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Increasing demand for spintronic devices, such as high-density memory elements, has generated
interest in magnetoelectric coupling and multiferroic materials. In heteroepitaxial structures,
magnetoelectric coupling occurs only near the strained interfaces, which is why the interface-rich
multiferroic multilayer/superlattice is viewed as one of the most efficient ways to enhance the
magnetoelectric coupling coefficient. However, both ferroelectric and ferromagnetic properties are
difficult to be maintained when materials are shrunk to ultrathin layers, forming interfacial dead
layers and limiting the application of these materials in atomic-scale devices. In this work, we
demonstrate that the largely suppressed multiferroic properties of the Lag gSrg ,MnOj3 (16 unit cells)/
BaTiO3 (12 unit cells) superlattice correlate with cation defects including both pure edge
dislocations and planar defects. This conclusion is reached by combining atomic-resolution electron
microscopy, piezoelectric force microscopy, and low-temperature magnetism measurements.
Furthermore, it is shown that the density of the observed cation defects can be largely reduced by
improving the oxygen off-stoichiometry through increasing oxygen pressure during growth,
resulting in robust multiferroic properties. Only by eliminating oxygen vacancies during growth can
the ferroic dead layers be further reduced. This work therefore opens the pathway for the integration
of ferromagnetic and ferroelectric materials into magnetoelectric devices at diminished length

scales. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802430]

. INTRODUCTION

Multiferroic materials with integrated electric and mag-
netic degrees of freedom serve as one of the most promising
candidates for spintronics applications, such as high density
storage devices.' Naturally occurring materials with a single
multiferroic phase have limited application as their magne-
toelectric couplings are often weak.” Therefore, artificial
heterostructures consisting of ferroelectric and ferromag-
netic materials have been engineered." Interface engineering
can be applied based on strain mediation,> magnetic
exchange bias,* and charge-based couplings mechanisms.’
In the charge-based heterostructures, the valence states of
the interfacial transitional metal can be manipulated by an
applied electric field, resulting in tuned charge density and
spin properties.®” Compared to conventional bilayer multi-
ferroic composites, a multilayer/superlattice structure has a
much higher interfacial area to volume ratio; thus, the mag-
netoelectric coupling effect can be greatly enhanced.®’
This approach has attracted intensive research activity
recently because oxide interfaces can now be defined with
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atomic-scale precision following recent advances in growth
technology.'®"!

However, as the materials are shrunk to ultrathin layers
in the superlattice, the bulk ferroic properties are difficult to
be maintained because of size effects.'>'? This problem
strongly limits the magnetoelectric coupling at the nanoscale,
hindering the application of multiferroic superlattices. The
thickness-dependent ferroelectricity is controlled by the
strength of interfacial bonding between the ferroelectric and
the adjacent electrode, and by the intrinsic dipole moment at
the interfaces.'* For the ferromagnetic ordering, the satura-
tion magnetization and the ferromagnetic to paramagnetic
transition temperatures are reduced by charge transfer, or by
spin canting states, induced by interface reconstruction.'>'®
Besides these intrinsic mechanisms, the physical properties
are also very sensitive to extrinsic effects, such as cation non-
stoichiometry—which cannot be removed by post-deposition
annealing. The formation of extrinsic defects implies local
fluctuations in chemical composition. Kourkoutis er al.
revealed that the metallic ferromagnetism at room tempera-
ture can be stabilized in five-unit-cell-thick Lag 7Sry 3MnO5
layers in the pulsed laser deposited (PLD) LajgSrg,MnO;
(LSMO)/SrTi0O5 (STO) superlattices when the cation defects
are eliminated by optimizing the laser fluence on a ceramic

© 2013 AIP Publishing LLC

Downloaded 20 May 2013 to 155.69.4.4. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4802430
http://dx.doi.org/10.1063/1.4802430
http://dx.doi.org/10.1063/1.4802430
mailto:michel.bosman@gmail.com
mailto:ewzhu@ntu.edu.sg
mailto:zldong@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4802430&domain=pdf&date_stamp=2013-04-23

164302-2 Li et al.

target.'” Therefore, understanding how the growth conditions
mediate the cation defects and the impact on the correspond-
ing physical properties is crucial for the performance of inter-
face engineered superlattices at the nanoscale.

Due to the chemical stability and near-lattice match with
each other, ferroelectric BaTiO; (BTO) and ferromagnetic
LSMO can be engineered together for multiferroic superlatti-
ces.'® To utilize the conventional reflected high energy elec-
tron energy diffraction (RHEED) for in-situ thickness
monitoring during superlattice growth, a low oxygen pressure
is required to prevent significant scattering of electron beam
by gas molecules in the chamber. It has also been demon-
strated that BTO films grown under high oxygen pressure
exhibit a more coarsened morphology, resulting in lattice
strain relaxation and dislocations in the films.'**" Thus, a rel-
atively low oxygen pressure is preferred during film growth.
However, as oxygen vacancies may introduce cation nonstoi-
chiometry and structural defects during growth,>' possibly
severely affecting the ferroelectricity, a better insight into the
effect of oxygen pressure will be critical to obtain good mul-
tiferroic properties. This will be crucial for the realization of
magnetoelectric coupling in superlattices structures. To
explore the oxygen pressure effects, two samples were grown
with different oxygen pressures, without changing other
growth conditions. Oxygen nonstoichiometry was removed
by annealing before the structural and properties characteriza-
tions. The microstructure analysis including the defects types
and their interactions in the two samples were intensively car-
ried out by electron microscopy at atomic resolution.
Moreover, the role of these defects on the multiferroic prop-
erties, which were characterized by scanning probe micros-
copy techniques and temperature-dependent ferromagnetism
measurements, was investigated. The subsequent discussion
will treat the underlying physical mechanisms for the defects
types that are mediated by oxygen pressures and the impact
on the multiferroic properties.

Il. EXPERIMENT

The 16 unit cells of LSMO and 12 unit cells of BTO
layers were alternatively grown on TiO,-terminated (001)
STO substrates by PLD. A KrF excimer laser (COMPex 205
Fluorine from Lambda Physik) with a wavelength of 248 nm
was employed with an energy density of 1.9 J/cm? and repeti-
tion of 1 Hz. The target materials were made by the conven-
tional solid state route using stoichiometric amounts of
La,03, Mn,03 and SrCO5; for LSMO, and BaO and TiO, for
BTO, respectively, as initial reagents. Powder X-ray diffrac-
tion analysis showed that the final target was single phase
without any impurity peaks. The growth temperatures of
LSMO and BTO were 780 and 680 °C, respectively. For sam-
ple A, the oxygen partial pressure was set to 1 Pa, these two
layers were alternately deposited for 16 periods. The growth
was in situ monitored by RHEED.?* To study the impact of
cation stoichiometry and the cation defects, annealing at
780°C for 3 h under oxygen flux was carried out twice after
the deposition to exclude the effect from oxygen nonstoichi-
ometry. Magnetic properties measurements as a function of
temperature were conducted after each annealing. As there
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were no differences in the magnetization vs. temperature
curves, the elimination of oxygen nonstoichiometry was con-
firmed. The relative higher oxygen pressures during LSMO
and BTO growth in the reference sample, which can be
referred as sample B, were set to 16Pa, while the other
growth parameters were kept the same. After high tempera-
ture oxygen annealing, there is no change in its electrical and
magnetic properties; thus, we can conclude most of the oxy-
gen vacancies are eliminated during growth. The samples for
TEM were prepared by grinding, dimpling, and ion milling in
a Gatan Precision ion polishing system (PIPS). The speci-
mens were cleaned by oxygen plasma and then transferred to
the microscope for characterization. To identify the types of
cation defects, both cross sectional TEM samples with zone
axes of [010] and [110] were prepared. The high resolution
TEM characterization was performed on JEOL 2100F micro-
scope with a point resolution of 0.19 nm operating at 200kV.
A Philips CM300 TEM with Gatan 2000 electron energy loss
spectroscopy (EELS) detector was employed for the energy
filtered TEM (EF-TEM) studies. The corresponding chemical
maps are acquired by selecting the EELS of Mn L, 5-edge at
~640eV and Ti L, 3-edge at ~456eV using a slit width of
5eV. X-ray photoelectron spectroscopy (XPS) analysis of
the samples was carried out by using a VG ESCALAB
220i-XL spectrometer with an Al Koo monochromatic X-ray
source (1486.6eV). Its energy resolution is 0.2eV. The pie-
zoresponse analysis was conducted on a Cypher AFM from
Asylum Research. Conductive Pt-Ir-coated silicon cantilevers
were used for piezoelectric force microscopy (PFM) imaging
and polarization switching studies. The local piezoresponse
amplitudes during polarization switching were measured in
fixed location on the thin films surface as a function of a dc
switching bias. The bias was applied to the bottom electrode
(the LSMO layer which is under the surface BTO) and the tip
was grounded. A Quantum Design physical properties mea-
surement system (PPMS) was used to characterize the mag-
netic properties. The magnetization vs. magnetic field (M-H)
curve was measured at 5 K with the magnetic field applied in-
plane, and the magnetization vs. temperature (M-T) curve
was measured by applying a magnetic field of 1000 Oe along
the in-plane direction of the films.

lll. RESULTS AND DISCUSSION
A. Elemental mapping by energy filtered TEM

In order to demonstrate that the grown film has a well-
defined layered structure with coherent interfaces, EF-TEM
analysis was performed to disclose the elemental distribution
of the chemically modulated layers. The spatial resolution of
EF-TEM imaging was theoretically estimated to be better
than 1 nm, by taking onto account the spherical and chro-
matic aberrations in the image-forming lenses, as well as the
delocalization of inelastic scattering of electrons. Spatial
drift is also considered, as it will deteriorate the spatial reso-
lution due to long exposure time.*

Fig. 1 shows the conventional TEM image and the Ti
and Mn chemical maps of the sample A. The thickness of
each layer is estimated by the full width at half the maximum
(FWHM) of the element profile peaks. It can be clearly
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FIG. 1. (a) A corresponding conventional TEM image of sample A; the
substrate is located at the top right corner. (b) Mn map and (c) Ti map by
EF-TEM. The bright areas indicate the location of the mapped chemical
elements. (d) EF-TEM intensity profiles of Mn (blue) and Ti (red).

observed from the Mn and Ti distributions that LSMO and
BTO layers (3.2nm each) were first successfully grown on
the STO substrate, followed by periods of LSMO (6.2 nm)
and BTO (4.9nm) with stacking unit cell ratios of 4:3, as
indicated in Fig. 1(d). This result approximately agrees with
the estimated values from the X-ray diffraction results.?” The
superlattice shows sharp, flat, and well-defined interfaces
between successive LSMO and BTO layers with low concen-
tration variation and chemical inter-diffusion below our
EF-TEM resolution of about 1nm. However, the ultrathin
layers are not entirely flat, which may contribute to the
mosaic structures. Below, the sample A will be studied at the
atomic scale, demonstrating that defects will not only cause
mosaic spread but also severely affect the ferroelectric and
ferromagnetic properties.

J. Appl. Phys. 113, 164302 (2013)

B. Defects study by high resolution TEM

The nature of the lattice defects is studied here by
atomic-resolution TEM on cross-sectional superlattice sam-
ples along the [010] and [110] zone axes. Fig. 2(a) shows the
interface between substrate and film taken along the [010]
direction. It presents perfect cubic-on-cubic epitaxial growth,
with no amorphous layer. The selected area electron diffrac-
tion (SAED) pattern shown in Fig. 2(b) was obtained from
the area covering the superlattice and partial substrate.
Several weak satellite spots were clearly observed adjacent
to the main diffraction spots, indicating the formation of a
superlattice structure.? Figs. 2(c) and 2(d) are representative
TEM images of sample A grown at low oxygen pressure and
of sample B, respectively. The strong dependence of struc-
tural quality on the oxygen pressure is clearly visible. There
are some boundary-like contrasts and blurred areas in
Fig. 2(c), which is due to the strong lattice distortion or
structural defects, while the contrast in Fig. 2(d) is much
more uniform. The microstructure of the sample A is further
studied to identify the defects types and interactions between
them.

Fig. 3 shows the lattice image near the central part of
sample A. Many parts of LSMO lattices are strongly
distorted, as presented in Fig. 3(a). The squared areas are
magnified, and the gray scale is converted into a false color
representation to enhance the visibility of defects configura-
tion.”* The Burgers circuits in this study were drawn clock-
wise, which would be closed in a perfect crystal; the Burgers
vectors were determined from the start point of the loop to
the finish point.?> A pure edge dislocations with Burgers vec-
tor of a[100] are identified at the interface between LSMO
and BTO with extra atom plane in LSMO side, and a partial
defect a/2[101] is found inside the LSMO layer, as shown in
Figs. 3(b) and 3(c), respectively. The formation of the a[100]
pure edge dislocations can effectively relax the lattice mis-
match strain energy, and the defect density increases as the
strain increases.”® Besides the a[100] misfit dislocations,
another type of pure edge dislocation is determined as shown
in Fig. 3(d). The Burgers circuit surrounding the dislocation

FIG. 2. (a) A HRTEM of the interface
between the superlattice and the STO
substrate, viewed along the [010] zone
axis. (b) A SAED pattern covering
whole superlattice and partially the sub-
strate area, with the (000) diffraction
spot blocked. (c) and (d) Representative
HRTEM images of samples A and B
(the reference), respectively. The central
part is LSMO, the bottom and top layers
are BTO. The arrows mark the defective
area.
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FIG. 3. (a) A high-resolution TEM image of sample A. The central area is
the LSMO layer and the dashed lines indicate the interface between LSMO
and BTO. The squared area b and ¢ in (a) correspond to panels (b) and (c),
respectively. (d) The another area in the LSMO.

core shows the closure vector of a[001] along the c-axis,
resulting in a lattice bending of around two degrees. This is
consistent with the mosaic spread value measured by X-ray
diffraction.”? In the dislocation core area, the contrast is
smeared out due to the strong lattice distortion. According to
the model proposed by Suzuki et al. and Qin et al., a(110)
dislocation loops glide on the {101} planes and dissociate
near the interface to yield the [100] and «[001] edge disloca-
tions, where the latter are supposed to be eliminated by
mutual annihilation.””*® In this study, we will propose in
the discussion section that the appearance of the edge
dislocation with Burgers vector along c-axis was introduced
by a/2(111) dislocations resulting from the cation
nonstoichiometry.

It should be noted that, according to the Matthews-
Blakeslee mechanical model, the theoretical critical thick-
ness of BTO for a free misfit dislocation is 10 nm for a lattice
misfit of 3%.2° Sun ez al. found that the critical thickness of
BTO grown on STO (001) substrate is about 4nm.?® Thus, it
is not arbitrary to assume that, when BTO film is only 5nm
thick, there should be very few nucleation sites for a[100]
defects. However, we observed distribution of a[100] pure
edge defects near the LSMO/BTO interface in sample A,
with an average spacing of 12.4nm as shown in Figs. 4(a)
and 4(b). Therefore, to explain the observed high density of
a[100] interfacial edge dislocations, a mechanism will be
presented in the discussion section.

Partial dislocations with Burgers vector of a/2[101] as
shown in Fig. 3(c) are usually accompanied by another par-
tial dislocation, with a two-dimensional planar defect

FIG. 4. (a) A high-resolution TEM image of sample A along the [010] zone
axis. (b) Applying (100)-Fourier filtering. The pure edge dislocations with
Burgers vector of a[100] near the interfaces are marked. The average spacing
between them is around 12.4 nm.

J. Appl. Phys. 113, 164302 (2013)

sandwiched between them.?’ In this planar defect area, lat-
tice distortion and composition fluctuation are then gener-
ated. As a consequence, the presence of these defects is
expected to have a strong impact on the corresponding physi-
cal properties.

Two types of planar defects were observed in this study,
presented separately in this section.

The first type is Ruddlesden-Popper (RP) fault.
Previously, we demonstrated that A-site cation excess could
be induced at LSMO interfaces when low oxygen pressures
are used during growth.'” Such growth conditions were used
here for the deposition of the ultrathin LSMO layers; the cat-
ion stoichiometry is therefore expected to occur. Fig. 5(a)
shows a TEM image of sample A along the [010] zone axis.
At the bottom LSMO layer, a partial dislocation with a
Burgers vector of «@/2[101] is identified. Meanwhile, a
boundary-like contrast is observed starting from the disloca-
tion and climbing along the film growth direction. This area
(marked by the black square) is enlarged in Fig. 5(b) and
color-coded to enhance the visibility of the contrast varia-
tion. The dashed white lines connecting the brighter dots
near boundary indicate a shift in ¢/2 along the [001] direc-
tion. The white lines mark the location of the boundary and
show its zig-zag character, originating from the partial dislo-
cation. By selecting appropriate multislice simulation param-
eters, the simulated TEM image in Fig. 5(c) and the lattice
image of the boundary in LSMO side are matched. The for-
mer shows that two adjacent columns (or rows) of brighter
dots indicate an extra plane of A-site cations (La or Sr); the
darker dots represent the Mn B-site cations in this case. The
observed boundary with the extra plane of A-site cations in
the TEM image is determined to be an RP fault, which has

Max.
bR L Min,
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L ) L) () ® e
0°9°9°0"e . °e’e
LICICN Y¢S ‘e’e
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FIG. 5. (a) A high-resolution TEM image of sample A; the Burgers circuit is
shown to identify the a/2[101] partial dislocation. The area covered by the
black square is enlarged in (b). The white lines mark the structural bounda-
ries. The core area of the partial dislocation a/2[101] is located at the turning
point of the RP fault. (c) The multislice-based calculated through-focal
HRTEM image of the RP fault with focus of 74 nm and thickness of 7 nm.
(d) The crystallographic model for the propagation of RP faults in the
LSMO/BTO heterostructure.
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also been reported for Sr-rich SrTiO5 thin films.*® The exis-
tence of the RP fault is consistent with our previous find-
ing,>! suggesting that this is the structural accommodation of
the observed cation nonstoichiometry. The crystallographic
model of the RP fault is described in Fig. 5(d). When the RP
fault propagates to the surface of the LSMO layer, both
(La,Sr)O and MnO,-terminated surfaces are created. The
resulting lattice displacement vector along the c-axis, there-
fore the RP faults, will continue in the subsequently grown
BTO layer, generating possible Ba cation excess relative to
Ti cations. Furthermore, the RP fault can dissociate into
other types of partial dislocations, which will then produce
stacking faults between them.”!

The second type of planar defects is the stacking fault.
Figs. 6(a) and 6(b) show a TEM image taken along the [010]
zone axis, and the corresponding inverse Fourier transform
image using the selected reflections (101), (101), (101), and
(101). The partial dislocations with a Burgers vector of
a/2[101] and a/2[101] are identified according to the glide
of {101} planes. It is clearly observed that the partial dislo-
cations originate from the interface area in the LSMO and
then propagates into the BTO layer, resulting in a stacking
fault, which passes through the interface. The two parallel
a/2[101] partial dislocations are the dissociation of the
a[101] edge dislocations as indicated in the following disso-
ciation reaction equation:*’

a[101] = a/2[101] + a/2[101]. (1)

FIG. 6. (a) A high-resolution TEM image of LSMO and BTO layers viewed
along the [010] zone axis in sample A. The Fourier transform of the lattice
image is given in the inset. (b) The inverse Fourier transform image using
the superstructure reflections indicated by the black circle in the inset of (a).
The partial dislocations are marked. The trace of stacking fault is shown by
the dashed white line. (c) A HRTEM image along zone axis [110]; the inset
is the Fourier transform of the lattice image. (d) The inverse Fourier trans-
form image using the superstructure reflections indicated by the black circle
in the inset of (c). The dashed white line shows the trace of the connected
stacking faults.

J. Appl. Phys. 113, 164302 (2013)

According to the Frank’s rule, this dissociation reaction
is energetically favorable since the |b|*/a? value decreases
from 2 to 1. Although the (110){110} system is regarded as
the most favorable glide system in perovskite materials,””
stacking faults in another glide system are also observed.
Figs. 6(c) and 6(d) show the TEM image along the [110]
zone axis and the corresponding inverse Fourier transform
from the selected reflections (112), (112), (111), and (111).
Several Frank partial dislocations with a Burgers vector of
a/3[111] are identified by the glide of (112) planes in Fig.
6(d). The stacking fault sandwiched between them is indi-
cated by the dotted white line. The Frank partial dislocation
starts from the LSMO layer, then extends into the BTO and
stops in the adjacent LSMO layer. Pairs of partial disloca-
tions connected by stacking faults can interact with each
other to generate a defect network, exemplified by the white
dotted line. The source of @/3[111] partial dislocations could
be the dissociation of a/2[111] dislocations at the end of
observed RP faults.’' For example, the following dissocia-
tion is energetically favorable:

a/2[111] = a/3[111] + a/6[111] )

in which the |b|*/a® value decreases from 3/4 to
1/3+1/12=5/12.

C. X-ray photoelectron spectroscopy analysis

Besides introducing structural defects, oxygen vacancies
that are incorporated during growth will also affect the physi-
cal properties of the deposited film. Taking BTO as an exam-
ple, oxygen vacancies can generate Ti’" cations, replacing
the stoichiometric Ti*" cations, which might result in the
degradation of the ferroelectricity. To confirm the status of
the Ti cations, we have performed XPS. Figs. 7(a) and 7(b)
show the XPS Ti 2p spectra obtained from samples A and B.
The Ti 2ps, peaks of both samples locate at binding energy
of 458¢eV, which corresponds to the existence of Ti*" cati-
ons. A careful curve fitting shows that no shoulder peak
appears around 1.3 eV lower than that of Ti*" cation, suggest-
ing the absence of Ti’" cations.” We therefore attribute the
ferroelectric property difference between the two samples to
their variation in structural defects.

D. Local ferroelectricity measured by piezoelectric
force microscopy

To investigate the ferroelectricity of the topmost BTO in
the superlattice, we have adapted scanning probe microscopy
to perform ferroelectric poling, PFM mapping, and local
switching spectroscopic measurements. Figs. 8(a) and 8(b)
show the topographic images of the samples A and B, respec-
tively. The surface of the latter is very smooth with a rough-
ness around 0.2 nm, while the former sample has a roughness
of around 0.6 nm, with some nanoscale particles found on the
surface. A 4 x 4 um? square area was first poled using 43V
direct current (DC) voltage, followed by a reversal of the
polarization in the central 1 x 1 yum? region under —3 V. After
relaxing for half an hour, the polarization was read under alter-
nating current (AC) voltage of Vp,~ 0.3 V. The out-of-plane
piezoresponse phase (OPP) contrast in sample A gradually
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FIG. 7. XPS spectra of Ti 2p states in (a) sample A and (b) sample B (the reference sample).

faded away as shown in Fig. 8(c), suggesting weak or unstable
ferroelectricity. In sample B, large OPP contrast was observed,
shown in Fig. 8(d), indicating that ferroelectric domains with
opposite polarizations have been successfully written on the
topmost BTO layer in sample B.

Besides the phase signals, the out-of-plane ferroelectric
amplitudes are measured during polarization switching. As
shown in Fig. 9(a), the amplitude of the piezoresponse in sam-
ple A is near-linearly proportional to the bias voltage, indicat-
ing nearly no remnant ferroelectricity. Fig. 9(b) was measured
on sample B, showing a typical ferroelectric response during
the switching process. Together with the phase information,
we can evidently conclude that the BTO layer in sample A has

b:

deteriorated ferroelectricity, while BTO in sample B maintains
robust ferroelectricity. In addition, conducting AFM was used
to measure the current vs. voltage curves of both samples. The
tunneling electroresistance (TER) effect, which originates
from the ferroelectricity inside ultrathin films, was observed in
sample B However, the TER effect was absent in sample A,
indicating its weak ferroelectricity. The details can be found in
the supplementary material.*

E. Magnetic properties

In order to understand the interplay of the observed
defects and the magnetic properties of the superlattice,

FIG. 8. (a) and (b) Topography of the
superlattice samples A and B, respec-
tively. (c) and (d) The PFM images of
the polarization pattern scanned with an
AFM tip on sample A and B, respec-
tively. The purple region corresponds to
polarization switched downwards (with
tip bias +3 V); the yellow region in the
centre corresponds to polarization
switched upwards (with tip bias =3 V).
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FIG. 9. The out-of-plane PFM amplitude measured on the superlattice sample A (a) and sample B (b).

magnetic measurements at low temperatures were per-
formed. The magnetism in the superlattice arises from the
LSMO layers; thus, the crystallinity and composition of
LSMO dominates the measured magnetic properties.
Fig. 10(a) shows the magnetic hysteresis loop of both the
samples A and B, measured at 5SK. The coercivity of the
sample A is 1900Oe. The saturation magnetization of the
sample A is 90% lower than that of the sample B, which
exhibits nearly bulk values. Fig. 10(b) shows the magnetiza-
tion vs. temperature diagram. The Curie temperature of
the sample A is around 260K, while a value of 290K is
found for the sample B. Previously, we demonstrated
that annealed LSMO films (80 nm thick) grown at low oxy-
gen pressures have an almost nonferromagnetic layer near
the interface, becoming more ferromagnetic closer to the
free surface.?! Then, according to this cation nonstoichiome-
try dominated mechanism, the saturation magnetization
value is expected to decrease as the film thickness reduces,
which is clearly observed in the ultrathin LSMO layers in
this study.

F. Discussion

It was found here that the oxygen pressure during film
growth determines to a great extent the cation defects in the
superlattices and, therefore, its multiferroic properties. These
defects will still be present after post-deposition oxygen
annealing, due to the very low mobility of the substitutional
cations once the layers are formed. According to earlier
reports, the BTO films grown under low oxygen pressure
prefer layer-by-layer growth mode, achieving high crystal-
line quality.'®?® These results and our observation in this
work are in conflict. Here, we propose a mechanism to solve
this discord. The underlying mechanism for cation defects
formation in LSMO is based on the combination of oxygen
vacancies and the tensile stress from the adjacent BTO. To
neutralize the positive charge induced by the oxygen vacan-
cies, the B-site Mn cations (with oxidation states of +3 or
+4) could be substituted by La and Sr cation (the oxidation
states are +3 and +2, respectively). Meanwhile the A-site
cation excess can increase the lattice constant of LSMO and

a : b 500
4 4004 . E ] Sample B
(\% | 10 K Sample B g 400
2 S
£ 20047 = 2
L )
= ] -0 :_" 300 »
CD 0 & -4000  -2000 2000 4000 GCJ
£ Sample A £ *
= § 2004 ,,
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2 -200 1 o .
S 21004, -
= -400 % 0 50 100 150 200 250 300
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T ¥ T 0 ¥ T T T T T T
-5000 -2500 0 2500 5000 0 50 100 150 200 250 300

Magnetic Field (Oe)

Temperature (K)

FIG. 10. Magnetic properties of LSMO in superlattices. (a) Magnetic hysteresis loop of the sample A and B at 5 K. The inserted graph is a magnification of the
magnetic hysteresis loop from sample A, showing the magnetization reversal processes with small saturation magnetization. (b) Magnetization vs. temperature
(M-T) curves of samples A and B. The inset is the M-T curve of the sample A; the ferromagnetic to nonferromagnetic transition temperature is 260 K.
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relieve the epitaxial strain from BTO.?' This cation nonstoi-
chiometry in LSMO is accommodated by the introduction of
extended RP faults. As the RP faults propagate to the LSMO
surface, the surface terminations at the two sides of an RP
fault boundary are different, one is Mn-O, terminated and
the other is (La,Sr)-O terminated. Subsequently, a BTO layer
is deposited on this surface along the [001] direction; as the
Ba-O atomic layer and Ti-O, atomic layer will be on the
same level, indicating the RP faults propagate into the BTO,
producing A-site cations (Ba) excess relative to B-site cati-
ons (Ti). The two ends of the planar defect are a/2(111) par-
tial dislocations. To release the strain energy, some a/2(111)
dislocations can dissociate into Frank partial dislocations
with Burgers vectors of a/3(111) and a/6(111), producing
stacking faults with a shear vector of @/3(111). In addition,
a superdislocation, such as the (110), (001), (111}, or null
type, can be formed due to various arrangements of the extra
lattice plane associated with the a/2(111) dislocations,
while the formation of (110) in-plane dislocation is the most
effective way to release epitaxial strain.”’ To explain the
observed high density of «[100] interfacial edge dislocations,
we proposed that the RP faults induced (110)-type disloca-
tions loops glide on the {101} planes and dissociate near the
interface to yield the ¢[100] and ¢[001] dislocations. This ex-
planation is supported by the model proposed by Suzuki
et al?” and Qin et al*® However, according to their model,
the @[001] dislocations are supposed to be eliminated by mu-
tual annihilation. We proposed that the following dislocation
reaction between the a/2(111) partial dislocations can
reduce the strain energy and generate the «[001] edge dislo-
cation along c-axis direction:

a/2[111] + a/2[111] = a[001] 3)

in which the |b|*/a® value decreases from 3/4+3/4=3/2
to 1.

As a result, the observed RP faults and a/2(111) disloca-
tions accommodate the cation nonstoichiometry that was
induced by low oxygen pressure during growth. Furthermore,
the interactions between defects produce extra pure edge
defects to release the strain energy, such as a[100] and a[001]
edge dislocations, or stacking faults with a shear vector of
a/3(111) within the (111){112} glide system.

The suppressed ferroelectricity in the sample A is
explained by using the concepts of the local strain field,
cation nonstoichiometry, and charged domains induced by
dislocations. Chu et al. visualized that the strain fields of
edge type dislocations extend into PbZr,,TipgO3; nano-
islands and induce ferroelectric instability.® Alpay er al.
developed a thermodynamic model based on the Landau-
Devonshire formalism to study the role of dislocations in
ferroelectric materials. They found that the coupling of the
polarization and the strain field around the dislocations can
result in a strong depolarization field that can suppresses the
ferroelectricity over several nanometers.®” This effect can be
enhanced in ultrathin ferroelectric layers such as our BTO
film since the defective area-to-volume ratio increases. By
employing a negative spherical aberration imaging tech-
nique, Jia er al. revealed that the strain field of the a[011]

J. Appl. Phys. 113, 164302 (2013)

dislocation in the SrTiO5 substrate can propagate across the
interface into a PbZr,TipgO3 film, leading to a strong
reduction of the c-axis parameters and a decrease of local
spontaneous polarization.”® From the reciprocal space map-
ping and the detection of the a[001] and of a[100] edge dislo-
cations, the sample A was demonstrated to have mosaic
structures, leading to severe lattice bending and local strain
fields around dislocations. Together with the cation nonstoi-
chiometry (possible Ba cations excess) induced by the RP
fault boundaries, the atomic ordering in a large part of our
BTO film deviates from the regular perovskite structure,
resulting in very weak ferroelectricity. Additionally, the cat-
ion nonstoichiometric RP faults in BTO can locally induce
net negative charge since the Ba®" cations replace the Ti
cations (with oxidation states of +3 or +4). Then, electrical
fields which can couple with strain fields are built-in
along the zig-zagged RP fault area. As a result, a strong
depolarization field can be formed, strongly suppressing
the ferroelectricity, forming ferroelectric dead layers. As the
oxygen pressure increases during growth, the cation off-
stoichiometry of LSMO and the RP faults can be removed
due to the elimination of oxygen vacancies effect. Then the
crystalline quality of subsequently grown BTO layer can
be improved, resulting in well-strained lattices and
ferroelectricity.

The impact of defects on the ferromagnetism of LSMO
layers can also be explained by the oxygen pressure-induced
interface cation nonstoichiometry.?! The ferromagnetic prop-
erties of LSMO are dominated by the double exchange
mechanism where the Mn e, electrons hop between Mn?*
and Mn*" cations when their spins are parallel.>® Therefore,
the Mn®"/Mn*" ratio (the Mn nominal valence) plays a cru-
cial role in determining the magnetic properties. According
to the magnetic phase diagram and our previous finding in
LSMO grown with low oxygen pressure (1 Pa),?! the cation
nonstoichiometric LSMO has high Mn nominal valence of
around +3.6, with greatly reduced magnetization.*® In this
study, the observed RP faults contain extra A-site cation
planes, forming a boundary with the rock-salt structure,
which is consistent with the previous finding. Then, the
A-site cation excess and depletion of Mn cations can gener-
ate a high Mn nominal valence state inside LSMO layers,
resulting in ferromagnetic dead layers, explaining the strongly
suppressed magnetization in sample A.

To measure the magnetoelectric coupling effect, the
superlattices can, for example, be etched to isolated pillars at
the micron or nanometer length scale, to prevent the short-
circuiting of partial BTO layers and interfaces by conductive
pinholes or particulates. By applying an external voltage on
the surface BTO, the magnetization change can then be
measured by the magneto-optical Kerr effect (MOKE) to
determine the magnetoelectric coupling coefficient.

IV. CONCLUSION

LSMO (16 unit cells)/BTO (12 unit cells) superlattices
were grown by pulsed laser deposition on STO (001) sub-
strates. For samples grown at low oxygen pressure with oxy-
gen vacancies introduced during growth, an A-site cation
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excess is formed in LSMO, deteriorating the crystalline qual-
ity of the superlattice. This cation nonstoichiometry is accom-
modated by the introduction of Ruddlesden-Popper faults,
which can propagate from LSMO to adjacent BTO layers,
inducing possible Ba cation excess. Furthermore, stacking
faults with a shear vector of a/3(111) within the (111){112}
glide system, and extra a[001] and a[100] pure edge disloca-
tions can be produced due to the interaction between
a/2(111) dislocations. Our detailed analysis demonstrates
that both the ferroelectric and ferromagnetic properties are
strongly suppressed due to the cation nonstoichiometry and
local strain fields induced by the observed defects. Avoiding
the occurrence of oxygen vacancies—by using an elevated
oxygen pressure during growth—improves the cation off-
stoichiometry, and results in a better crystalline quality and
robust ferroelectric and ferromagnetic properties.

A mechanism was proposed to explain the role that oxy-
gen pressure-mediated cation defects play in the formation
of ferromagnetic and ferroelectric dead layers. Only after
elimination of the defects by optimizing the oxygen pres-
sures can multiferroic properties be made stronger and mag-
netoelectric coupling effects in LSMO/BTO superlattices be
realized.
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