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Strain vs. charge mediated magnetoelectric
coupling across the magnetic oxide/ferroelectric
interfaces

Binod Paudel,® Igor Vasiliev, 122 Mahmoud Hammouri,? Dmitry Karpov,©
Aiping Chen, €2 Valeria Lauter® and Edwin Fohtung (2 *f

We utilize polarized neutron reflectometry (PNR) in consort with ab initio based density functional theory
(DFT) calculations to study magnetoelectric coupling at the interface of a ferroelectric PbZrg >TiggO3
(PZT) and magnetic Lage7Sro33MNOz (LSMO) heterostructure grown on a Nb-doped SrTiOz (001)
substrate. Functional device working conditions are mimicked by gating the heterostructure with a Pt
top electrode to apply an external electric field, which alters the magnitude and switches the direction of
the ferroelectric (FE) polarization, across the PZT layer. PNR results show that the gated PZT/LSMO
exhibits interfacial magnetic phase modulation attributed to ferromagnetic (FM) to A-antiferromagnetic
(A-AF) phase transitions resulting from hole accumulation. When the net FE polarization points towards
the interface (positive), the interface doesn't undergo a magnetic phase transition and retains its global
FM ordered state. In addition to changes in the interfacial magnetic ordering, the global magnetization of
LSMO increases while switching the polarization from positive to negative and decreases vice versa. DFT
calculations indicate that this enhanced magnetization also correlates with an out of plane tensile strain,
whereas the suppressed magnetization for positive polarization is attributed to out of plane compressive
strain. These calculations also show the coexistence of FM and A-AF phases at zero out of plane strain.
Charge modulations throughout the LSMO layer appear to be unaffected by strain, suggesting that these
charge mediated effects do not significantly change the global magnetization. Our PNR results and DFT
calculations are in consort to verify that the interfacial magnetic modulations are due to co-action of
strain and charge mediated effects with the strain and charge effects dominant at different length scale.

parameters that can operate well above room temperatures are
rare. This is because of the mutually exclusive chemistry

Magnetoelectric multiferroics (MFs), having the simultaneous
occurrence of two ferroic order parameters (i.e. ferroelectric (FE)
and anti/ferromagnetic), exhibit novel and exotic functionalities
due to coupling between these parameters and show promise
for new device applications.”” The control of magnetism (elec-
tricity) via electric (magnetic) degrees of freedom finds appli-
cation in magnetic random access memory, magnetic field
sensors and spintronic devices and can be exploited for device
miniaturization.*® However, single-phase multiferroics with
large magnetoelectric (ME) coupling of the FM and FE order
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required for the existence of two order parameters.”” To
circumvent this limitation, ME multiferroic composites
comprised of magnetic and FE phases are constructed; where
ME effects are realized via cross-coupling between piezoelectric
and magnetostrictive properties of the FE and FM layers
respectively.**>® These heterostructures have an advantage over
single phase multiferroics in that the ME coupling coefficient
can be tuned by choosing FM layers with optimized magneto-
strictive properties and enhanced Curie temperatures, and FE
layers with excellent piezoelectric properties.*

In this article, we report ME coupling at the interface of
Lag.675T0.33Mn0O; (LSMO) and PbZr, ,Ti, 305 (PZT) layers grown
on a Nb-doped STO (001) substrate and investigate interfacial
magnetism modulations by switching the ferroelectric polari-
zation orientations in the PZT layer. Hole doped lanthanum
manganites such as La; ,A, MnO; (A = Sr, Ca, Ba) well recog-
nized for their colossal magnetoresistance property exhibit
varied phases as a function of hole dopant concentration and
temperature, as they carry strong interplay between charge,
lattice, orbital and spin degrees of freedom."*™ La; ,Sr, MnO;
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with x = 0.33 is the optimum doped manganite owing to the
half-metallic behavior and optimized spin polarization with
relatively high Curie temperature (T¢ = 360 K); which is man-
ifested through dominant double-exchange mechanisms that
delocalize e, electrons.**** PbZr,Ti;_,O; the solid solution of
PbZrO; and PbTiO; with x = 0.2 was chosen in our experiments
because of its high Curie temperature and large saturation
polarization."*° For this reason, the LSMO/PZT heterostructure
is considered as one of the best building blocks to fabricate
ultra-low power spintronic devices that can be controlled with
electric fields.

The methods of inducing and controlling magnetism across
the interface of ferroelectric and magnetic layers in hetero-
structures have been profoundly studied in recent years since
they are promising to replace energy consuming current
controlled spin transfer torque (STT) memory devices.”">
Recent studies have shown that the interface magnetoelectric
coupling persists from a few unit cells to tenths of nanometers.
However, understanding the mechanism of magnetoelectric
coupling across such length scales under device working
conditions requires a combination of theoretical and non-
invasive experimental probes. These probes can access both
the local distribution and changes in the magnetic polarization
with atomic resolution across tens of unit cells. The electronic
reconstructions at atomic scales via electric field induced strain
coupled magnetism tuning in manganites, due to changes in
electron hopping rates and associated changes in the atomic
bond angles and lengths, have been widely studied.>*** Elec-
tric field induced charge (electron-hole pairs) mediated
coupling across FM/FE interfaces also alters the charge carrier
concentrations at the FM oxide layers via an accumulation or
depletion process depending on the direction of FE polariza-
tion.*® The interfacial magnetism and thus ME coupling can be
manipulated through changing the magnetic moments due to
the flipping of spin ordering or orbital reconstruction, changing
the exchange interactions (resulting in competition between
different magnetic phases), and by changing global magneti-
zation (a result of changes in magnetic anisotropy).>* Charge
mediated magnetism and ME coupling in LSMO/PZT multi-
ferroic heterostructures has been extensively reported*>* and
some studies have ME coupling associated with the strain-
mediated effects across the FE/FM interface. However, to
understand the ME coupling that is persistent from Angstroms
to tens of nm length-scales, we need probes that are capable of
disentangling coupled charge and strain effects with local and
atomic scale sensitivity. In this article, we combine PNR and
DFT to elucidate the mechanisms of charge vs. strain mediated
ME coupling across the PZT/LSMO interface and we explore
contributions from an external electric field driven strain and
charge mediated ME coupling.

Extensive experimental and theoretical work has been per-
formed to understand magnetic modulations at LSMO/PZT
interfaces.'®*****° Vaz et al*' studied ME coupling effects
across the LSMO/PZT interface and attributed the observed ME
coupling to interface charge mediations. Using X-ray absorption
spectroscopy (XAS), they demonstrated that the modulation of
Mn-ion valency is responsible for polarization induced
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magnetism changes at the LSMO interface region. They also
argued that the observed suppression of magnetization at the
interfacial layer associated with charge accumulation was
attributed to strongly depopulated 3d z* orbitals. This, in turn,
favours the idea that super exchange interactions lead to the A-
AF coupling at this interface.”® The authors concluded that the
origin of the observed ME coupling was completely charge
mediated i.e. not strain - driven. Spurgeon et al.’>* studied the
polarization surface charge screening, which induced magnetic
phase gradients at LSMO/PZT interfaces. The authors utilized
electron energy loss spectroscopy (EELS), PNR and DFT calcu-
lations to study the nature of magnetic phase transition across
the interfaces.**** They also observed an asymmetrical magnetic
phase gradient accompanied by a 30% difference in local FE
polarization at the top and bottom interfaces. Interfacial spin
state control of LSMO/PZT interfaces as a function of polariza-
tion orientations was studied by X. Ma et al.*® They observed
that the spin states of a one-unit cell containing Mn ions
changed from FM to A-AF due to an exchange interaction
without a net change in the bulk magnetization. Zhou et al.*’
studied the thickness dependence of LSMO/PZT hetero-
structures on interfacial ME coupling by measuring valence
states of Mn atoms from XAS and observed an increase in Mn
valency with increasing thickness of LSMO/PZT. Recently,
Mayer et al. investigated the evolution of magnetic moments at
the LSMO/PZT interfaces using PNR.*® The authors noticed that
the surface and interface magnetization of LSMO was enhanced
with the introduction of an FE capping layer. They observed
enhanced interfacial magnetization for the polarization direc-
tion oriented towards interface and suppressed for the opposite
direction. The thickness of the layer at the interface where the
magnetization changed was found to be 2 nm, which agrees
with the field screening.

Burton and Tsymbal®** studied the electric field induced
magnetic reconstruction on La; ,A,MnO; (LAMO)/BTO (A = Sr,
Ca or Ba) interfaces for LAMO residing at FM and A-AF phase
boundaries. This comprehensive study confirmed the occur-
rence of an A-AF phase at the interfaces for every phase
boundary of all hole doped manganites. Chen and Ismail-Beigi*®
studied ME coupling across LSMO/PTO interfaces using DFT.
They found that the interfacial spin reconstruction of Mn
atoms, resulted from carrier modulation due to polarization,
are accounted for the changes in magnetization. Recently our
group (M. Hammouri et al.)* utilized DFT to study ME coupling
across the LSMO/PZT interface. We observed the modulation of
interfacial magnetization due to the presence of antiferromag-
netic (A-AF) and FM phases at the LSMO/PZT interface. We also
noticed that the balance of the magnetic (A-AF and FM)
modulation could be altered by an electric field induced FE
polarization.

However, all the charge mediated results reported above are
not convergent and consistent with the bulk phase diagram of
La; _,Sr,MnO;."* Vaz et al. and Meyer et al. found enhanced
magnetization at LSMO (x = 0.2)/PZT interface even though
hole accumulation brings LSMO towards the A-AF insulating
phase and suppressed magnetization for hole accumulation
that brings LSMO towards the FM metallic phase.*** Moreover,
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magnetic suppression at the LSMO/PZT interface is frequently
encountered due to polar discontinuity and interface mix-
ing.**** Spurgeon et al. found local polarization asymmetry at
two LSMO interfaces with PZT and reported hole depletion for
both interfaces instead of accumulation on bottom and deple-
tion on top, which is not in agreement with the phase diagram
of LSMO.** Along with charge screening effects, many effects
and phenomena that can contribute to magnetic modulations
at the LSMO/PZT interfaces co-exist simultaneously. Issues that
have not been addressed include (i) whether strain and charge
mediation co-exist, (ii) and if so at what length scales do charge
screening and the strain effect persists to contribute to the re-
ported ME coupling?

To address these issues, we utilized PNR in consort with DFT
calculations to understand the role of strain and charge medi-
ated interfacial ME coupling in a heterostructure of LSMO/PZT.
We utilized the Magnetism Reflectometer at the Spallation
Neutron Source, Oak Ridge National Laboratory to provide
polarized neutron beams to the LSMP/PZT sample.*> PNR is
a probe that is particularly well suited for determining the
nanostructures of magnetic thin films and multilayers.****

Experimental methods
Sample preparation and characterization

We utilized a substrate-induced self-poling technique to spon-
taneously pole the PZT layer during growth.*® Initially, a ~5 nm
Lag 67570.33Mn0O; layer was deposited onto a bulk Nb-doped
SrTiO; (001) (STO) substrate using pulsed laser deposition. This
approach prescribes the appropriate electrostatic boundary to
spontaneously self-pole the PZT “towards” or “away” from the
STO substrate®>***° next to =75 nm thick PbZr, ,Ti, gO;. Finally,
circular-shaped Pt contacts (gated as top electrodes) with
a thickness of about 2-5 nm and area of 1.0 mm® were dec-
sputtered through a shadow mask. The choice for thin Pt elec-
trode was motivated by earlier studies reporting better fatigue
characteristics due to enhanced partial switching regions.* The
Nb-doped STO served as the bottom electrode to the system.

Reciprocal space maps, obtained with the X-ray diffraction
(XRD), of the system, show the films are epitaxial and of good
quality. Fig. 1(a) shows the peaks corresponding to PZT, STO and
LSMO layers in the absence of an external electric field, whereas
Fig. 1(b) displays the reciprocal space map of LSMO/PZT heter-
ostructure on STO for the applied field of +2 V, showing the layers
are still epitaxial with change in shape of PZT peak, which shows
the polarization in PZT layer. 20-w (001) peaks for PZT for
different electric fields as shown in Fig. 1(c). Negative and
remnant fields have increased the out of plane tensile strain
while positive fields decreased it. Applied electric fields on PZT/
LSMO heterostructures cause lattice distortion along [001] and
[100] directions, which is verified by shifting of all peaks towards
smaller Q, values and larger Q, values respectively.

Polarized neutron reflectometry (PNR)

Bulk magnetometry probes are not sensitive to magnetic
profiles within the sub-nanometre range or to the individual
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Fig.1 Reciprocal space map (RSM) near the (002) peak of PZT/LSMO/
STO (001) under (a) 0 V and (b) 2 V. (c) X-ray diffraction in the vicinity of
the PZT (75 nm) 001 peak grown on Nb-doped STO (001) substrate
under different electric field voltage applied to the top (Pt) and bottom
(Nb-STO) electrodes sandwiching the sample. An external ferroelec-
tric tester was utilized to ensure that hysteresis loops of applied
voltage versus resultant FE polarization were observed. After the first
cycling of the device, we increased the applied voltage (in steps of 1 V)
across PZT/LSMO from 0 V to 12 V (saturation), 12 Vto 0 Vand 0 V to
—12 V. (d) Selected area electron diffraction (SAED) pattern of the
cross-section of heterostructures (e) TEM image of cross-section of
the sample, showing the unique structure of two interfaces (f) TEM
image of LSMO/PZT interface.

magnetization contribution of layers comprising the hetero-
structure.***® PNR is a non-destructive probe capable of
detecting magnetization profiles along the directions of
momentum transfer vectors Q,, for specular reflection®* and
along Q, or Q,, for off-specular scattering.**~*>**** The neutrons
encounter the nuclear and magnetic potentials U(z) = 2wh*/m
{Nj(By)n} + {Nj(bj)m} of the samples where, N; is the neutron
number density of the sample and (b;)n, (b))m are the neutrons’
nuclear and magnetic scattering lengths. The first and second
terms inside brackets are nuclear and magnetic scattering
length densities (NSLD and MSLD) respectively. NSLD and
MSLD respectively correspond to depth profiles of chemical and
in-plane magnetization vector distributions. These can be ob-
tained from a simultaneous fit of reflectivity data measured with
neutron spin polarization parallel R™(Q) and antiparallel
R™7(Q) to external guide field, where Q is the momentum
transfer vector between incoming and reflected neutrons. The
depth profiles of in-plane magnetization and the film structure
can be obtained from a simultaneous fit of R™'(Q) and R™(Q).
For our sample, we measured in-plane magnetization depth
profiles of the LSMO layer across the LSMO/PZT interface and
modulations arising due to polarization induced interfacial
charge screening and lattice distortions. This can be done by
measuring only non-spin flip reflectivity intensities (R and
R™7), which gives net magnetic moments along the field
directions. The calculated spin asymmetry ratio A = (R —
R 7)/(R™ + R™7) is a measure of the normalized net magnetic
moment along the field direction. However, a non-collinear
magnetization vector distribution results in spin-flip scat-
tering intensities (R'~ and R™"), which measures the in-plane
sample magnetization profiles perpendicular to the neutron
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polarization directions. The collection of these four reflectivity
intensities provides the entire in-plane magnetization of all
layers comprising the sample along with the nuclear depth
profiles. The sample schematic used in this study with different
layers, electrodes and the traditional set up for PNR is depicted
in Fig. 2(a).

Computational methods

We applied first-principles computational methods based on
density functional theory (DFT)***” to study the magnetoelectric
coupling in the interfacial region between LSMO and PZT. The
calculations were carried out using the Quantum ESPRESSO
(open-Source Package for Research in Electronic Structure,
Simulation, and Optimization) electronic structure code.*®
Within the Quantum ESPRESSO code, the electronic wave
functions were expanded using a plane-wave basis set with
periodic boundary conditions. We employed the Kleinman-
Bylander form® of norm-conserving ultra-soft Vanderbilt
pseudopotentials® in our calculations. The pseudopotentials
were generated while considering the relativistic correction. The
exchange-correlation energy functional was evaluated using the
generalized gradient approximation (GGA) parameterized by
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Fig. 2 (a) Schematic of polarized neutron reflectometry (PNR)

experiment and sample with deposited layers. The Pt layer acts as a top
electrode with Nb-STO bottom electrode. The given magnets show
the guide magnetic field direction parallel to the sample surface. The
neutron spin polarization parallel to this direction is considered as
positive polarization and anti-parallel as negative. For this measure-
ment, both non-spin flip reflectivity intensities R** and R™~, are
collected to get a net in-plane magnetization profile. (b) The nuclear
and magnetic scattering depth profiles. The magnetic scattering
length density is smaller than the nuclear density because only a small
number of electrons (which are unpaired) are responsible for magnetic
signals. The magnetic profile is enhanced within LSMO film, but shows
a sharp drop at the STO interface, (c) Non-flip reflectivity R** and R™~
intensities (open circles) as a function of momentum transfer vector Q,
and best fit (solid lines) of experimental data at room temperature with
in-plane applied field of 1 T for self-polarized state of sample. (d)
Magnetic depth profiles for different polarization states of PZT. (e)
Normalized spin asymmetry ratio A = (R** — R™7)/(R** + R™7) of PNR
measurements for self-polarized state.
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Perdew, Burke, and Ernzerhof.®* The plane-wave kinetic energy
cutoff was set to 30 Ry for the wave functions and 300 Ry for the
charge density and potential. The Brillouin zone was sampled
according to the Monkhorst-Pack scheme.®® Structural optimi-
zation was performed using the conjugate gradient algorithm.
The optimization was carried out until all residual interatomic
forces were smaller than 0.02 eV A~'. The calculated total
energies and equilibrium lattice parameters of all studied
structures were tested for convergence with respect to the
energy cutoff and the number of k points.

The crystal structure of bulk La, ¢,Sr, 33Mn0O; was modeled
using a1 x 1 x 6 tetragonal supercell containing 30 atoms. The
Brillouin zone was sampled with an 8 x 8 x 3 k-point mesh. To
improve the accuracy of the theoretical description of the
magnetic properties of LSMO, we used the Hubbard-corrected
GGA+U exchange-correlation functional®®® for Mn atoms.
The Hubbard parameters for the Coulomb and exchange
interactions were selected to be U = 2 eV and J = 0 eV, respec-
tively. These parameters have been used in previous DFT
studies of the electronic and magnetic properties of LSMO.*°
The crystal structure of bulk PbZr, ,Tiy 05 was modeled using
a1l x 1 x 5 tetragonal supercell containing 25 atoms. The
Brillouin zone was sampled with a 5 x 5 x 4 k-point mesh. The
Lag 66ST0.33Mn0O3/PbZr, ,Tip O3 (001) interface was modeled
using a tetragonal supercell containing 6 unit cells of LSMO and
5 unit cells of PZT. The supercell was constructed using the
LSMO layer containing Sr atoms in the 2-nd and 4-th unit cells
and the PZT layer containing a Zr atom in the middle cell. The
termination of the interfacial layers of LSMO and PZT in our
theoretical model was consistent with the experimental studies,
in which PZT was connected to the predominantly La-
terminated surface of LSMO. We selected left-right symmetric
positions for the substitutional Sr atoms in the modeled layer of
LSMO to allow a more meaningful comparison of the distribu-
tion of Mn magnetic moments at the left and right sides of the
LSMO layer. The Brillouin zone was sampled with a 6 x 6 x 3 k-
point mesh. The total thickness of the modeled LSMO/PZT
interfacial region was approximately 40 A.

The optimized structures of tetragonal supercells for bulk
LSMO, bulk PZT, and the LSMO/PZT (001) interface were
calculated by DFT.** A positive and negative uniaxial strain was
applied to the modeled structure by expanding and contracting
the size of the supercell in the direction orthogonal to the
LSMO/PZT interface by +1.5% and +3%. After that, the struc-
ture of the LSMO/PZT interface was optimized by simulta-
neously relaxing the positions of all atoms and the lattice
parameters in the plane parallel to the interface, while keeping
the lattice parameter in the direction orthogonal to the interface
constant.

Results
PNR results

PNR was conducted on Magnetism Reflectometer at 298 K with
an in-plane applied magnetic field of 1 T along [100] sample
direction. The model fitted normalized reflectivity intensities,
shown in Fig. 2(b), give the nuclear (NSLD) and magnetic

This journal is © The Royal Society of Chemistry 2019
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(MSLD) scattering length density profiles, which are plotted in
Fig. 2(a). For the entire sample, NSLD only changes at the
interfaces between different layers showing different nuclear
contents and such contents are uniform over each layer. The
MSLD is only sensitive to the magnetic layer LSMO and does not
distinguish the contrast between different non-magnetic layers,
giving zero MSLDs for Pt, PZT, and STO. There is an enhanced
MSLD throughout the LSMO nano-layer with discontinuities at
PZT/LSMO and LSMO/PZT interfaces, which reveals that the
LSMO layer has non-zero magnetic moments. The accuracy of
NSLD and MSLD depend on the data quality determined by the
quality of sample and experimental statistics of the data. The
periods of oscillation give the thickness of the film and the
slope of the curves give roughness. The layer thickness of LSMO
given by the fit is close to the actual thickness of 5 nm and layer
interfaces seem almost sharp.

To understand the ferroelectric polarization induced magnetic
modulations at the PZT/LSMO interface, PNR magnetic depth
profiles of LSMO for different polarization states are shown in
Fig. 2(d). Magnetic depth profiles in the figure are not uniform and
a few unit cells of magnetic dead layers are distinctly visible at left
interfaces, which is attributed to the polarization of the ferro-
electric PZT layer. Such changes in magnetization profile at the
interface due to electric polarization are caused by magnetoelectric
coupling. Polarization surface charges are produced at both
surfaces of PZT, with polarization pointing either towards or away
from the interfaces. These PZT surface charges screen the charges
of equal and opposite sign at the LSMO interface to modulate the
carrier concentrations either by accumulation or depletion of
holes. Carrier modulation is restricted to only a few unit cells
because of Thomas-Fermi screening lengths.® Our LSMO is
optimum doped half metal with a concentration of 0.33, which has
larger screening depths as compared to metallic conductors.
Therefore, the electric field induced interfacial magnetic modu-
lations on LSMO are strongly noticed as shown in Fig. 2(d). For
positive polarization with a field of +2 V (i.e. polarization pointing
towards the interface), the magnetic modulation is almost zero
because the depletion of holes cannot switch FM into A-AF phase
as the screening charges at the LSMO surface would not be enough
to achieve that. The hole depletion drives the magnetic phase
towards the left of ferromagnetic metal (FMM) phase (x < 0.33)
that may bring LSMO interface towards the ferromagnetic insu-
lator (FMI) phase, thereby stabilizing the ferromagnetic phase at
the expense of Curie temperature.®” If the polarization is negative,
i.e. it points away from the interface due to the field of —2 V,
accumulation of holes takes place at the LSMO interface due to
positive screening charges. Few unit cells of LSMO at the interface
are modulated as it undergoes a phase transition from FMM to
AFM close to x = 0.5, thereby suppressing the FM phase. This
phase transition favors the super-exchange interactions flipping
the magnetic moments of Mn atoms close to the interface and
hence magnetic reconstruction may arise within a few unit cells (2
nm) of LSMO. The PZT layer will be in a self-polarized state at zero
field with polarization pointing away from the interface and will
still accumulate holes at the LSMO interface, modulating
magnetization due to the presence of almost same AF layer that
was for —2 V. This supports the strong interplay between charge
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and spin degrees of freedom in manganites. Such interfacial
modulation is accompanied by an increase in bulk magnetization
for two accumulation states (i.e. for —2 V and 0 V) as compared to
depletion (ie. for +2 V). Within the FM-metallic phase, the
magnetization of the LSMO layer becomes proportional to doping
concentration as a higher hole concentration provides strong
double exchange interactions to hop more carriers between Mn>*
and Mn*". This is consistent with the increase in bulk magneti-
zation of LSMO while going from +2 V to —2 V through 0 V as
a result of tensile and compressive strains along with charge
modulations due to applied fields. The strain coupling on
magnetostrictive LSMO from the PZT layer modulates the
magnetism and such modulations vary from interface to the
surface.* Therefore, strain effects are mostly contributing to bulk
magnetic modulations whereas charge effects are only limited to
interfaces modulations as shown in PNR. Fig. 2(e) shows the spin
asymmetry ratio as a function of Q.. This gives the orientation of
magnetic moments perpendicular to the interface.®®

DFT results

In order to give the quantitative contributions to magnetism
modulations, observed in PNR, from charge and strain medi-
ated effects due to applied fields, we simulated different values
of uniaxial strains (tensile and compressive) by compressing
and relaxing LSMO/PZT along [001] from DFT calculations.
Electronic charge distributions across the interface as the
influence of applied simulated uniaxial strains are shown in
Fig. 3(a). The vertical axis displays the deviation of the Lowdin
atomic charges for the Mn, Ti and Zr atoms at the LSMO/PZT
interface from those in bulk LSMO and bulk PZT. Due to the
use of periodic boundary conditions, a layer of LSMO in our
theoretical model was sandwiched between two layers of PZT.
The polarization of PZT was directed away from the surface of
LSMO on the left side of the LSMO layer and towards the surface
of LSMO on the right side of the LSMO layer. As expected, our
calculations predicted a decrease of electronic charges at the
left PZT/LSMO interface and an increase of electronic charges at
the right interface. The observed charge variations could be
explained by the electrostatic screening of ferroelectric PZT by
half-metallic LSMO. The polarization of PZT produced a nega-
tive surface charge at the left PZT/LSMO interface and a positive
surface charge at the right LSMO/PZT interface. The polariza-
tion surface charge of PZT was screened by charge carriers from
LSMO, resulting in a lower electron density (higher hole
density) at the left PZT/LSMO interface and a higher electron
density (lower hole density) at the right LSMO/PZT interface. It
is interesting to note, that the applied uniaxial strain did not
significantly change the distribution of charge density across
the LSMO layer. The only noticeable change of charge density
distribution occurred near Zr atoms within the PZT layer. This
result suggests that the applied strains/fields have no signifi-
cant influence on the charge accumulation and depletion across
the LSMO/PZT interface.

To investigate the influence of PZT polarization and
applied uniaxial strain on the magnetic properties of the
LSMO/PZT interface, we calculated the total energies and
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Fig. 3 (a) Deviation of the Léwdin atomic charges at the LSMO/PZT

(001) interface from the atomic charges in bulk LSMO and bulk PZT.
The LSMO layer is sandwiched between two layers of PZT. The vertical
dashed lines indicate the boundaries between LSMO and PZT. The
arrows show the direction of PZT polarization. (b) Dependence of the
total energy of the LSMO/PZT (001) interface on the magnetic
configuration of LSMO for different values of applied uniaxial strain.
The zero energy corresponds to the FM configuration of the LSMO
layer. (c) Evolution of the distribution of FM and A-AF phases across the
LSMO layer as a function of applied uniaxial strain. (d) Simulated
magnetic depth profile of the LSMO layer. The direction of PZT
polarization is shown by arrows.

magnetic moments of the LSMO/PZT interfacial region in
different magnetic configurations. According to the phase
diagram of tetragonal manganites reported by Fang et al.,*®
bulk LSMO has ferromagnetic (FM) order of Mn magnetic
moments at the Sr doping level of x = 0.33 and the lattice
ratio ¢/a = 1. An A-type antiferromagnetic (A-AF) order is
favored when the c/a lattice ratio is reduced to approximately
0.97. Other types of magnetic order, such as C-type AF and G-
type AF, are expected to be significantly higher in energy if
the c/a lattice ratio is close to 1.0. In agreement with the
phase diagram of tetragonal manganites, our calculations
predicted that the FM configuration was lower in energy than
the A-AF configuration for bulk Lagg6St0.33Mn0O;. In
contrast, we found that the LSMO/PZT interfacial region
generally favored a mixed magnetic configuration with FM
layers on the right side where the polarization of PZT pointed
towards the surface of LSMO and A-AF layers on the left side
where the polarization of PZT was directed away from the
surface of LSMO. The dependence of the total energy of the
LSMO/PZT interfacial region on the magnetic configuration
of LSMO for different values of applied uniaxial strain is
shown in Fig. 3(b).

In the absence of applied strain, the magnetic configura-
tion with a single A-AF layer on the left side of the LSMO slab
had the lowest total energy.*® A positive strain stabilizes the
FM magnetic configuration of LSMO and decreases the
number of A-AF layers on the left side of the LSMO slab,
whereas a negative strain stabilizes the A-AF magnetic
configuration of LSMO and increases the number of A-AF
layers on the left side of the LSMO slab. This result is consis-
tent with the increase in bulk magnetization while switching
from +2 V to —2 V in experiment. The lowest-energy magnetic
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state of the LSMO slab was found to be completely FM for ¢ =
3%, and completely A-AF for ¢ = —3%.

Fig. 3(c) presents a schematic illustration of the influence of
applied uniaxial strain on the distribution of magnetization
across the LSMO/PZT interfacial region. The number of A-AF
layers on the left side of the LSMO slab in the lowest-energy
magnetic configuration increased with a negative applied
strain (compression) and decreased with a positive applied
strain (expansion). A simulated magnetic profile of the LSMO
layer for different values of applied strain is displayed in
Fig. 3(b). The simulated profile was obtained as a statistical
distribution of the FM, A-AF, and mixed FM/A-AF LSMO/PZT
magnetic configurations at 7 = 300 K and B = 0.1 T. Our
study demonstrated the possibility of the existence of a layer of
A-AF LSMO at the left LSMO/PZT interface, where the polari-
zation of PZT was directed away from the surface of LSMO. The
presence of the A-AF phase of LSMO in the LSMO/PZT interfa-
cial region could be responsible for the presence of a nonmag-
netic layer near the LSMO/PZT interface shown in Fig. 2(c). We
found that a positive strain increased, and a negative strain
decreased the magnetization of LSMO. The results of our
calculations demonstrated that the spatial distribution of
magnetization inside the LSMO slab is strongly influenced by
the direction of the PZT polarization and by the applied strain.

When an electric field is applied to the ferroelectric layers,
the modulation of carriers at the interfaces and distortion of
lattices in response to the direction of the field take place
simultaneously. This implies that charge and strain mediated
effects are contributing collectively to modulate magnetic
properties across LSMO as shown from PNR and DFT. The
lattice distortion results as the strain is transferred to the
magnetic layers from the FE layers, thereby changing the
magnetic properties of the interfacial region due to magneto-
strictive effects. To explore the interplay between electric field
induced strains and bulk magnetic moments, we simulated
magnetic phases on LSMO for different values of applied strain
because the magnetic properties of LSMO strongly depend on
the lattice parameters. The number of A-AF layers at the left
interface shown in Fig. 3(b) and (c) corresponds to the magni-
tudes of bulk magnetization/magnetic moments of LSMO but
does not represent the length of interfacial ME coupling as
charge effects are less noticeable, as explained by the DFT
results. Fig. 3(c) shows that out of plane compressive strain
decreases magnetization of LSMO and out of plane tensile
strain increases magnetization of LSMO regardless of the
polarization direction of PZT i.e. for both accumulation and
depletion. This is because the coupling of strain and magnetism
is directly related to the distortion of MnOg octahedra,'> where
altering Mn-O bond angles triggers the Jahn-Teller distortion
that directly affects the double-exchange mechanism. Even at
the zero strain the co-existence of FM and A-AF phases is
exhibited. This is attributed to the competition between two
phases as LSMO shifts towards the A-AF phase for the negative
polarization. The hopping of e, electrons is influenced by the
strain states as the out of plane compressive strain reduces the
hopping probability by increasing the bond lengths and
decreasing the kinetic energy of the hopped electrons.™
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Therefore, the A-AF phase starts to dominate the FM phase for
larger compressive strains. For tensile strains, the electron
hopping probability is very high, as there is a reduction in the
Mn-O bond lengths and 3-D hopping starts to work, which
favors double exchange interactions and increases the FM
phase for larger tensile strains as illustrated in Fig. 3(c). The
phase evolution of LSMO can also be explained in terms of
orbital reconstructions. Since the e, electron orbital is doubly
degenerated, such degeneracy can be lifted by either compres-
sion or elongation of Mn-O octahedra called Jahn-Teller
distortions; which implies either favoring dsz>_ or de_y, ie.
either imposing tensile or compressive strains.'®”® Ferromag-
netic ordering is isotropic along x-, y- and z-direction, but A-type
antiferromagnetic ordering is intralayer ferromagnetic and out
of plane interlayer antiferromagnetic.”® Under a compressive
strain, the d;»_,> occupancy decreases resulting in a lowering of
the fraction of the FM phase. In contrast, a tensile strain
increases the d;,2_,2 occupancy that increases the fraction of the
FM phase thereby increasing hopping along the c-direction.

Discussion

Since the LSMO phase diagrams are studied as the function of
dopant concentrations and tetragonal distortion (c/a),”® the
compressed and relaxed LSMO/PZT structure in DFT calculations
along the [001] direction gives different values of tetragonal
distortion, which also brings LSMO into different strain states.
The magnetic phase evolution at the interfaces and variation of
magnetic moments throughout the LSMO layer as a function of
tetragonal distortions are obtained from those calculations. In
the experiment, several positive and negative voltages are applied
along the [001] direction in a complete polarization hysteresis
loop, but the only +2 V, —2 V and 0 V values have been measured
in PNR. Measurements at 0 V (with residual tensile strain), +2 V
and —2 V were performed while going from negative to positive
voltages to complete the butterfly loop like strain versus electric
fields curve. In this way, 0 V and +2 V have the tensile strains and
—2V has the compressive strain. In DFT calculations, the effect of
the negative (positive) voltage was modeled by applying a tensile
(compressive) out of plane strain to the modeled interface. PNR
results show that there are magnetically dead layers of ~2 nm for
the —2 V and 0 V and the magnetization increases while going
from 0V to —2 V. In contrast, for the +2 V, the total magnetization
decreases with the absence of dead layers.

Since the applied electric field not only distorts the lattices
but also polarizes the PZT layer, these results can be explained
with the strain states simulated in DFT and the charge modu-
lation on LSMO due to charge screening from PZT polarization.
According to the phase diagram of tetragonal manganites re-
ported by Fang et al,* the magnetic phase modulations at
interface and bulk regions are jointly influenced by strain states
from tetragonal distortion of LSMO and hole concentration.**
The entire region above the phase boundary line is FM and
below is A-AF phase. For DFT calculations, the magnetic phases
are only studied residing on the nominal hole doping (x = 0.33),
shown by vertical red line in Fig. 4. The obtained results from
both studies are tentatively consistent with the phase diagram

This journal is © The Royal Society of Chemistry 2019
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from Fang et al. that LSMO shows the mixed phase of FM and A-
AF phases at c/a = 0.97 and x = 0.33. When accumulation tends
towards x > 0.33, LSMO undergoes transition to the A-AF phase,
but the depletion brings towards x < 0.33 that leads to FM-phase
as shown in Fig. 4. Moreover, for ¢/a = 0.97 with hole depletion,
LSMO shifts towards the FM phase and for c/a = 0.97 with hole
accumulation LSMO shifts towards the A-AF phase as shown in
the phase diagram.” A larger c/a ratio results in the FM phase,
whereas a smaller c¢/a ratio results in the A-AF phase. Interfacial
A-AF layers appear when the PZT polarization points away from
the interface and the FM phase appears when the PZT polari-
zation points towards the interface. Our DFT calculations
demonstrate that coupling between the PZT and LSMO layers
significantly enhances the sensitivity of the magnetic configu-
ration of LSMO to the applied strain. The high sensitivity of the
magnetic configuration of LSMO to the applied strain can be
explained by the coexistence of FM and AFM phases in the PZT/
LSMO interfacial region. The simultaneous presence of FM and
AFM phases near the PZT/LSMO interface can explain the
experimentally observed variations of the magnetic profiles
within the LSMO layer. Experimental results can be compared
with the phase diagram residing at three LSMO doping
concentrations corresponding to —2 V, 0 V and +2 V. The
interfacial magnetization is suppressed with the formation of
a magnetically dead layer up to ~2 nm accompanied by the
increase in bulk magnetization for 0 V and —2 V. However, the
width of the interfacial magnetically dead layer for a negative
polarization decreases while going from 0 V to —2 V, ie.
increasing the out of plane tensile strains, which is consistent
with the DFT predictions shown in Fig. 3(c). The bulk magne-
tization has increased while going from 0 V to —2 V, as more
Mn*" ions find their Mn** counterparts to have double exchange
coupling due to the increase in hole concentration from x =
0.33. The LSMO layer has suppressed magnetization up to larger
distances for +2 V, but still remains in the FM phase. This result

FM-Phase
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Fig. 4 Phase diagram of LSMO as a function of Sr concentration (x)
and tetragonality c/a.%® LSMO experiences a compressive strain when
grown on STO. The phase transitions due to accumulation and
depletion of holes in LSMO and varied tetragonal ratios of the sample
are shown %7
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can be explained by the depletion of holes which decrease the
total magnetization. The bulk and interfacial magnetic modula-
tions for the three applied voltages are consistent with the results
of our calculations, as the magnetization is increasing with
increasing the values of the c/a ratio while going from +2 V to
—2 V with 0 V in between. However, the length of A-AF layer has
not increased in PNR while applying —2 V from 0 V, this might be
a reason that the presence of Pt capping layer generally reduces
the nominal hole concentration.” Therefore, a tensile strain
increases the magnetization and introduces the interfacial A-AF
layer, whereas a compressive strain reduces the magnetization
and retains its ferromagnetic phase intact at the interface.

Conclusions

In summary, this study was conducted to observe what magnetic
properties at the interface can strain and charge mediated effects
(separately or jointly) modulate and how? PNR results show the
interface undergoes ferromagnetic to A-AF phase transition for
the polarization pointing away from the interface due to hole
accumulation and remains ferromagnetic for polarization
pointing towards interface despite the hole depletion. As these
modulations are only limited to the interfaces and giving same
length scales (<2 nm) of coupling for different tensile strains (at
0V and —2 V) and no coupling for compressive strain (at +2 V),
these are of completely electrical origin or charge mediated. This
implies that charge mediated effects are only polarization direc-
tion dependent. Moreover, DFT calculations show an increase in
global magnetization of the LSMO layer has observed while going
from compressive to tensile strains and from lower to higher
tensile strain values. As this modulation of global magnetization
is irrespective of interfacial charge modulations, it is completely
strain mediated effect and dependent on strength of polarization
and its direction. The results from PNR and DFT are consistent to
prove these findings. From these, we can conclude that charge
and strain effects act in tandem to modulate the magnetism at
the interface even though the strain-mediated effect is dominant
over charge effects. Furthermore, interfacial ME couplings are
only depending on polarization direction, but global magneti-
zation depends on both direction and magnitude of polarization.
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