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Abstract

We report on the observation of strain- and magneto-electric coupling in a system consisting of a
thin film of ferromagnetic La(;_,)Sr,MnO; (LSMO, x = 0.5 and 0.3) on a ferroelectric BaTiO3
(BTO) substrate. Pronounced magnetization steps occur at the BTO structural phase transitions.
We associate these steps with a strain induced change of the magnetic anisotropy. Temperature
dependent magneto-electric coupling could be evidenced by the magnetic response to an applied
AC electric field in all ferroelectric phases of the BTO substrate. In a DC electric field, the
magnetization changes are asymmetric with respect to the polarity. Polarized neutron
reflectometry hints to oxygen migration as possible mechanism for this asymmetry. It also reveals
strain-induced magnetization changes throughout most of the thickness of 252 A (x = 0.5) and
360 A (x = 0.3), respectively, of the LSMO layer. We conclude that the change of the magnetization
depth profile at the interface as previously proposed by ab initio calculations is not the relevant
mechanism. Instead strain, oxygen vacancies and frustration at interfacial steps dominate the
magnetic response to an applied electric field.

1. Introduction

The understanding and manipulation of highly correlated electron systems in complex oxides is of great
interest due to the large amount of possible applications [1]. Highly correlated electron systems, including
in particular transition metal oxides, have a huge variety of unique properties [2], like superconductivity
[3], colossal magnetoresistance [4], magnetocaloric effects [5], multiferroic effects [6], and many more [7].
The control of an ordering parameter with the conjugate field of a second different one, e.g.
magneto-electric coupling [8], can lead to numerous applications, like magnetic field sensors and data
storage devices with a four- or eight-state [9, 10] logic in a single device. For storage devices this can lead to
combined advantages of FERAMs and MRAMs, a non-volatile magnetic storage with bits switched by
electric fields [11]. Thin films and material combinations with atomically flat interfaces can be produced
[12, 13]. In those artificially fabricated heterostructures further interesting phenomena emerge due to finite
size or coupling effects at interfaces [14, 15]. The combination of a strong ferromagnetic with a ferroelectric
material can lead to an artificial multiferroic system via the coupling at the interface. A magneto-electric
effect was reported in a Lag gSrg ,MnO3/PbZr, , Tip O3 heterostructure [16], but a much more desired
non-toxic, lead free system is of great interest due to ecological reasons. Strain and electric field control of
magnetism in iron-oxide nanoparticle—BTO composites was reported by Wang et al [17]. Burton et al
predict the control of magnetization by application of an electric field at the interface between

Lag 5SrosMnO; and BaTiO; [18]. First-principle calculations suggest that a change in the electron density at
the interface due to the reversal of the ferroelectric polarization of the BaTiO; leads to a change in the
magnetic order at the interface from ferromagnetic to antiferromagnetic. The experimental verification of
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this prediction is the motivation for our study. Recently, BTO/LSMO systems have attracted attention for
multiple reasons like ferroelectric tunneling junctions [19, 20], magnetocaloric effects [21], magnetic
anisotropy switching [22, 23], magneto-electric coupling [24], dielectric properties [25, 26] and electric
field controlled magnetoresistance [27].

Here, heterostructures of LSMO and BTO are produced by oxide molecular beam epitaxy and high
pressure oxygen sputtering. Control of magnetic properties is evidenced with a SQUID magnetometer,
which was modified to allow for the application of electric fields and determination of the magnetoelectric
coupling. Additionally, magnetic profiles are determined by polarized neutron reflectometry. Our results
cannot be explained by the mechanism proposed by Burton et al as in real systems processes dominate that
are not taken into account in the theory, such as oxygen migration or strain medicated coupling.

2. Sample properties

BaTiOs has four structural phases with a paraelectric cubic phase above 393 K. At lower temperatures it
undergoes several ferroelectric first order phase transitions from cubic to tetragonal (Tet) (=393 K),
tetragonal to orthorhombic (Or) (=278 K) and orthorhombic to rhombohedral (Rh) (=183 K) [28].
La(;_x)SryMnOj has a rich magnetic phase diagram with respect to doping level and temperature [29].
Magnetic properties can be influenced e.g. by temperature or by strain [30, 31].

3. Sample preparation

Lag 53Sr9.47MnO3; LSMO[0.5] (252 A) films have been grown on single crystalline (001) BaTiO; substrates
(MaTeck, 0.5 mm thick) by a state of the art oxide molecular beam epitaxy system using Knudsen cells to
evaporate the individual materials and an oxygen plasma source. The required growth rates were monitored
by quartz micro balances under growth conditions. LSMO layers were grown by co-deposition at 900 °C
with an oxygen flow of 0.1 sccm and a plasma power of 300 W. Rutherford backscattering RBS
measurements confirm a stoichiometry of Lag 5351 47MnO3 close to the transition from FM to AFM phase
of LSMO [29]. In situ characterization with reflection high energy electron diffraction and low energy
electron diffraction prove the crystalline structure with a low surface roughness of the prepared films. X-ray
reflectometry measurements confirm a low surface roughness of 5.5 4- 0.1 A. Additionally, Lag 7Sty 3MnO;
LSMO[0.3] (360 A) films have been grown on BaTiO; substrates by a high pressure oxygen sputtering
system. The growth process was carried out at 900°C with an oxygen pressure of 3 mbar in order to achieve
the exact stoichiometry certified by RBS measurements. For both samples an Au contact layer was deposited
at the reverse side of the substrate for the application of electric fields.

4. Results and discussion

Magnetometry measurements were performed by a SQUID magnetometer (MPMS XL, Quantum Design).
Figure 1 shows the temperature dependent magnetization for (a) LSMO[0.5] and (b) LSMO[0.3] with an
applied in-plane magnetic field of yiyH = 10 mT. Field-cooling (FC) and warming (FW) cycles were
performed with a temperature rate of 2 K min~'. The magnetization curves of both samples show a
ferromagnetic shape for each structural phase of the BTO substrate with a T of 326 K and 310 K for
LSMO[0.3] and LSMO[0.5], respectively. The reduced T¢ compared to the bulk value can be explained by
tensile in-plain strain since LSMO is grown as thin film [29, 32]. The out-of-plane lattice parameter crsmo
= 3.85 A for LSMO (see the supplementary data, available online at stacks.iop.org/NJP/22/053018/
mmedia is smaller as the bulk value of 3.86 A underlining the suggestion of tensile in-plane strain under the
assumption of a constant unit cell volume and biaxial strain. The comparison of the lattice parameter to
literature values suggests that our LSMO films are partially relaxed [33]. Sharp steps of the magnetization
are observed at the structural phase transition temperatures of BTO, emphasized by gray boxes. This change
of the magnetization is forced by the abrupt change of the BTO lattice parameter in the first order phase
transition. A temperature hysteresis effect of those magnetization steps is observed following the structural
phase transitions of BTO emphasizing the relation to lattice distortions. Similar behavior could be found for
Fe on BTO substrates [34—36]. As shown by the inset the magnetization steps decrease with increasing
magnetic field but do not vanish in saturation field of 15 mT. For details of the evolution of epitaxial strain
with temperature we refer to the supplement.

We associate the observed steps in the magnetization with the change of the magnetic anisotropy due to
the strain-induced change of the local environment of the Mn atoms. It was shown that LSMO films on
cubic substrates show biaxial magnetic anisotropy, while LSMO has uniaxial anisotropy on orthorhombic



http://stacks.iop.org/NJP/22/053018/mmedia

10P Publishing

New J. Phys. 22 (2020) 053018 M Schmitz et al

Rh Or Tet
a) SN, | ISR - SRl 5
4.0e-08
- - 0.60
_ 3.0e-08 _
(8] [as]
4040 =
£ 2008 =
= =
€ 1.0e-08 1020 E
0.0e+00 LSMO[0.5] 0.00
2 5007 E S
[ - 2.00
b) 2.0e-07
T 1.56-07 11%0 3
< I 4100 £
1.0e-07 - =
g 10007 | [ :
08 | -1 0.50
5.0e-08 [ cooling i
0.0e+00 | waming " |} LSMO[3] |, |, 4000
100 150 200 250 300
TIK]
Figure 1. In-plane magnetization/magnetic moment vs temperature for (a) LSMO[0.5] and (b) LSMO[0.3] during FC and FW
with a magnetic field of jioH = 10 mT. The inset shows the evolution of magnetization steps at the Or — Rh transition with
respect to the external magnetic field. For a better visibility, the magnetization is normalized at 180 K. The step at the phase
transition does not vanish in saturation field.

Table 1. Magnetic hardness m1,/m; as a quantitative measure of magnetic anisotropy.

Phasegro LSMO[0.5] LSMO[0.3]

Tet 0.56 +0.02 0.58 £0.01
Or 0.08 £ 0.02 0.22 £ 0.05
Rh 0.73 £ 0.04 0.81 £ 0.02

substrates [37]. Here, the different types of substrate symmetries lead to a change of the magnetic
anisotropy of the LSMO from an biaxial anisotropy in the Tet phase to an uniaxial anisotropy in the Or
phase, back to a biaxial anisotropy in the Rh phase of the substrate. The magnetic hardness (quotient of the
residual magnetization m, and the saturation magnetization i, see table 1) was evaluated from magnetic
hysteresis loops (see the supplement) as a quantitative measure of magnetic anisotropy. It clearly indicates
the change of the magnetic anisotropy of the LSMO layer for each phase of the BTO substrate. In addition,
lattice distortions alter the exchange interaction in the LSMO layer independent of the external magnetic
field. Previous studies show the sensitivity of the magnetic properties of LSMO to strain, resulting in a
magnetic phase diagram as function of the doping level x and the in-plane lattice strain [30, 32]. Tensile
strain leads to antiferromagnetic properties of La;_,Sr,MnO; with d,»_,» orbital ordering [30, 31, 38, 39]
and thus to a reduction of the total magnetization in the LSMO film.

So far, the manipulation of the magnetization by strain was considered. Even more fascinating is the
possibility to tune the magnetization by the application of electric fields. In order to probe a possible
magneto-electric coupling (MEC), the SQUID magnetometer was modified following Borisov et al [40].
With this technique a magnetic signal Amy, . induced by an applied electric AC-field can be measured
precisely using the advantage of high sensitivity due to a lock-in technique. Since the sample is not moved
through the pick-up coils, the detected signal is purely caused by the change of the magnetic moment in the
sample induced by the AC-field and thus proves the magneto-electric coupling.

Figure 2 shows the observed MEC signal for LSMO[0.5] and LSMO[0.3]. Data were taken with an
AC-electric field of +3 kV em ™! at f = 1 Hz, an external magnetic field of 3 mT, and a cooling rate of
2 K min~!. A clear MEC signal can be observed for both stoichiometries in the entire temperature range.
The magnetic response to the electric field differs for each structural phase of BTO, but is pronounced in
proximity to the BTO phase transition temperatures, where ferroelectric domain mobility is increased due
to multiple domain orientations. In general the MEC signal follows a quite similar behavior as the
temperature dependent piezoelectric coefficient (ds3) [41] of BTO. As the piezoelectric coefficient quantifies
the volume change of a piezoelectric material under the application of an electric field we conclude that the
observed MEC is strain induced. Thus, certainly the change of the magnetization is related to the strain
induced to the LSMO layer by application of the AC electric field. For LSMO[0.3] the sign of the MEC
signal changes within the Or phase of BTO meaning a change of the sign of the magneto-electric coupling.
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Figure 2. Magneto-electric coupling with respect to the applied AC electric field at j1oH = 3 mT. MEC is pronounced at the
phase transitions of the BTO substrate.
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Figure 3. Modification of the magnetization Am as function of applied DC electric field for (a) LSMO[0.5] and (b) LSMO[0.3]
at various temperatures above and below the BTO phase transition temperatures.

For a more detailed view, DC electric field dependent magnetization measurements with a magnetic
field of 3 mT were performed for both samples at temperatures above and below the BTO phase transitions.
Samples were cooled down with a positive applied electric field of +4 kV cm ™. Each electric loop
(+4kVem™ ' - —4 kVem ™' — +4 kV cm™!) was taken twice in order to eliminate artifacts due to domain

formations related to the phase transitions. Here we only show the second measurement at each

temperature. For a better comparability of the results at different temperatures, figure 3 shows the
modification of the magnetization Am compared to the magnetization at the starting point of the electric
loop (+4 kV cm™!) for (a) LSMO[0.5] and (b) LSMO[0.3].
One can clearly see an asymmetric change of the magnetization with respect to the polarity of the

applied DC electric field. The change of the magnetization from positive to negative applied electric field
nicely fits to the data taken with the newly implemented MEC technique (figure 2). For LSMO[0.3] the
modification of the magnetization is negative at 210 K with negative applied electric field, which explains
the reversal of the MEC signal in the Or phase.

5. Polarized neutron reflectometry

Polarized neutron reflectometry (PNR) was performed to deduce the magnetization profile of LSMO[0.5] at
MARIA (MLZ) [42]. The magneto-electric coupling mechanism proposed by Burton et al [18] predicts a
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Figure4. PNR data of LSMOJ[0.5] at 285 K with corresponding PNR fits (solid lines). R__ reflectivity is divided by 10 for a
better visibility. Additionally, the SLD profiles obtained by the fits are depicted at the right side. The origin of the z-scale is at the
LSMO/BTO interface.

change of magnetization in direct vicinity to the interface upon application of an electric field, which would
show up in the PNR data. The temperatures are reached by cooling the sample in a magnetic field of 1 T.
The measurement is performed in saturation, thus only non-spinflip channels are measured, Ry and R__
for neutron spin up and down, respectively, before and after the scattering process. The direction of the
applied electric field is switched at the desired temperature. Figure 4 shows PNR data taken at 285 K for
both stoichiometries including the corresponding fits for the reflectivities. For better visibility the R__
reflectivity is divided by a factor of 10. Additionally, the nuclear and magnetic scattering length densities
(NSLD and MSLD) obtained by the fits are depicted on the right side as function of the sample thickness z.

PNR data of LSMO[0.5] show thickness oscillations up to the third order. The spin-asymmetry (%)

plot (see inset) indicates a finite magnetization. A difference in the reflectivity for different electric field
polarities is clearly observed. The fit of the PNR shown by the solid line nicely represents the data. The
NSLDs resulting from the fits show a low roughness at the LSMO/BTO interface in the range of 1-2 unit
cells. A top layer with reduced NSLD has to be taken into account. In case of positive applied electric field,
an enlarged surface roughness was found leading to an earlier drop in the NSLD at the surface. The
magnetic profile represented by the magnetic scattering length density shows a reduced magnetization at
the LSMO/BTO interface which can be explained by strain, since tensile strain leads to an antiferromagnetic
ground state in Lag 5SrgsMnOs [30, 31]. A maximal magnetization of 0.81‘8"11 (p/Mn is obtained for positive
electric field. 0.67(") yup/Mn is obtained for negative electric field. The reduction of the magnetization for
negative applied electric fields is present within the whole sample, but not limited to the LSMO/BTO
interface.

In total, the magnetization profile with respect to the electric field direction just slightly changes as can
be seen in the MSLD, but again this effect is not limited to the LSMO/BTO interface.

Opverall, a difference in the PNR data with respect to the applied voltage could be observed. A reduction
of the NSLD for positive applied electric field was found at the surface. We assume that this can be related
to an oxygen deficient top layer, since the application of an electric field can lead to the diffusion of oxygen
ions. Electric field dependent differences in the magnetization profiles could be observed, but are not
limited to the LSMO/BTO interface.

6. Summary and conclusion

The magnetization of the LSMO layer on a BTO substrate exhibits pronounced steps at the BTO structural
phase transitions. We relate this observations to strain effects leading to a change in the magnetic anisotropy
and the exchange interaction of the LSMO layer induced by the BTO substrate. Using partially
complementary methods such as angle-dependent magnetization, x-ray absorption spectroscopy and
transport measurements, Panchal et al [22] concluded that strain is the decisive factor controlling magnetic
anisotropy switching. Our detailed studies on the magneto-electric coupling and the depth resolved
magnetization profile obtained by polarized neutron reflectometry support their conclusion and give
additional insight into the microscopic mechanism of the observed effects. Using a modified SQUID
magnetometer, magneto-electric coupling could be evidenced by the magnetic response to an AC and DC
electric field applied to the LSMO/BTO structures. The magnetic response is asymmetric with respect to the
polarity of the DC electric field. In the Rh phase the system shows a ‘switching behavior’ known from
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memory devices, i.e. the magnetization for vanishing electric field has different values for different E-field
histories. Polarized neutron reflectivity elucidate the mechanism behind this unusual magneto-electric
behavior. We take changes of the nuclear scattering length density close to the surface of the LSMO layer
under inversion of the E-field polarity as indication for oxygen vacancy migration in the electric field,
known e.g. from resistive switching metal-oxide/metal structures. Under inversion of the E-field polarity,
the MSLD changes throughout a depth of more than 100 A in the LSMO layer. No significant changes are
visible at the interface between LSMO and BTO. These observations are inconsistent with the mechanism
for magneto-electric coupling proposed by Burton et al [18], namely magnetic reconstructions at the
LSMO/BTO interface induced by switching of electric polarization. The fact that no significant
magnetization changes are observed at the interface and that both compositions show similar
magneto-electric coupling (while the ‘Burton-mechanism’ should only work for the x = 0.5 sample) rule
out this mechanism as the dominating effect for our system. The identification of strain effects in the
temperature dependence of magnetization leads us to the conclusion that also the magneto-electric
coupling is mainly strain-mediated in our systems.

To conclude, our experimental study shows the limitations of ab initio calculations of electronic
structures at interfaces in explaining magneto-electric coupling effects in real systems. Real systems have a
complexity which is not properly reflected in calculations assuming ideally flat interfaces and non-mobile
atomic structures. Additional effects, not considered in these calculations can dominate. Namely there are
e.g. frustration effects at the interfacial steps, oxygen vacancy migration under electric field or strain
induced changes of magnetic anisotropy and exchange interactions. Combining MEC-effect measurements
with depth resolved vector-magnetometry based on polarized neutron reflectometry can elucidate the
complex mechanisms occurring in real systems.
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