversing the PMN-PT
polarization, the average magnetization direction of the Fe
layer is drastically changed in absence of any magnetic fields
[32]. It is clear that in the P, case M strongly prefers a
different orientation compared to the Pyown case. From the
magnetization vector maps, we calculated the spatially re-
solved rotation of M. We subdivided the images according to
the domain distributions in the Pyow, state and we plotted the
distribution of rotation angles in the histograms of Fig. 5(e)
(corresponding to the switch from Pyown to Pyp, subdivided
according to the domains in b) and Fig. 5(f) (switch from
Pyp 10 Pyown, subdivided according to the domains in d). By
quantifying the rotation of the different magnetic domains,
we see that the small domains originally oriented ¥ = 180°
rotate by —60° [Fig. 5(e), blue histogram]. Similarly, the
light blue domains observed in Fig. 5(d) originate from a
rotation of 65° [Fig. 5(f), blue histograms]. In the big do-
main originally oriented ¢ = 0° [red color in Fig. 5(b)] M
rotates according to a wide distribution of angles. The most
represented value is 111° (although this is not the mean of
the distribution, due to its marked asymmetry) as shown by
the red histogram in Fig. 5(e). A similar behavior is observed
for the red domains in Fig. 5(d), which originate from the
rotation events shown by the red histogram in Fig. 5(f). Here
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FIG. 5. (a) Polarization-averaged PEEM image acquired at the Fe L3 preedge for an Fe/PMN-PT(4(001) (001) sample in P,, state. A
surface crack is highlighted by the red dashed box. (b) Magnetization vector map for Py, State, with the sample demagnetized. (c) After the
first in situ switching to P, state. (d) After switching back to Pyown. The position of the crack is marked by a dashed white line. (e) Histogram
of the pixel-by-pixel rotation of the magnetization vector, going from (b) to (c). (f) Similar histogram, going from (c) to (d). The histograms
were subdivided according to the magnetic domains observed in the Py, state. Bold and light arrows denote the peak and average values of

the rotation distributions, respectively.

the peak-value is —84°, but the distribution is even more
asymmetric.

In the second probed region, shown in Fig. 6, the starting
magnetic state was fully demagnetized and no surface cracks
were observed in the P, state. These data were collected
in parallel with those of Fig. 5, moving from one region to
the other before each switch of the polarization. In Fig. 6(a)
we show the polarization-averaged intensity map acquired far
from the Fe L; edge, showing a smooth and uniform con-
trast except from small impurity particles on the surface. In
Fig. 6(b), one can see a complex arrangement of magnetic
domains in the demagnetized Pyow, state, with no evident pref-
erential orientation. After switching to the P, state [Fig. 6(c)],
the magnetization points almost uniformly to the same direc-
tion (¢ = 0°, red color). After switching the polarization back
to Pyown, the magnetic configuration returns to a more complex
configuration, partially recovering the initial one, with the
presence of some domains oriented along approximately ¢ =

490° [green or blue, Fig. 6(d)]. By repeating the previous
quantitative analysis of the rotation of the magnetic domains
upon polarization switching, we can see from the histograms
in Figs. 6(e) and 6(f) that the rotation distributions are broad
(standard deviation on the order of several tens of degrees),
and often asymmetric. Therefore, it is difficult to identify a
uniform rotation of the magnetic domains by an angle of A9.
This is particularly true for the data in Fig. 6(f), i.e., when
switching back from Py, to Pyown. Since in Fig. 6(d) M is
oriented over a wide distribution of angles, the subdivision
in domains is somewhat arbitrary. As a result, the histograms
in Fig. 6(f) strongly overlap. However, the statistical aver-
ages of the rotation distributions (marked by arrows) deviate
significantly from the values of £90° expected in the purely
strain-mediated model. Comparing Figs. 5 and 6, we notice
that the preferential orientations induced by P, are different
(about orthogonal) in the two regions investigated. Whatever
the mechanism driving this change, its effect is not uniform
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FIG. 6. Data analogous to those of Fig. 5, on a different portion of the same Fe/PMN ¢-PT(4(001) sample.

all over the surface of the sample, in accordance with the Kerr
microscopy data presented above.

Moreover, in the case of Fig. 5 we have observed how the
presence of a surface crack locally increases the complex-
ity of the magnetic configuration at remanence. This can be
attributed to the breaking of the exchange coupling across
the crack, and to a modification of the dipolar interaction
between the terraces in the two states. This is a direct proof
of how morphologic effects locally play a role in the magnetic
configuration of multiferroic heterostructures.

C. Magnetoelectric coupling in Fe/PMN-PT (011)

We compared the previous results with similar preliminary
experiments on PMN,7-PT(3(011), which is more com-
monly used to fabricate multiferroic heterostructures. This
substrate display also an electrically controlled, reversible
surface cracking. Therefore, this phenomenon seems not to
be limited to a particular cut or composition. However, the
pattern of the cracks and their dimensions are quite different
for the two cases, in both density and step height. In PMN-PT
(011), cracks can be some millimeters long, and are mostly
oriented parallel to the [100] direction, separated by fractions

of millimeters (see Fig. 7, panel a). Not all the cracks dis-
appear in the Py, State, but only about half of them (panel
b). Optical interference profilometry data (panels c, d) show
that the step height is a few hundreds of nanometers, which
is about one order of magnitude larger than that observed for
PMN-PT(001).

We can understand qualitatively the striped pattern of the
cracks from crystallographic considerations. For the (011) cut
the two in-plane lattice constants are not equivalent: [0-11] is
longer than [100]. We may expect that the internal stresses that
build up inside the crystal during the out-of-plane polarization
will be anisotropic, resulting in cracking along a preferential
direction [41].

Magnetoelectric coupling in Fe/PMN-PT (011) was stud-
ied by longitudinal MOKE, measuring hysteresis loops for
different orientation of magnetic field H [Figs. 7(e) and 7(f)].
These measurements probe the magnetic properties averaged
on a macroscopic area determined by the size of the laser
spot (about 1 mm in diameter). The effect of switching P
from down to up is to rotate the magnetic anisotropy by
90°, de facto swapping the hard and easy axes. The com-
plete dataset is available in the Supplemental Material file,
Fig. S2 [42].

004400-6

297
208
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

319



[U10138

320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

343

PRMATERIALS November 9, 2020 19:14

INTERPLAY BETWEEN MORPHOLOGY ...

PHYSICAL REVIEW MATERIALS 00, 004400 (2020)

PMN, ;-PT,5 (011)

1100 75 5.0 25 00 25 50 7.5 100
Magnetic Field (mT)

’ { Pdown
"f’j-s
Ko, M S
% 1 [o-11]
= iy
0=0deg 7
E‘ L -
= 1 ]
]
st _
—
S L . , X . . . . ]
© [ 0=90deg
R ]
7z —
cof 1S
< 0 e 1 =

0.6 um

0.4 pm

0.2 ym

0 pm

o6t
Zoaf
=
02t
Loof
0.0

0.2 0.3

length (mm)

0.1

® Dpristine

FIG. 7. Changes in morphology and magnetoelectric coupling in PMN-PT(011). (a) Optical microscope image in the cracked state (b)
after reversing the polarization. (c) Optical profilometer image of in the P, state. (d) Cross section of the image across the dashed line.
(e) Longitudinal MOKE hysteresis loops for two orthogonal orientation and different polarization state of the substrate. (f) Polar plot of the
magnetic remanence Mg normalized to the magnetic saturation Mg, for the pristine and polarized cases, as obtained by MOKE.

MOKE measurements were done at zero electric bias after
sweeping the voltage up to a value well beyond the coercive
field and then back to zero [see Fig. 1(c)]. A similar rotation of
the magnetic easy axis in FM/PMN-PT (011) usually requires
a precise tuning of the maximum applied voltage close to the
ferroelectric coercive field. The phenomenon that we observe
is more robust, hence more appealing for applications. XMCD
characterizations of the same sample, with a spatial resolution
determined by a x-ray spot size of 100 um, show that the rema-
nent magnetization changes in the same direction throughout
the surface, although varies in intensity (see Supplemental
Material file, Fig. S3 [42]).

We have seen that, for both the compositions and sub-
strate cuts studied, cracking of the surface corresponds to
a change in magnetic anisotropy. The difference lies in the
spatial variation of the effect. In the (011) case, cracking
happens in a quite ordered manner, uniformly on a macro-
scopic scale. Consequently, a net magnetoelectric effects is
observed (MOKE data), although there are quantitative dif-
ferences on the submillimeter scale (probed by XMCD). In
the (001) case instead, the cracks are dense, highly irregular,
and their shape varies drastically on the 100-yum scale. There-
fore, magnetoelectric effects vary substantially on the same
scale: opposite effects on M in response to the same electric

polarization were observed, according to the mesoscopic area
probed and the crack pattern [38]. Another difference lies
in the relationship between cracks and easy axis. While in
PMN-PT(001) cracking favors an easy axis perpendicular to
the cracks, in PMN-PT(011) the opposite was found. Thus,
the interplay between morphology and magnetic anisotropy
seems to depend strongly on the length scale of the former.

III. DISCUSSION
A. Reversible cracking of PMN-PT: Possible origin

The origin of the observed unusual morphological effect in
PMN-PT may reside in the internal stress that develops inside
the crystal during electrical poling, probably due to the initial
multidomain state. Indeed, fatigue in relaxor ferroelectrics
induces preferential cracking along the domain boundaries
[43,44]. When two adjacent ferroelectric domains switch fol-
lowing different rotation paths, the shear strain may be enough
to produce a crack [37]. Therefore, we may expect the crack-
ing pattern to carry an imprint of the pristine distribution of
ferroelectric domains. This is however not evident comparing
with the reports present in the literature.

The ferroelectric domains in tetragonal PMN_-PT,
(001) (x > 0.4) form regions separated by 90° walls
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alternate in a striped pattern, with a 10-30-um width. This
scale matches with the crack separation we observe in some
regions. Each stripe is finely subdivided into smaller domains
separated by 180° walls. Moreover, a-c and a-a striped regions
are separated on a mesoscopic scale [45]. In rhombohe-
dral PMNj 7-PT( 3(001) instead, ferroelectric domains usually
form either fingerprintlike patterns with a lateral scale of a
fraction of micrometer or irregular stripelike patterns a few
micrometers long, identified as formed by 180° domain walls
[46]. Zigzag (“tire-track’) patterns were also observed, with a
typical lateral scale of 2-3 pm, and interpreted as copenetrat-
ing 71°/109° domain walls [45]. Such features are not present
in the crack pattern observed. For the (011) cut, regions with
fingerprintlike or “tweed”-like domain patterns alternate in
a striped array [47]. However, the observed crack separation
for rhombohedral PMN-PT(011) (i.e., x = 0.3) is way larger
than the domain patterns previously reported. These consider-
ations show that it is not straightforward to associate surface
cracks with ferroelectric domain walls or vice versa. However,
the domain patterns in ferroelectrics are known to depend
on the thermal history of the sample, and this may be the key
for the observation of reversible cracking.

B. Morphology and magnetic properties

We have shown that the magnetic properties of Fe/PMN-
PT heterostructures are strongly influenced by the ferro-
electric polarization of the substrate, including its surface
morphology. Often magnetoelectric coupling in FM/PMN-PT
heterostructures has been described as purely strain mediated.
However, some observations clash with this simple hypoth-
esis, due to the complex relation between the ferroelectric
domains microstructure and the cracks formation. First, the
strong magnetoelectric coupling comes by switching P out
of plane, which implies that the Py, and Pyown configura-
tions should be structurally- (and strain-) symmetric for both
tetragonal PMN-PT(001) and rhombohedral PMN-PT(011).
Furthermore, we may intuitively expect different strains in
regions separated by cracks, as modeled by Liu er al. [37]
They proposed that the origin of the cracking might be the
shear strain built up at a ferroelectric domain wall, when one
domain is pinned and the other undergoes a 109° rotation. In
this scenario, regions separated by a crack should be subject
to a different in-plane strain, and therefore they should display
a different magnetic anisotropy, with the easy axes 90° apart.
Our Kerr microscopy analysis show that this is not the case,
since all the stripes react in a similar way upon switching of
electrical polarization. PEEM data also show the same pref-
erential orientation of M in regions separated by a crack (see
Fig. 5), and a wide distribution of rotation angles between P,
and Pyown (Figs. 5 and 8) different from A9 = +90° expected
for strain-mediated coupling in rhombohedral PMN-PT(001)
(£62° considering the effect shear strain in rhombohedral
PMN-PT (011) [32]). These facts question the intuitive cor-
respondence between cracks, ferroelectric domain walls, and
change in magnetic anisotropy. If cracks are formed by some
inhomogeneous local force during ferroelectric switching,
whatever causes the rotation of magnetic anisotropy has a
larger characteristic length scale. Finally, dipolar interactions
may play an important role in the observed relation between

morphology and magnetic anisotropy. We can try to model
two terraces separated by a crack as two interacting pointlike
dipoles, separated by a vector 7 perpendicular to the crack (see
Supplemental Material file [42] for a more detailed discus-
sion). For two interacting magnetic dipoles, the lowest-energy
state is when both are parallel and aligned with 7. This con-
figuration is lower in energy compared to the one in which the
dipoles are parallel/antiparallel but perpendicular to 7. There-
fore, in this crude approximation, we expect them to orient
with M roughly perpendicular to the crack, in agreement with
our observation on PMNj¢-PTy4(001) (see Figs. 4 and 5).
Detailed micromagnetic simulations would be necessary to
establish if dipolar interactions quantitatively account for the
observed rotation of the magnetic easy axis.

In any case, from our set of results it results that a crucial
parameter Fe/PMN-PT heterostructures is the crack pattern
on a micro- to mesoscopic scale. These considerations suggest
abandoning the simplified connection between local stress and
cracking of PMN-PT.

IV. CONCLUSIONS AND PERSPECTIVES

Our study addresses the complexity of magnetoelectric
coupling in FM/PMN-PT heterostructures, and enlightens the
role of morphology. We showed that PMN-PT displays elec-
trically controlled and reversible cracking as a general feature,
common to different substrate cuts and compositions. Strong
magnetoelectric coupling was observed in all the Fe/PMN-
PT heterostructures investigated, showing a correlation with
their morphological changes. PMNj 7-PT3(011) can display
a relatively ordered cracking pattern on a macroscopic scale,
and the effect of the switching of P on the magnetic properties
is homogeneous as well. In PMN 4-PT( 4(001) the cracking
pattern is much denser and varies widely on a mesoscopic
scale; its switching of P induces very different changes on
the magnetization M, according to the position investigated.
Kerr microscopy shows that reversal of P induces coherent
changes on the magnetic hysteresis loop in regions separated
by a crack, meaning that the mechanism responsible for mag-
netoelectric coupling varies on a lateral scale larger than the
one responsible for the fracturing, and cracks formations may
not be due to 109° ferroelectric domain rotations. XMCD-
PEEM studies showed a wide distribution of electrically
induced magnetic domain rotation angles, including the effect
of dipolar fields in the proximity of a crack. In general, the
observed phenomenon is a voltage-controlled modification of
the magnetic anisotropy energy. However, the coexistence of
reversible morphological changes and lattice strain, and their
correlation to the magnetic anisotropy, makes the magneto-
electric coupling picture more intricate than what is generally
reported. Deepening the understanding of reversible cracking
of PMT-PT is necessary to tailor the properties of multiferroic
heterostructures for realistic applications, and magnetoelectric
devices based on purely morphological effects can be envi-
sioned [48].
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APPENDIX: EXPERIMENTAL METHODS

All the experiments here reported were performed at room
temperature.

1. Sample preparation

Substrates of PMNj 6-PT(4(001) (purchased from Sur-
faceNet GmbH) and PMN,7-PT(3(011) (from Testbourne
LTD) were cleaned and rinsed in ultrasonic bath with ace-
tone, ethanol, and deionized water and finally introduced in
the deposition chamber [49]. Here an Fe film of 4 nm was
grown by electron-beam evaporation on the substrates, kept at
room temperature. The samples were then capped in situ by
3-5 nm of either MgO (for XMCD-PEEM, evaporated from
a single crystal by electron bombardment) or Au (for Kerr
microscopy, deposited by electron-beam evaporation from a
dedicated crucible). In the sample for Kerr microscopy char-
acterization, an interlayer of SiO, (10 nm) was deposited
between the substrate and the Fe film to remove any eventual
substrate-induced texture in the ferromagnetic layer. Details
on the deposition conditions can be found in Ref. [38].

2. Morphological characterization

The topographic characterization of the (001)-oriented
samples was done by AFM measurements in tapping mode,
acquired with an A100 microscope of A.P.E. Research. The
samples were measured at ambient pressure and tempera-
ture, using the sample holder connections in the measurement
position to switch the electric polarization of the substrates.
The AFM tip was lifted during the application of the bias to
avoid surface damaging during the morphological transitions.
All measurements were done under no voltage applied, after
switching the polarization, using cantilevers with stiffness of
40 Nm and length of 125 pum. On (011)-oriented substrates,
the morphology was characterized with a three-dimensional
(3D) noncontact optical profilometer (Filmetrics) using a 50-
wpm field of view in white-light interferometry mode. Finally,
optical microscopy was used to visualize large surface areas
in the two polarization states. Here we employed an HQ

Graphene microscope for PMN-PT (011) substrates and the
Kerr microscope for PMN-PT (001) substrates.

3. PEEM measurements

Photoemission microscopy (PEEM) experiments were per-
formed at the 106 beamline of Diamond Light Source. Before
being introduced in the experimental chamber, all the sam-
ples were demagnetized by applying an alternating decreasing
magnetic field. In the PEEM experiment, the x-ray beam
hits form an angle of 16° with the surface of the sample.
Secondary electron emission from the sample was imaged
with an Elmitec SPELEEM-III microscope, with a 50-um
field-of-view. Measuring an XMCD asymmetry image for two
orthogonal sample orientations allows reconstructing a 2D
vector map of the magnetization. A proper dedicated sample
holder allows for application of a voltage up to 300 V across
the sample thickness in situ [S0]. Magnetization vector maps
were measured after switching the polarization up or down,
with zero applied electric field. No magnetic field was applied
during the PEEM experiment.

4. MOKE and Kerr microscopy

Magnetic hysteresis loops were collected by longitudinal
magneto-optical Kerr effect on the pristine samples. We em-
ployed a blue laser (wavelength 435 nm) with s polarization,
and the reflected intensity was modulated by a photoelastic
modulator (PEM) at 50 kHz before passing through an an-
alyzer with the axis approximately at 45° from the plane of
incidence. The signal coming from the detector was fed to a
lock-in amplifier, which uses the PEM signal as a reference
[49].

Kerr microscopy measurements were performed at the
Nanomagnetism Laboratory of the PoliFab laboratory of the
Department of Physics at Politecnico di Milano (Polifab),
using an optical wide-field polarization microscope (Zeiss
Axiotron II) customized in-house for Kerr microscopy. All the
measurements were performed in longitudinal configuration.
Images are acquired by a high-resolution, high-sensitivity,
and low-noise digital complementary metal-oxide semicon-
ductor camera by Hamamatsu (ORCA-spark C33662-58U).
The magnetic hysteresis loops are obtained by selecting an
arbitrary region of interest and thus integrating the intensity
collected by the corresponding pixels using the camera as a
conventional photodetector. The signal for each pixel is pro-
portional to the magnetization along the sensitivity direction,
which is parallel to the externally applied magnetic field in
these measurements. The electrical polarization of the sub-
strate can be switched without removing the sample from the
microscope, thanks to a specific mounting.
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