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Giant reversible anisotropy  
changes at room temperature in a  
(La,Sr)MnO3/Pb(Mg,Nb,Ti)O3 
magneto-electric heterostructure
Rajesh Vilas Chopdekar1, Michele Buzzi2, Catherine Jenkins3, Elke Arenholz3, Frithjof Nolting2 
& Yayoi Takamura1

In a model artificial multiferroic system consisting of a (011)-oriented ferroelectric Pb(Mg,Nb,Ti)O3 
substrate intimately coupled to an epitaxial ferromagnetic (La,Sr)MnO3 film, electric field pulse 
sequences of less than 6 kV/cm induce large, reversible, and bistable remanent strains. The magnetic 
anisotropy symmetry reversibly switches from a highly anisotropic two-fold state to a more isotropic 
one, with concomitant changes in resistivity. Anisotropy changes at the scale of a single ferromagnetic 
domain were measured using X-ray microscopy, with electric-field dependent magnetic domain 
reversal showing that the energy barrier for magnetization reversal is drastically lowered. Free energy 
calculations confirm this barrier lowering by up to 70% due to the anisotropic strain changes generated 
by the substrate. Thus, we demonstrate that an electric field pulse can be used to ‘set’ and ‘reset’ the 
magnetic anisotropy orientation and resistive state in the film, as well as to lower the magnetization 
reversal barrier, showing a promising route towards electric-field manipulation of multifunctional 
nanostructures at room temperature.

While single phase multiferroic materials exist in nature, often they have relatively weak magnetoelectric coupling 
and their ordering temperatures are well below ambient conditions. In an effort to develop room-temperature 
magnetoelectric functionality, there has been a strong thrust of research in the direction of artificial multiferroics 
consisting of composite structures1,2. A magnetoelectric property from cross coupling of different ferroic phases 
may arise due to a structural interaction as in magnetostrictive-piezoelectric composites3, or may be produced 
from an electric charge-based phenomenon such as through the use of a gate voltage in proximity to a ferromag-
netic channel4. This emergent magnetoelectric functionality has been recently implemented in so-called ‘strain-
tronic’ device designs to minimize active power consumption as compared to more conventional current-assisted 
nanomagnet memory writing schemes5,6.

Imaging of the local control of magnetic properties via strain has been recently demonstrated in magnetic 
materials such as Fe7, CoFe8, spinel ferrites9, or FeRh10 coupled to ferroelectric (FE) substrates such as BaTiO3 
(BTO). Similarly, epitaxial ferromagnetic manganite films have been used as prototypical materials showing coin-
cident dynamic tuning of multiple functional properties when coupled to BTO11–13. Spatially resolved studies 
of the manganite-BTO system illustrate that by changing the magnitude and symmetry of strain by traversing 
through BTO phase transitions, a persistent 45° or 90° rotation of magnetization occurs at the scale of individual 
magnetic domains14. Additionally, devices utilizing doped manganites have shown current-driven switching of 
magnetization as well as nearly full spin polarization15,16. This strong link between structure, ferromagnetism, 
and spin polarization can be an avenue for electric field control of spin transport in manganite-based nanoscale 
heterostructures.

Recent work has shown that a large, anisotropic, and hysteretic in-plane strain may be generated from the 
(011) crystal orientation of the relaxor FE [Pb(Mg1/3Nb2/3)O3](1−x)-[PbTiO3]x (PMN-PT) with x =​ 0.32 near the 
morphotropic phase boundary17. Using these substrates, changes in magnetization of polycrystalline metallic 
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films have been induced with an applied electric field and can be correlated to the anisotropic in-plane strain 
generated from FE domain reconfiguration18. This phenomenon can be used to re-orient the magnetization of 
sub-micron sized Ni nanostructures with strong shape-induced magnetic anisotropy19. Furthermore, the use 
of an 80–100 nm thick single crystalline manganite layer in lieu of a polycrystalline film leads to a strain-based 
magnetoelectric effect through the rotation of in-plane magnetic anisotropy by up to 22 degrees, as well as hyster-
etic resistivity tunable though the strain state of the film20,21. An analysis of the reversible electric-field switching 
behavior of the manganite/PMN-PT system through X-ray spectroscopy techniques as well as theoretical calcu-
lations show that the induced strain change leads to a change in Mn eg orbital population preference, causing a 
reversible shift in Curie temperature of up to 10 K22.

We show here that a model epitaxial perovskite system consisting of a 17 nm thick (011)-oriented 
La0.7Sr0.3MnO3 (LSMO) film on a PMN-PT substrate (Fig. 1(a)) exhibits robust room temperature strain-mediated 
magnetoelectric coupling manifesting as non-volatile changes in magnetic domain structure, magnetic anisot-
ropy, and resistivity. To probe such changes, we use chemically and spatially resolved techniques such as X-ray 
magnetic circular dichroism (XMCD) spectroscopy and X-ray photoemission electron microscopy (PEEM) 
under constant applied electric fields as well as electric and magnetic field pulses. We directly correlate FE domain 
re-configuration and thus dynamically tuned film strain state with large and abrupt changes in the magnetic 
domain structure and film resistivity.

Results
Film-averaged structural and functional characterization.  Following the notation of Wu et al.18, we 
distinguish between the eight possible variants of PMN-PT domain orientation in the following manner: the 
four 〈​111〉​ FE orientations that lie wholly in the (011) plane belong to the Pxy poling state, and the four 〈​111〉​ 
orientations that lie partially out-of-plane are either termed as Pz+ or Pz− poling state depending on the direction 
of the out-of-plane FE component. An electric field pulse of approximately 2 kV/cm is sufficient to rotate the FE 
polarization from Pxy to Pz or vice versa. Due to the small Thompson-Fermi screening length of order one unit 
cell compared to the film thickness23, little change in film behavior is observed due to charge accumulation or 
depletion at the film/substrate interface, with a saturation magnetization change of 2% in a 17 nm thick LSMO 
film at 10 K with the PMN-PT poled in the Pz− state compared to the Pz+ state. Thus, we concentrate on studying 
the effects of transitions from the Pxy to Pz states and vice versa at room temperature.

An analysis of the change in LSMO unit cell dimensions upon a change in FE domain configuration was per-
formed by poling the substrate into a series of different configurations and measuring the change in position of 
seven out-of-plane and partially in-plane reflections with X-ray diffraction-based reciprocal space mapping. The 
film peak positions for the Pxy configuration were best fit to a monoclinic unit cell, with the average lattice param-
eter a along the [100] substrate direction as 0.3894 ±​ 0.0002 nm and partially out-of-plane parameters b and c as 
both 0.3890 nm within the error of the measurement. The monoclinic angle between b and c shows a small change 
from 90.4° ±​ 0.1° in the Pxy state to 90.2° in the Pz− state. The change in PMN-PT and LSMO unit cell dimensions 
along orthogonal in-plane and out-of-plane directions as a function of substrate poling state is compared to a 
macroscopic strain gauge measurement in Supplementary Table S1.

While the 17 nm thick LSMO film has a significant static distortion compared to the bulk pseudocubic  
parameter the film is partially relaxed due to the large mismatch with the PMN-PT substrate (pseudocubic lattice 
parameter of approximately 0.387 and 0.402 nm for LSMO and PMN-PT, respectively). However, we observe a 
large reversible change in LSMO lattice parameter compared to its bulk values when the substrate FE state is 
changed from Pxy to Pz−, with an anisotropic strain change of ε ε( , )100 011  =​ (0.41%, 0.67%) for the Pxy state and 
(0.43%, 0.44%) for the Pz− state. The LSMO film is in tension along both the [100] and [011] crystallographic 

Figure 1.  (a) Schematic and experimental geometry of the artificial multiferroic sample, with color scale 
indicating the in-plane magnetization orientation in the Pxy poled state as obtained from PEEM. (b) Electric-
field dependence of the LSMO film sheet resistivity at 298 K for a major bipolar loop sweeping from the Pz− 
state to the Pz+ state as well as a minor loop poling from the Pz− to the Pxy state over two cycles, showing clear 
hysteresis in resistivity at zero applied electric field. Solid arrows indicate sweep direction for the major loop, 
and dashed arrows indicate sweep direction for the minor loop.
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directions, but the change in magnitude of tension is most significant along the [011] direction when changing 
between the Pxy and Pz states (see Supplementary Figure S1 and Table S2). A static anisotropic distortion is seen 
in films grown on dielectric substrates due to the anisotropic elastic moduli of bulk (La,Sr)MnO3

24, but the large 
change in dilational strain along the [011] direction allows for tuning of the film strain from a highly anisotropic 
to a nearly isotropic strain state.

In contrast to previous studies of almost fully-relaxed LSMO films on PMN-PT (e.g. film thickness of 
80–100 nm)20,21, our system has a static distortion of the LSMO unit cell in the as-grown state in addition to 
the imprinted strain generated upon reorientation of the substrate FE domains. To disentangle the effects of 
epitaxial mismatch from electrostrictive or ferroelastic domain contributions due to the applied electric field, 
we first examine macroscopically averaged functional properties such as sheet resistivity and magnetization 
and compare these to previously reported studies. Due to the double exchange mechanism responsible for the 
ferromagnetic order in manganites, there is a coincident metal-insulator transition (MIT) accompanying the 
paramagnetic-ferromagnetic transition at the Curie temperature (Tc)25. Both finite size effects as well as epitaxial 
strain as derived in the Millis model26 may lower the Curie temperature of LSMO as compared to the bulk value 
of approximately 370 K. For the 17 nm LSMO film, the metal-insulator transition (TMIT) for the as-grown state 
in zero magnetic field is 322 ±​ 1.3 K and the Tc as measured by superconducting quantum interference device 
(SQUID) magnetometry is 322 ±​ 1.6 K. Furthermore, there is a lowering of Tc by approximately 3 K when the 
sample is poled from the Pz state to the Pxy state. The suppression of Tc and TMIT due to the static epitaxial strain or 
finite size contributions can be expected due to the large lattice mismatch between LSMO and PMN-PT. However, 
we can clearly resolve the influence of substrate FE domain configuration on the ferromagnetic and resistive prop-
erties through sequential poling of the substrate at room temperature.

In Fig. 1(b), the resistivity of the LSMO film in the metallic state at 298 K is shown as a function of applied 
electric field. Both a major hysteresis loop (±​2.5 kV/cm, showing transitions from Pz− to Pxy to Pz+ states) and a 
minor loop (−​2.5 kV/cm to 1.8 kV/cm, showing transitions only between Pz− to Pxy states) are plotted. Peaks in 
the major loop correspond to FE axis rotations from Pz to Pxy or vice versa, causing an increase in in-plane strain 
and thus an increase in Mn-O bond distance as exhibited by the increase in ε011 magnitude measured from recip-
rocal space mapping. Due to this change, the Mn eg hopping integral decreases and the resistivity increases. 
Comparison between the major and minor loops illustrates that the bistable strain at zero applied electric field 
produces large non-volatile room temperature changes in resistivity (3.8% change from Pz− to Pxy in Fig. 1(b)). 
The magnitude of the resistivity peaks is an increase over previously reported values of approximately 1%, likely 
due to the larger electric-field induced changes in unit cell dimensions compared to thick relaxed films21. The 
sensitivity of the LSMO resistivity to strain is also illustrated by the measurable slope between −​2.5 kV/cm and 
0 kV/cm where no significant FE axis reorientation takes place but there is a small change in FE axis angle due to 
the converse piezoelectric effect.

Macroscopically averaged XMCD hysteresis loops taken at the Mn L3 edge (Fig. 2) show that a large two-fold 
in-plane magnetic anisotropy exists for the Pxy state, with the easy axis corresponding to the [100] in-plane direc-
tion and a coercive field of 4 mT. Loop squareness as calculated from the ratio of the magnetization at remanence 

Figure 2.  Mn L3 XMCD hysteresis loops taken at 298 K measured in zero electric field with the substrate poled 
in the (a) Pxy and (b) Pz+ states. The hysteresis loops average over a sample area of order 100 microns in 
diameter, and are acquired with the magnetic field along two orthogonal in-plane directions, [100] and [011]. 
The [100] direction has high remanence and loop squareness S =​ Mrem/Msat when poled in the Pxy state, but the 
sample is nearly isotropic when poled in either the Pz+ or Pz− state.
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to the saturation magnetization (S =​ Mrem/Msat) is high along the [100] direction, but is significantly reduced 
along the [011] direction as shown in Fig. 2. This anisotropic behavior is similar to that of (011)-oriented LSMO 
films grown on SrTiO3 substrates, with a 250 nm thick film having a uniaxial magnetoelastic anisotropy constant 
of K =​ 8.4 ×​ 104 erg/cm3 27. For the Pxy poling state (Fig. 2(a)), the hard [011] hysteresis loop can be used to esti-
mate an effective anisotropy constant of Keff =​ 3.3 ×​ 104 erg/cm3. However, upon rotation of the FE domains to the 
Pz state (Fig. 2(b)), the hysteresis behavior is more isotropic and the effective anisotropy constant is reduced to 
below 8 ×​ 103 erg/cm3. As the strain along the [100] direction is not changed significantly by reorientation of the 
PMN-PT domains (see Supplementary Table S1), we correlate this change in magnetic anisotropy to the reduc-
tion in strain along the [011] direction for the Pz FE domain state.

Spatially-resolved measurements of magneto-electric coupling.  We now compare spatially- 
averaged hysteresis loops with spatially-resolved PEEM measurements to locally map individual magnetic 
domains and their response to either electric or magnetic field pulses. Figure 3 is a series of PEEM images for a 
Pz+ poled state with a color scale proportional to the magnetization direction derived from XMCD asymmetry 
measurements and is used to distinguish between magnetization strongly aligned along the X-ray propagation 
direction and nearly collinear with the [100] or [100] directions (blue and red, respectively), and magnetization 
oriented orthogonal to the X-ray propagation direction and aligned along the [011] or [011] directions (light 
green). The initial magnetic field pulse orients the LSMO domains in the field of view along the [100] direction, 
but careful comparison of the contrast variation in the field of view of a single image, combined with vector mag-
netization measurements (Supplementary Figure S2) and comparison of the field of view for a Pxy poled state 
reveals that the domain magnetization in the Pz poled state cants away from the [100] direction. This in-plane 
canting angle ranges between 10 and 40 degrees as seen by the orange and yellow domains in the top left panel of 
Fig. 3, whereas magnetization completely along the [100] direction would have a dark red color. This canting of 
magnetization is seen macroscopically in Fig. 2 as the Pxy hysteresis loop has S100 =​ 0.96, but for the Pz poled state, 
the remanent magnetization is significantly lower than the saturation magnetization.

A small positive magnetic field of 0.7 mT nucleates many small domains whose magnetization is most closely 
oriented along the 〈​011〉​ directions. These initial nucleated domains are on the scale of 1–2 μ​m, similar in size to 
the average domain size of PMN-PT FE domains as measured by piezoelectric force microscopy19,28. Subsequent 
stronger field pulses cause domain wall motion along the applied field direction, but after a field pulse of 1.5 mT, 
a majority of the domains are oriented orthogonal to the applied field. Higher field values are required to rotate 
the magnetization of these domains to align with the [100] direction, and only after a field pulse of 7.8 mT does 
the field of view become well oriented towards the [100] direction. Note that this field value is similar in magni-
tude to the field required to bring the Pz poled sample to saturation in Fig. 2. Thus, magnetization reversal occurs 
through sequential non-180° magnetization rotations for the Pz poled configuration.

A spatial average of the PEEM XMCD asymmetry measured in remanence is plotted in Fig. 4 as a comparison 
to the hysteresis loops presented in Fig. 2. The same 1 ×​ 1 μ​m region was used for four magnetic hysteresis loops 

Figure 3.  Montage of colorized PEEM asymmetry images at 298 K in a 15 ×​ 15 μm region as a function of 
applied magnetic field pulses with the substrate poled in the Pz+ configuration and initial applied magnetic 
field along the [100] direction. The magnetic field pulse and X-ray incidence direction are collinear and are 
indicated by the green arrow in the upper left panel, with in-plane crystallographic directions shown for 
reference. Magnetization reversal occurs first by nucleation of many small domains oriented along the [011] or 
[011] directions, followed by domain wall motion and subsequent rotation of magnetization towards the [100] 
direction.
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taken in sequence of poling conditions from Pz−, Pxy (see Supplementary Figure S3 for corresponding images), 
Pz+, and returning to Pxy. The complete hysteresis loop is plotted for the Pz− state, and only the negative to pos-
itive magnetic field sweep is plotted for the subsequent states. LSMO magnetic domain reversal for the Pxy state 
(red circles and green diamonds in Fig. 4(a)) is markedly different than the series of images shown in Fig. 3, with 
reversal occurring by nucleation of a single 180° reversed area followed by domain wall motion. The stochastically 
determined field required to nucleate the reversed domain ranges between 3 and 4 mT from the PEEM measure-
ments, which is close to the coercive field obtained from the XMCD hysteresis loop in Fig. 2.

As the electric-field induced anisotropy shifts from nearly isotropic to strongly two-fold symmetry, we postu-
late that an electric field driven magnetization rotation of 90° or even 180° is possible. By saturating the LSMO 
sample in a positive magnetic field and sweeping an electric field from −​6.5 kV/cm to +​ 2.5 kV/cm (Fig. 5(a)), the 
PMN-PT domain state starts in the Pz− state, then switches to Pxy and finally is on the verge of the Pz+ state. 
Median XMCD asymmetry for 1 ×​ 1 μ​m areas are plotted in Fig. 5, illustrating a sharp change in contrast at 
approximately 1.4 kV/cm and 2 kV/cm field values. The initial magnetization state, with a significant number of 
domains aligned towards the [011] direction, is rotated by 90° to lie along the 〈​100〉​ directions at an electric field 
of 1.5 kV/cm, and upon further poling to the Pz+ state the magnetization in many domains rotates back towards 
[011] or [011] directions as indicated by both positive and negative XMCD asymmetry above 2 kV/cm (Fig. 5(b)). 
The magnetization in the entire field of view does not rotate at the same field, but forms stripes of magnetization 
oriented along the [011] direction. Thus, the PMN-PT FE switching field has a large spatial variation, and careful 
spatially resolved analysis is necessary to distinguish partially switched and fully switched FE configurations.

Electric-field driven changes in free-energy density.  We calculate the contributions to the free energy 
density29 stemming from magnetocrystalline (MC) and magnetoelastic (ME) anisotropy terms to determine to 
what degree a change in strain can induce magnetization rotation in the LSMO film. Magnetostriction constants 
for manganites in both bulk and thin film form have been found to range from 10−5 to 10−4 27,30,31, leading to a 
significant magnetoelastic anisotropy in the limit of weak magnetocrystalline anisotropy. Figure 6(a) plots the 
free energy density as a function of in-plane magnetization angle and experimentally determined dilational thin 
film strain (see Supplementary Figure S4 for the variation of magnetic easy axis with anisotropic strain). In the Pxy 
state (thick blue curve), the ME energy term is large compared to the MC term, there are two energy minima at 
the [100] and [100] directions, and a large energy barrier along the [011] direction necessitating a large reversal 
magnetic field for 180° magnetization reversal. On the other hand, the Pz state (red curve) has only a slight con-
tribution from ME energy and is dominated by the MC energy term contribution (thin black curve). A local 
minimum at the [011] direction suggests that magnetization reversal can occur from [100] to [100] through an 
intermediate 90° rotation with magnetization along a metastable [011] direction. Furthermore, the reduction of 
in-plane strain along the [011] direction on changing from a Pxy to Pz state (see Supplementary Table S1) reduces 
the free energy density for LSMO magnetization along the [011] direction by more than 70% (from 1.5 meV/unit 
cell to 0.28 meV/unit cell). This leads to possible stable magnetization along both 〈​011〉​ and 〈​100〉​ type directions 
for the Pz poled state.

Additionally, shear strains generated due to a change in in-plane unit cell symmetry imposed by the substrate 
can shift the energy minimum and thus the easy in-plane magnetization direction (Fig. 6(b)). For manganite films 
grown on (011)-oriented SrTiO3 substrates32, an in-plane shear strain of up to 0.01 was measured due to templat-
ing of the rhombohedral LSMO onto a cubic unit cell. For our LSMO/PMN-PT sample we expect a smaller shear 

Figure 4.  (a) Median XMCD asymmetry along the [100] direction for a 1 ×​ 1 μ​m region as a function of applied 
magnetic field pulse at 298 K. Four different substrate poling states are shown, taken in a sequence of poling 
conditions from Pz−, Pxy, Pz+, and returning to Pxy. The area is taken from the center of the location shown in 
Fig. 3. (b) PEEM image after a magnetic field pulse of H =​ 3.8 mT showing reversal of magnetization in the field 
of view by nucleation of a single large domain for the Pxy poled state. This region is the same location as the 
upper half of the field of view shown in Fig. 3, utilizing the same color scale indicating magnetization direction.
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strain due to the non-cubic PMN-PT crystal symmetry as well as the large epitaxial mismatch (Supplementary 
Table S2), but it is difficult to determine the shear strain from X-ray diffraction measurements due to averaging 
over an ensemble of many domains. Figure 6(b) shows a magnetization rotation of up to 10 degrees for a modest 
shear strain of 3 ×​ 10−4, smaller than the angular distortion of the PMN-PT surface unit cell generated upon FE 
axis rotation of approximately 1 ×​ 10−3. Thus, dilational or shear strain changes in the LSMO film can induce large 
magnetization angle rotations as well as affect the barrier height for 180° magnetization reversal.

Discussion
From both film-averaged and spatially resolved measurement techniques, we directly link the change in LSMO 
unit cell dimensions induced by poling of the PMN-PT substrate from Pxy to Pz states or vice versa to the changes 
in magnetic anisotropy symmetry and in-plane magnetic easy axis direction rotation as imaged on the length 
scale of a single magnetic domain through PEEM. The locally observed domain evolution measured in PEEM 
images taken at remanence coincides with the domain averaged XMCD hysteresis loops measured in an applied 
magnetic field. It is the lowered energy barrier for domain nucleation as well as the lowered energy barrier needed 
to rotate moments to 〈​011〉​ directions that leads to the significantly different magnetic hysteresis behavior between 
the Pxy and Pz states. Small changes in strain state between an applied field of −​6.5 kV/cm and 1 kV/cm due to the 
converse piezoelectric effect lead to propagation of domains walls on the scale of 1 μ​m (see Supplementary Movie S1), 

Figure 5.  (a) Comparison of median XMCD asymmetry at 298 K along the [011] direction for eight 1 ×​ 1 μ​m 
regions (indicated in the bottom panel) on poling the LSMO/PMN-PT sample from the Pz− state to the Pz+ 
state. The PEEM images show clear suppression of contrast along the [011] direction when the substrate is poled 
from the Pz− to the Pxy configuration. (b) PEEM image taken at a field of 2.2 kV/cm having a mixture of Pxy 
(regions A–F) and Pz+ (regions G and H) in the field of view.

Figure 6.  (a) Change in free energy density as a function of in-plane angle and dilational strain values 
ε ε( , )100 011  determined from X-ray diffraction for the Pxy and Pz states. While the Pxy state has a uniaxial 

magnetic easy axis parallel to [100], the Pz state has stable magnetization along both [100] and [011] directions, 
resulting in a weakly four-fold in-plane magnetic easy symmetry. (b) A small shear strain of 3 ×​ 10−4 induces a 
rotation of the stable magnetization points by 8° and −​10° for the [100] and [011] stable magnetization 
directions, respectively.
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showing that in addition to the anisotropy tuning obtained from changing strain symmetry, ferromagnetic 
domain wall manipulation is possible at electric fields smaller than 1 kV/cm.

We have shown that this perovskite artificial multiferroic system can show significant non-volatile room tem-
perature modulation of ferromagnetic domain walls, magnetic anisotropy and resistivity through the careful 
selection of ferroelectric and ferromagnetic crystal orientation. In particular, domain-resolved imaging of the 
magnetization shows a marked change in magnetic switching behavior due to the change in imprinted strain 
state between ferroelectric substrate and ferromagnetic film. Calculation of the change in free energy density 
due to this imprinted strain state confirms the significant lowering of energy barrier for magnetization reversal, 
as well as showing that a weak magnetocrystalline anisotropy combined with anisotropic changes in strain are 
responsible for the change between two-fold and four-fold magnetic easy axes as a function of electric field. This 
added breadth of functionality when compared to artificial multiferroic systems with polycrystalline metal ferro-
magnetic elements opens up the possibility of multifunctional low-power room temperature nanostructures and 
domain-wall devices that take advantage of both of the magnetic anisotropy, domain nucleation barrier lowering, 
and resistive tuning degrees of freedom and whose functional states may be written and reset with modest electric 
field pulses.

Methods
An LSMO layer of 17 nm thickness was grown on a polished (011)-oriented PMN-PT substrate via pulsed laser 
deposition. The substrate was held at a temperature of 660 °C in a 300 mTorr oxygen ambient, and laser fluence 
and repetition rate were 1.2 J/cm2 and 1 Hz, respectively. The sample was cooled in a 300 Torr oxygen ambient at 
8 °C/min. For poling experiments, the LSMO film served as a top contact while a 40 nm gold counter-electrode 
was sputtered on the back side of the PMN-PT substrate to serve as a bottom contact.

High resolution X-ray diffraction characterization was performed at room temperature using a Bruker D8 
Discover system equipped with a monochromatized Cu Kα1 source.

Resistivity measurements were performed in a customized Lakeshore TTPX probe station in the van der Pauw 
geometry with a Kepco bipolar power amplifier as the voltage source for poling the PMN-PT substrate. Note that 
due to the different electrode-FE interfaces (i.e. the LSMO/PMN-PT compared to the PMN-PT/Au interface), an 
asymmetry in the resistivity hysteresis loops is observed due to non-symmetric FE reversal processes.

Temperature- and magnetic field-dependent magnetization measurements were performed in a Quantum 
Design MPMS XL magnetometer with the magnetic field along either the in-plane [100] or [011] crystallographic 
directions of the sample. Measurements at 298 K verify the trend with XMCD hysteresis loops, with S100 =​ 0.59 
and = .S 0 5011  for the out-of-plane poled Pz state 10 weeks after a pulsed field of 6 kV/cm, showing clear retention 
of the magnetic anisotropy for a significant duration after the electric field pulse.

The change in free energy from magnetocrystalline and magnetoelastic anisotropy terms as a function of 
in-plane angle and strain33–35 were performed by using average values for manganite compliance tensor terms at 
298 K (c11 =​ 200 GPa, c12 =​ 110 GPa, c44 =​ 45 GPa)24,36 and magnetocrystalline anisotropy terms determined from 
torque magnetometry at room temperature (K1 =​ 2.6 kJ/m3 and K2 =​ 5.7 kJ/m3)27. The in-plane angle locations of 
stable energy minima were found from the second derivative of the free energy (see Supplementary Information).

PEEM imaging at the Mn L3 edge was performed at the Surfaces/Interfaces: Microscopy beamline at the Swiss 
Light Source37, with magnetic domain structure obtained by taking the XMCD asymmetry of images taken with 
right and left circularly polarized X-rays (IRCP −​ ILCP)/(IRCP +​ ILCP). X-ray absorption spectroscopy and hysteresis 
measurements were performed at beamlines 6.3.1 and 4.0.2 of the Advanced Light Source38,39. The LSMO sample 
surface was kept at ‘ground’ with respect to standard measurements (−​20 kV for PEEM measurements, −​50 V for 
X-ray absorption measurements), with a custom power supply40 or Keithley 6487 source applying voltage to the 
back side gold contact, respectively. The sample was measured in electron yield mode for all measurements as a 
function of azimuthal angle φ, with an X-ray grazing incidence angle θ of 30° from the surface for spectroscopy 
and hysteresis measurements and 16° for PEEM measurements. While imaging, the sample must be measured 
in magnetic remanence due to the deflection of secondary electrons by any large external magnetic fields such as 
from the electromagnet in the PEEM sample holder.

References
1.	 Ramesh, R. & Spaldin, N. A. Multiferroics: progress and prospects in thin films. Nat Mater 6, 21–29 (2007).
2.	 Heyderman, L. J. & Stamps, R. L. Artificial ferroic systems: novel functionality from structure, interactions and dynamics. Journal of 

Physics: Condensed Matter 25, 363201 (2013).
3.	 Van Den Boomgaard, J., Van Run, A. M. J. G. & Suchtelen, J. V. Magnetoelectricity in piezoelectric-magnetostrictive composites. 

Ferroelectrics 10, 295–298 (1976).
4.	 Ohno, H. et al. Electric-field control of ferromagnetism. Nature 408, 944–946 (2000).
5.	 Roy, K., Bandyopadhyay, S. & Atulasimha, J. Hybrid spintronics and straintronics: A magnetic technology for ultra low energy 

computing and signal processing. Applied Physics Letters 99, 063108 (2011).
6.	 Khan, A., Nikonov, D. E., Manipatruni, S., Ghani, T. & Young, I. A. Voltage induced magnetostrictive switching of nanomagnets: 

Strain assisted strain transfer torque random access memory. Applied Physics Letters 104, 262407 (2014).
7.	 Lahtinen, T. H. E. et al. Alternating domains with uniaxial and biaxial magnetic anisotropy in epitaxial Fe films on BaTiO3. Applied 

Physics Letters 101, 262405 (2012).
8.	 Lahtinen, T. H. E., Tuomi, J. O. & van Dijken, S. Pattern Transfer and Electric-Field-Induced Magnetic Domain Formation in 

Multiferroic Heterostructures. Advanced Materials 23, 3187–3191 (2011).
9.	 Chopdekar, R. V. et al. Spatially resolved strain-imprinted magnetic states in an artificial multiferroic. Physical Review B 86, 014408 

(2012).
10.	 Cherifi, R. O. et al. Electric-field control of magnetic order above room temperature. Nat Mater 13, 345–351 (2014).
11.	 Lee, M. K., Nath, T. K., Eom, C. B., Smoak, M. C. & Tsui, F. Strain modification of epitaxial perovskite oxide thin films using 

structural transitions of ferroelectric BaTiO3 substrate. Applied Physics Letters 77, 3547–3549 (2000).
12.	 Dale, D., Fleet, A., Brock, J. D. & Suzuki, Y. Dynamically tuning properties of epitaxial colossal magnetoresistance thin films. Applied 

Physics Letters 82, 3725–3727 (2003).



www.nature.com/scientificreports/

8Scientific Reports | 6:27501 | DOI: 10.1038/srep27501

13.	 Eerenstein, W., Wiora, M., Prieto, J. L., Scott, J. F. & Mathur, N. D. Giant sharp and persistent converse magnetoelectric effects in 
multiferroic epitaxial heterostructures. Nat Mater 6, 348–351 (2007).

14.	 Chopdekar, R. V. et al. Strain-dependent magnetic configurations in manganite-titanate heterostructures probed with soft X-ray 
techniques*​. Eur. Phys. J. B 86, 241 (2013).

15.	 Bowen, M. et al. Nearly total spin polarization in La2/3Sr1/3MnO3 from tunneling experiments. Applied Physics Letters 82, 233–235 
(2003).

16.	 Sun, J. Z. Current-driven magnetic switching in manganite trilayer junctions. Journal of Magnetism and Magnetic Materials 202, 
157–162 (1999).

17.	 Wu, T. et al. Domain engineered switchable strain states in ferroelectric (011) [Pb(Mg1/3Nb2/3)O3](1 −​ x)-[PbTiO3]x (PMN-PT, 
x ≈​ 0.32) single crystals. Journal of Applied Physics 109, 124101 (2011).

18.	 Wu, T. et al. Electrical control of reversible and permanent magnetization reorientation for magnetoelectric memory devices. 
Applied Physics Letters 98, 262504 (2011).

19.	 Buzzi, M. et al. Single Domain Spin Manipulation by Electric Fields in Strain Coupled Artificial Multiferroic Nanostructures. 
Physical Review Letters 111, 027204 (2013).

20.	 Yang, Y. et al. Large anisotropic remnant magnetization tunability in (011)-La2/3Sr1/3MnO3/0.7Pb(Mg2/3Nb1/3)O3-0.3PbTiO3 
multiferroic epitaxial heterostructures. Applied Physics Letters 100, 043506 (2012).

21.	 Yang, Y. et al. Piezo-strain induced non-volatile resistance states in (011)-La2/3Sr1/3MnO3/0.7Pb(Mg2/3Nb1/3)O3-0.3PbTiO3 
epitaxial heterostructures. Applied Physics Letters 102, 033501 (2013).

22.	 Heidler, J. et al. Manipulating magnetism in La0.7Sr0.3MnO3 via piezostrain. Physical Review B 91, 024406 (2015).
23.	 Hong, X., Posadas, A. & Ahn, C. H. Examining the screening limit of field effect devices via the metal-insulator transition. Applied 

Physics Letters 86, 142501 (2005).
24.	 Darling, T. W. et al. Measurement of the elastic tensor of a single crystal of La0.83Sr0.17MnO3 and its response to magnetic fields. 

Physical Review B 57, 5093–5097 (1998).
25.	 Goodenough, J. B. Theory of the Role of Covalence in the Perovskite-Type Manganites (La,Mn)O3. Physical Review 100, 564–573 

(1955).
26.	 Millis, A. J., Shraiman, B. I. & Mueller, R. Dynamic Jahn-Teller Effect and Colossal Magnetoresistance in La(1 −​ x)Sr(x)MnO3. 

Physical Review Letters 77, 175–178 (1996).
27.	 Suzuki, Y., Hwang, H. Y., Cheong, S.-W. & van Dover, R. B. The role of strain in magnetic anisotropy of manganite thin films. Applied 

Physics Letters 71, 140–142 (1997).
28.	 Wu, T. et al. Electrical tuning of metastable dielectric constant of ferroelectric single crystals for low-power electronics. Applied 

Physics Letters 99, 182903 (2011).
29.	 Hu, J.-M. & Nan, C. W. Electric-field-induced magnetic easy-axis reorientation in ferromagnetic/ferroelectric layered 

heterostructures. Physical Review B 80, 224416 (2009).
30.	 O’Donnell, J., Rzchowski, M. S., Eckstein, J. N. & Bozovic, I. Magnetoelastic coupling and magnetic anisotropy in 

La0.67Ca0.33MnO3 films. Applied Physics Letters 72, 1775–1777 (1998).
31.	 Srinivasan, G., Rasmussen, E. T., Levin, B. J. & Hayes, R. Magnetoelectric effects in bilayers and multilayers of magnetostrictive and 

piezoelectric perovskite oxides. Physical Review B 65, 134402 (2002).
32.	 Li, Y., Sun, J. R., Zhang, J. & Shen, B. G. Magnetic anisotropy reversal by shear stress in (110)-orientated La2/3Ca1/3MnO3 films. 

Journal of Applied Physics 116, 043916 (2014).
33.	 Gao, Y., Hu, J., Shu, L. & Nan, C. W. Strain-mediated voltage control of magnetism in multiferroic Ni77Fe23/

Pb(Mg1/3Nb2/3)0.7Ti0.3O3 heterostructure. Applied Physics Letters 104, 142908 (2014).
34.	 Paes, V. Z. C. & Mosca, D. H. Effective elastic and magnetoelastic anisotropies for thin films with hexagonal and cubic crystal 

structures. Journal of Magnetism and Magnetic Materials 330, 81–87 (2013).
35.	 Wang, J. J., Hu, J.-M., Chen, L.-Q. & Nan, C.-W. Strain-domain structure and stability diagrams for single-domain magnetic thin 

films. Applied Physics Letters 103, 142413 (2013).
36.	 Rajendran, V., Muthu Kumaran, S., Sivasubramanian, V., Jayakumar, T. & Raj, B. Anomalies in elastic moduli and ultrasonic 

attenuation near ferromagnetic transition temperature in La0.67Sr0.33MnO3 perovskite. physica status solidi (a) 195, 350–358 
(2003).

37.	 Le Guyader, L. et al. Studying nanomagnets and magnetic heterostructures with X-ray PEEM at the Swiss Light Source. Journal of 
Electron Spectroscopy and Related Phenomena 185, 371–380 (2012).

38.	 Nachimuthu, P. et al. Performance Characteristics of Beamline 6.3.1 from 200 eV to 2000 eV at the Advanced Light Source. AIP 
Conference Proceedings: Eighth International Conference on Synchrotron Radiation Instrumentation 705, 454–457 (2004).

39.	 Young, A. T. et al. First commissioning results for the elliptically polarizing undulator beamline at the Advanced Light Source. 
Nuclear Instruments & Methods in Physics Research Section a-Accelerators Spectrometers Detectors and Associated Equipment 467, 
549–552 (2001).

40.	 Buzzi, M., Vaz, C. A. F., Raabe, J. & Nolting, F. Electric field stimulation setup for photoemission electron microscopes. Review of 
Scientific Instruments 86, 083702 (2015).

Acknowledgements
Part of this work was performed at the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland and the 
Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. This work was partially 
supported by EU’s 7th Framework Program IFOX (NMP3-LA-2010 246102) and the Defense Advanced Research 
Projects Agency (Grant N66001-11-1-4135). The Advanced Light Source is supported by the Director, Office 
of Science, Office of Basic Energy Sciences, of the US Department of Energy under Contract No. DE-AC02-
05CH11231.

Author Contributions
Sample preparation: R.V.C.; measurements: R.V.C., M.B., C.J. and E.A.; data analysis: R.V.C. and M.B.; 
preparation of the manuscript: R.V.C. and Y.T.; supervision of the project: F.N. and Y.T. All authors contributed 
to the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Chopdekar, R. V. et al. Giant reversible anisotropy changes at room temperature in a 
(La,Sr)MnO3/Pb(Mg,Nb,Ti)O​3​ magneto-electric heterostructure. Sci. Rep. 6, 27501; doi: 10.1038/srep27501 
(2016).

http://www.nature.com/srep


www.nature.com/scientificreports/

9Scientific Reports | 6:27501 | DOI: 10.1038/srep27501

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Giant reversible anisotropy changes at room temperature in a (La,Sr)MnO3/Pb(Mg,Nb,Ti)O3 magneto-electric heterostructure

	Results

	Film-averaged structural and functional characterization. 
	Spatially-resolved measurements of magneto-electric coupling. 
	Electric-field driven changes in free-energy density. 

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Schematic and experimental geometry of the artificial multiferroic sample, with color scale indicating the in-plane magnetization orientation in the Pxy poled state as obtained from PEEM.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Mn L3 XMCD hysteresis loops taken at 298 K measured in zero electric field with the substrate poled in the (a) Pxy and (b) Pz+ states.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Montage of colorized PEEM asymmetry images at 298 K in a 15 ×​ 15 μm region as a function of applied magnetic field pulses with the substrate poled in the Pz+ configuration and initial applied magnetic field along the [00] direction.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Median XMCD asymmetry along the [100] direction for a 1 ×​ 1 μ​m region as a function of applied magnetic field pulse at 298 K.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Comparison of median XMCD asymmetry at 298 K along the [01] direction for eight 1 ×​ 1 μ​m regions (indicated in the bottom panel) on poling the LSMO/PMN-PT sample from the Pz− state to the Pz+ state.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) Change in free energy density as a function of in-plane angle and dilational strain values determined from X-ray diffraction for the Pxy and Pz states.



 
    
       
          application/pdf
          
             
                Giant reversible anisotropy changes at room temperature in a (La,Sr)MnO3/Pb(Mg,Nb,Ti)O3 magneto-electric heterostructure
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27501
            
         
          
             
                Rajesh Vilas Chopdekar
                Michele Buzzi
                Catherine Jenkins
                Elke Arenholz
                Frithjof Nolting
                Yayoi Takamura
            
         
          doi:10.1038/srep27501
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27501
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27501
            
         
      
       
          
          
          
             
                doi:10.1038/srep27501
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27501
            
         
          
          
      
       
       
          True
      
   




