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Supplementary Note 1
In-plane orientation of PMN-PT substrate and transferred LSMO film

In-plane phi-scans around high-intensity reflections (Supplementary Figure 1) confirmed a
2-fold symmetry in our PMN-PT (011)pc substrates, and revealed 4-fold symmetry in our
transferred LSMO (001)pc films. A comparison of phi-scans reveals that the high-symmetry
axes ([010] || b in LSMO, [011]]|y in PMN-PT) were misaligned by 5° (Samples A,B) or
20° (Sample C).
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Supplementary Figure 1. In-plane phi-scans around high-intensity reflections in LSMO
and PMN-PT. (a) Family of 011, reflections for LSMO. (b) Family of 013pc reflections for
PMN-PT. The misorientation between the crystal axes of two materials is 5°. Data for
Sample A.



Supplementary Note 2
The interfacial layer between transferred LSMO and platinized PMN-PT

Cross-sectional scanning transmission electron microscopy (STEM) revealed the presence of
a 10 nm-thick amorphous layer between the LSMO film and top electrode of the platinized
PMN-PT substrate (Supplementary Figure 2a). This amorphous layer, which mediates the
strain-mediated magnetoelectric effects that we observed, was found to be flat and uniform
over several microns in our STEM lamella. The maximum thickness variation was 2 nm, and

we may infer that contaminants did not self-assemble into large pockets?.

Elemental analysis revealed that the amorphous layer contained Si, O and accumulation of C
at both interfaces (Supplementary Figure 2b). We attribute these residuals to the partial
degradation of the PDMS membrane during the SrRuOs etch (no residuals of Sr or Ru are
apparent). Carbon may also be present near the Pt electrode due to adsorbed hydrocarbons,
which typically become trapped between substrates and transferred two-dimensional

crystals?2,

Electron energy loss spectroscopy (EELS) images obtained at the Mn Ls/L2 edges (not shown)
did not identify a change of Mn oxidation state in the LSMO film near its interface with the
amorphous layer. This implies a weak van der Waals-like bonding rather than chemical

reaction, as suggested for LSMO transferred to Si substrates®.
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Supplementary Figure 2. Detail showing the amorphous layer between LSMO and the
platinized PMN-PT substrate. (a) Bright-field cross-sectional STEM image for
LSMO:PMN-PT, and energy dispersive x-ray (EDX) image of the adjacent region showing
selected elements in each layer. Scale bars in (a) are 5 nm. (b) The region highlighted red in (a)
is magnified at left. The other panels in (b) show EELS data for this area, namely images
obtained at the as-specified carbon, oxygen and silicon edges (presented separately and
together); and the K-edge intensity distribution for C and O (normalised counts do not indicate
relative composition). Scale bars in (b) are 2 nm. All data for sample C.



Supplementary Note 3
Lattice parameters for the precursor LSMO/SRO//STO sample

A reciprocal space map around the asymmetric 103 STO reflection yields the in-plane lattice
parameter a and its out-of-plane counterpart ¢ for all three materials in the precursor sample
(Supplementary Table 1). The in-plane lattice parameters for all three materials match well,
indicating that the SRO and LSMO films both grew coherently on the STO substrate.
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Supplementary Figure 3. XRD reciprocal space map around the STO 103 reflection. The
in-plane lattice parameters for all three materials are similar. STO is cubic, SRO and LSMO
are indexed as pseudocubic. Intensity scale runs from blue (low) to red (high).

a(R) c(A)
STO 3.906 3.904
SRO 3905 3.944
LSMO 3.905 3.841

Supplementary Table 1. Lattice parameters for all three materials. Cubic (STO) and
pseudocubic (SRO and LSMO) lattice parameters a and ¢ are given for the in-plane and

out-of-plane directions, respectively.



Supplementary Note 4
Surface topography of transferred LSMO and platinized PMN-PT

Atomic force microscopy images of the transferred LSMO film (Supplementary Figure 4a) and
an exposed region of the platinized PMN-PT substrate (Supplementary Figure 4b) are both

dominated by topographical features that arise from ferroelectric domains spanning roughly
1-5 pum.

Supplementary Figure 4. Surface topography for LSMO:PMN-PT. Atomic force

microscopy (AFM) images of (a) transferred LSMO and (b) the exposed Pt/PMN-PT. Data
from sample B.



Supplementary Note 5
Cracks in the LSMO film

We observed randomly oriented cracks in the LSMO film after transfer to the flexible PDMS
membrane (inset, Supplementary Figure 5). It therefore follows that we observed cracks in the

LSMO film after it had been subsequently transferred to the platinized PMN-PT substrate
(Supplementary Figure 5).
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Supplementary Figure 5. Cracks in the LSMO film during and after transfer. Scanning
electron microscopy (SEM) image of LSMO:PMN-PT showing the transferred LSMO film
(dark) and exposed regions of the platinized PMN-PT substrate (bright). Inset: optical
microscopy image of the same LSMO film on the PDMS membrane before transfer to the

platinized PMN-PT (no scale recorded). Data for Sample C (main image) and precursor
LSMO (inset).



Supplementary Note 6
Curie temperature enhancement in LSMO following strain release

The Curie temperature of LSMO was enhanced by the release of epitaxial growth strain, as
determined after subsequent transfer to PMN-PT (Supplementary Figure 6).
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Supplementary Figure 6. Curie temperature enhancement in LSMO following strain
release. Temperature-dependent remanent magnetization for LSMO in LSMO/SRO//STO after
growth (red) and in LSMO:PMN-PT after transfer (blue). Data were obtained on warming in
zero magnetic field in a SQUID magnetometer, after having applied a saturating in-plane field
of 400 Oe along an arbitrary direction at room temperature. The samples used here are similar
to those described elsewhere in this paper, permitting qualitative comparison only.



Supplementary Note 7
XRD measurements of the transferred LSMO film

Our transferred LSMO film displayed split x-ray reflections (Supplementary Figure 7a,b),

permitting us to infer that it comprised twins of orthorhombic LSMO with different in-plane

lattice parameters.

All four reflections that we show in Supplementary Figure 7 undergo small shifts on electrically
switching between the remanent states that we label A and B. These shifts are only just resolved,
which we infer to be a consequence of measuring small twins on a topography determined by

the underlying ferroelectric domains.
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Supplementary Figure 7. Structure of the LSMO film at remanent states A and B in
LSMO:PMN-PT. (a-d) X-ray diffraction 26-w scans showing four LSMO reflections in
remanent states A (purple) and B (orange). Lines are fits to data. Data for Sample A.



Supplementary Note 8
Electrically driven phase transition in PMN-PT

Here we show that electrically induced switching of electrical polarization (Supplementary
Figure 8a) and macroscopic strain (Supplementary Figure 8b,c) are associated with the
interconversion of orthorhombic (O) and rhombohedral (R) phases. We identify this
interconversion from reciprocal space maps (Supplementary Figure 8d,e) for the (222),c and
(031)pc lattice planes (Supplementary Figure 8f), whose asymmetric x-ray reflections undergo
complementary splitting (Supplementary Figure 8g,h) due to the presence of domains

(Supplementary Figure 8i,j).

Specifically, our reciprocal space maps for the 222, (Supplementary Figure 8d) and
031pc (Supplementary Figure 8e) reflections reveal that:

e There was essentially a single broad peak after thermal depolarization.

e On applying and removing -10 kV cm™!, there was a single 222, reflection and a split
031, reflection, implying the formation of O1,2 domains.

e On approaching the peak strain at 2.67 kV ¢cm™!, the single 222, reflection observed after
poling was replaced by a split peak, and the split 031, reflection observed after poling
was replaced by a single peak, implying the formation of Ri.2 domains. The concomitant
formation of minority R34 domains with in-plane polarizations’ is evidenced by the
creation and subsequent destruction of an additional 031y reflection with low intensity.

e At3.33kVcm’, the O12 domains began to reappear.

e At higher fields, the switching current approached zero, the strain approached saturation,

the O12 domains were re-established and the R phase was eliminated.

The two strain states that we achieved at electrical remanence® (Fig. 2b in main paper) are
therefore identified with the O and R phases in our major loop here as follows:
e The A state obtained after removing a saturating field is identified with the O phase
observed here after poling.
e The B state obtained after reaching the coercive field on a major loop and then removing
the applied field is identified with the R phase observed here near the coercive field.
Note that states A and B were obtained after positive poling (Fig. 2b in main paper), while the
corresponding states identified here were obtained after negative poling (Supplementary
Figure 8d,e), such that permitted directions of polarization (red arrows, Supplementary

Figure 8i,j) are reversed.
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Supplementary Figure 8. Electrically driven phase transition in PMN-PT. (a-c) For major
loops of electric field £, we show (a) polarization P (grey) deduced from switching current
I (orange), and in-plane strains (b) & and (c) &. Coloured points identify coloured kV c¢cm’!
values of E in (d,e), where we show reciprocal space maps around the (d) 222pc and (e) 03 1pc
reflections obtained first at zero-field after a rejuvenating anneal in air at 150 °C, then at
zero-field after negative poling, and then at increasing values of E. Intensity scale runs from
purple (low) to red (high). Scattering vector g = (2/A)sin(#) for Bragg angle 6. Data in (a-c)
acquired simultaneously using PMN-PT from the same master as sample A. Data in (a-¢) for
Sample A. (f) Pseudocubic unit cell showing the (011),c surface (two bold black lines) and the
(222)pc and (031)pc lattice planes. (e-j) For the R-phase (orange) and O-phase (purple),
schematics of the reciprocal space maps show the (g) 222pc and (h) 031y reflections, which are
split (solid outlines) or unsplit (dashed outlines) according to whether (i,j) the projections of
the unit cell over the corresponding real-space planes present twinning (solid outlines) or not
(dashed outlines). Red arrows in (i,j) denote permitted directions of polarization.



Supplementary Note 9
Creation of the A and B remanent states in LSMO:PMN-PT

The four-fold anisotropy in LSMO after transfer (Fig. 1e of the main paper, reproduced in
Supplementary Figure 9a) was modified by 30 bipolar cycles that each comprised major or
minor loops of the type used to measure macroscopic magnetoelectric effects (Fig. 3 of the
main paper). The inclusion of minor loops permitted access to remanent states A and B, whose

evolution is shown in Supplementary Figure 9b-d.

Supplementary Figure 9. Creation of the A and B remanent states in LSMO:PMN-PT.
(a-d) Polar plots of loop squareness M:/Ms based on data obtained (a) for the virgin state, and
then after (b) 2, (c) 5 and (d) 30 bipolar cycles (that each comprised either a major loop
accessing remanent state A, or a minor loop accessing remanent states A and B). Magnetic
remanence is denoted M, saturation magnetization is denoted Ms. Data in (a) matches data in
Fig. 1e of the main paper. Data in (d) matches data in Fig. 4c,d of the main paper.



Supplementary Note 10
Reproducibility of macroscopic magnetoelectric measurements

Major loops of M,(E) for sample A (Fig. 3 in the main paper) and two similar samples are

similar (Supplementary Figure 10).

Supplementary Figure 10 also shows that magnetoelectric effects are completely suppressed
by a saturating magnetic field. This confirms our expectation’ that there are no strain-driven
changes in the magnitude of the local magnetic moment, consistent with the magnetic rotations

that we observed (Fig. 5 in the main paper).
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Supplementary Figure 10. Macroscopic magnetoelectric effects in LSMO:PMN-PT.
In-plane magnetization component M. normalized by saturation magnetization Ms Versus
electric field £. The lower three plots were measured for Samples A-C in zero magnetic field
H, after applying and removing H = 1 kOe along x. The uppermost plot was measured for
Sample A with H = 1 kOe along x.



Supplementary Note 11

Influence of cracks on the magnetic domain structure

In three regions of the LSMO:PMN-PT sample, cracks (left panels in Supplementary
Figure 11) were found to coincide with a subset of magnetic domain perimeters (right panels
in Supplementary Figure 11), suggesting that cracks are at least partially responsible for the

coercivity enhancement in the transferred film.
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Supplementary Figure 11. Correlation between cracks and magnetic domains in
LSMO:PMN-PT. Photoemission electron microscopy (PEEM) images for three different
areas of the sample, with contrast from (left) x-ray absorption spectroscopy (XAS) and (right)
x-ray magnetic circular dichroism (XMCD). Red arrow denotes the in-plane projection of the
grazing-incidence x-ray beam. Data for Sample A.



Supplementary Note 12

Simulation of magnetoelectric effects

First, we will present a free energy density that describes the magnetoelectric effects in our
transferred LSMO film, where the observed inhomogeneity is attributed to an invariant uniaxial
stress anisotropy arising from the transfer. Then we will use this free energy density to simulate
macroscopic and microscopic magnetoelectric effects, for comparison with our experimental

observations.

Free energy density

The inhomogeneity that we observed in our XMCD-PEEM vector maps (Fig. 5 in the main
paper) evidences different types of region in our transferred LSMO film. We will arbitrarily
consider there to be nine types of region, and we will neglect exchange coupling between
adjacent regions. The free energy density F for the LSMO film may then be written as:

9
FE)= ) F(4,E), ®

i=1
where Fi denotes the total free energy density for all distributed regions of the i*" type, where
the local magnetization in regions of the i" type adopts direction ¢, where the magnitude of
the local magnetization is equal to the saturation magnetization Ms = 425 emu cm™ of the
transferred LSMO film (blue data, Fig. 1d in the main paper), and where E denotes the electric
field applied across the PMN-PT substrate. The function Fi(#,E) is given by:

Fi(¢l.,E) =-K, sin2(¢i - oc) cosz(¢i - a) - K (eee(E)) cosz(¢l, - ﬂ) -K, cosz(¢i - qol.), (2

where each term on the right is described below. Positive angles (¢, a, g and ¢,) imply

anticlockwise rotations with respect to the x direction in PMN-PT as viewed from the LSMO

film.

Magnetocrystalline anisotropy

The term -K. sin’( 4, - &) cos?(¢, - ) is common to all nine types of region in the LSMO film,
and describes the four-fold magnetocrystalline anisotropy (ref. 45 in the main paper), for which
a =40° is one of the hard directions (Fig. 1e in the main paper). The anisotropy constant

Kc = HaMs/2= 3.5 kJ m™ was estimated from the values of anisotropy field Ha = 165 Oe and



saturation magnetization Ms = 425 emu cm that we measured for the transferred LSMO film
(blue data, Fig. 1d in the main paper). Supplementary Figure 12a shows a polar plot of the
magnetocrystalline anisotropy density for the LSMO film.

Piezostress anisotropy

The term -K; (e.i(E)) cos?( 4, - B) is common to all nine types of region in the LSMO film, and
describes the uniaxial stress anisotropy due to piezoelectric strain from the substrate. For this
term, £ = 0° is the hard direction for the negative value of anisotropy constant K, (e.;(E)) in
state A, and £ =90° is the hard direction for the positive value of anisotropy constant
K (eer(E)) in state B. The anisotropy constant K (e.q(E))=3\Eye.r(E) changes sign due to
electrically driven changes in the effective strain® eefi(E) = e (E) - &,(E)]/(1 + v) experienced
by the LSMO film, where:

e &(E)and &(E) are the electric-field dependent strains transmitted by the PMN-PT
substrate (Fig. 2a in the main paper);

e strain-transfer coefficient n = 40% was found to be reasonable by comparing our results
for Mx(E) and My(E) (Supplementary Figure 13) with our macroscopic measurements
(Fig. 3 in the main paper);

e the LSMO Poisson’s ratio v = 0.33 was calculated from the strain in our epitaxial
LSMO film prior to transfer (the XRD data in Fig. 1c in the main paper implies an
out-of-plane pseudocubic lattice parameter of 3.841 A, the SrTiOs substrate implies an
in-plane pseudocubic lattice parameter of 3.905 A, and the bulk lattice parameter of
LSMO was taken to be® 3.873 A);

e Wweassumee,=0;

e LSMO magnetostriction®® 1 = 3 x 10°>;

e LSMO Young’s modulus!! Ey = 100 GPa.

Supplementary Figure 12b shows a polar plot of the electrically controlled stress anisotropy
density for the LSMO film.

Constant stress anisotropy

The term -K,, cosz(¢i - (ol.) describes a uniaxial stress anisotropy, which we assume to arise in
the i type of region due to stress arising from the transfer of the LSMO film (we set Ku = Ke).

The nine types of region are characterized by nine equally separated directions ¢, = % Each



of these directions describes an easy axis for -K, cos?(¢4, - ¢.), and collectively the nine
directions average to zero (consistent with our macroscopic measurements of strain and
magnetic anisotropy). Supplementary Figure 12c shows polar plots of the constant stress
anisotropy for each type of region. The free energy density F,~(¢l.,E) for each type of region is
shown in Supplementary Figure 12d for state A, and in Supplementary Figure 12e for state B.

The free energy density F(E) for the LSMO film displays a two-fold anisotropy (Fig. 12f), with
the easy axis along y (state A) or x (state B), as observed experimentally (Fig. 4 in the main

paper).
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Supplementary Figure 12. Polar plots of energy density. (a) Polar plot of the
magnetocrystalline anisotropy density, which is common to all nine types of region in the
LSMO film. (b) Polar plot of the electrically controlled stress anisotropy density, which is
common to all nine types of region in the LSMO film, and differs for states A and B. (c) Polar
plots of the constant stress anisotropy density for the nine types of region in our LSMO film
that encode the observed inhomogeneity. (d,e) Polar plots of the free energy density Fi(¢i,E)

for all nine regions when the sample adopts (d) state A and (e) state B (data obtained by
summing the plots in (a-c), the four plots with bold outlines are shown in the main paper as
Fig. 5g,h). (f) Polar plot of the free energy density F(E) for the entire LSMO film, when the
sample adopts states A and B (data obtained by summing the plots in (d) and (e), respectively).



Simulation of macroscopic magnetoelectric effects
The free energy density F(E) for the LSMO film was used to simulate plots of Mx(E) and My(E)
at magnetic remanence, for comparison with our macroscopic magnetoelectric measurements

(Fig. 3 in the main paper).

To account for the initial application and removal of the saturating magnetic field along the
measurement axis, we added the magnetostatic energy density -MsHcos(¢i - ») to the free
energy density Fi(#,E) for each type of region. Here, H = 1000 Oe denotes the magnitude of
the saturating field that we used in our experiments, y denotes the measurement direction

(y = 0° for x and y = 90° for y), and Ms = 425 emu cm (see earlier).

After thus obtaining the nine values of ¢i that describe the state of the film at magnetic
remanence, we used the following three steps to identify Mx(E) and My(E) (Supplementary
Figure 13). First, we used our experimentally obtained plots of &(E) and &/(E) (Fig. 2a in the
main paper) to obtain eerf(E). Second, we used eeri(£) to minimize Fi(¢,E) for each type of
region, and thus obtain the nine magnetization directions ¢ for every tenth experimental value
of E. Third, we summed the projections of the nine magnetization vectors along x to obtain
Mx(E), and along y to obtain My(E).

Our plots of Mx(E) and My(E) (Supplementary Figure 11) are similar to our experimental results
(Fig. 3 in the main paper). The constant stress anisotropy term is responsible for rendering the
peaks in Mx(E) and the troughs in My(E) as broad as their experimental counterparts. Moreover,
the constant stress anisotropy term renders the plots of Mx(E) and My(E) repeatable on further

electric-field cycling.
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Supplementary Figure 13. Calculated magnetoelectric effects. Predicted plots of Mx(E) and
My(E), normalized by saturation magnetization Ms.

Simulation of microscopic magnetoelectric effects
The free energy density F(E) for the LSMO film was used to simulate electrically driven
magnetic domain rotations in zero-magnetic field, for comparison with our corresponding

microscopic observations based on XMCD-PEEM vector maps (Fig. 5a-f in the main paper).

To identify the demagnetized starting state at E=0, we set the initial directions of
magnetization in each type of region at random, with the constraint that all nine directions be
equally spaced in angle. We then minimised Fi(¢,E) for each type of region, in order to obtain

nine values of ¢ that no longer averaged exactly to zero.

After thus obtaining the nine values of ¢ that describe the demagnetized starting state at E = 0,
we used the following three steps to identify the electrically driven angular changes A gi
between states A and B (Supplementary Table 2, Supplementary Figure 14). First, we used
our experimentally obtained plots of &(E) and &,(E) (Fig. 2a in the main paper) to obtain geff(E).
Second, at every tenth experimental value of E, we used &ef(E) to minimize Fi(#,E) for each
type of region and thus obtain nine magnetization directions ¢. Third, we identified the nine

values of ¢ for states A and B in the electrical cycle.



The resulting values of A¢i reproduce key features of our experimental observations because
they are widely distributed in magnitude (from a few degrees up to 62°), and because some
rotation angles calculated here (Regions of type 7, 9 and 3, Supplementary Table 2) are similar

to those observed experimentally (Regions 1-3, Fig. 5f in the main paper).

Region o ¢;in ¢;in Ap.(°)  Colour
of typei state A (°) state B (°) l
1 0 176 178 2 .
2 20 111 173 -62 0
3 40 -109 -161 -52 [ |
4 60 -102 -112 -10 2
5 80 -95 -99 -4 .
6 100 -88 -87 1 =
7 120 -81 -68 13
8 140 74 21 53
9 160 108 169 61

Supplementary Table 2. Calculated magnetization directions. For the nine types of region
defined by the direction ¢, of the constant uniaxial stress anisotropy, we give values of ¢ for

states A and B. These values and the corresponding changes Ag, are presented in
Supplementary Figure 12 using the colour code defined here.

Supplementary Figure 14. Calculated magnetization directions. Visual presentation of the
data in Supplementary Table 2. Values of ¢ in State A (empty circles) and State B (filled
circles) differ by Agi (shaded sectors).
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