\ Al P ‘ .JQ?)I:)rll:eacll (ghysics

Effect of processing kinetics on the structure of ferromagnetic-ferroelectric-
ferromagnetic interfaces
P. S. Sankara Rama Krishnan, Q. M. Ramasse, Wen-I Liang, Ying-Hao Chu, V. Nagarajan, and P. Munroe

Citation: Journal of Applied Physics 112, 104102 (2012); doi: 10.1063/1.4765045

View online: http://dx.doi.org/10.1063/1.4765045

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/112/10?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Structural investigation of interface and defects in epitaxial Bi3.25La0.75Ti3012 film on SrRuO3/SrTiO3 (111)
and (100)

J. Appl. Phys. 113, 044102 (2013); 10.1063/1.4775598

Strain effect on the surface potential and nanoscale switching characteristics of multiferroic BiFeO3 thin films
Appl. Phys. Lett. 100, 132907 (2012); 10.1063/1.3698155

Data retention characteristics of Bi 3.25 La 0.75 Ti 3 O 12 thin films on conductive Sr Ru O 3 electrodes
Appl. Phys. Lett. 91, 142901 (2007); 10.1063/1.2780118

Multiferroic Bi Fe O 3 thin films deposited on Sr Ru O 3 buffer layer by rf sputtering
J. Appl. Phys. 101, 054104 (2007); 10.1063/1.2437163

Growth, structure, and properties of all-epitaxial ferroelectric (Bi,La)4 Ti3 012 Pb(Zr0.4Ti0.6)0O 3 (Bi,
La) 4 Ti 3 O 12 trilayered thin films on Sr Ru O 3 -covered Sr Ti O 3 (011 ) substrates
Appl. Phys. Lett. 86, 082906 (2005); 10.1063/1.1864248

AP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=P.+S.+Sankara+Rama+Krishnan&option1=author
http://scitation.aip.org/search?value1=Q.+M.+Ramasse&option1=author
http://scitation.aip.org/search?value1=Wen-I+Liang&option1=author
http://scitation.aip.org/search?value1=Ying-Hao+Chu&option1=author
http://scitation.aip.org/search?value1=V.+Nagarajan&option1=author
http://scitation.aip.org/search?value1=P.+Munroe&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4765045
http://scitation.aip.org/content/aip/journal/jap/112/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/4/10.1063/1.4775598?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/4/10.1063/1.4775598?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/13/10.1063/1.3698155?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/14/10.1063/1.2780118?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/101/5/10.1063/1.2437163?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/8/10.1063/1.1864248?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/8/10.1063/1.1864248?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 112, 104102 (2012)

Effect of processing kinetics on the structure
of ferromagnetic-ferroelectric-ferromagnetic interfaces

P. S. Sankara Rama Krishnan,! Q. M. Ramasse,? Wen-| Liang,® Ying-Hao Chu,®

V. Nagarajan,’ and P. Munroe'

'School of Materials Science and Engineering, The University of New South Wales, Sydney NSW2052,
Australia

2SuperSTEM Laboratory, STFC Daresbury Campus, Keckwick Lane, Daresbury WA4 4AD, United Kingdom
3Department of Materials Science and Engineering, National Chiao Tung University, Taiwan

(Received 14 May 2012; accepted 12 October 2012; published online 21 November 2012)

Trilayer heterostructures consisting of a ferroelectric bismuth ferrite (BFO) film sandwiched
between ferromagnetic lanthanum strontium manganese oxide (LSMO) films were fabricated using
pulsed laser deposition. Both BFO thicknesses (20nm, 5nm) and cooling rates were varied to
investigate the role of processing parameters on the chemistry of the interfaces. The interfaces
were investigated using a dedicated aberration corrected scanning transmission electron
microscope (STEM) operated at 100kV via STEM-high angle annular dark field (STEM-HAADF)
and STEM-electron energy loss spectroscopy (STEM-EELS) modes. Combined analysis through
STEM-HAADF and STEM-EELS revealed the formation of lattice distortion in certain regions of
the BFO layer for the ~5nm film. Piezoresponse force microscopy (PFM) studies of the ~5nm
BFO sample revealed weak ferroelectric domain switching. Stacking fault defects with mixed
valence manganese (Mn-B site cation) were formed in the top LSMO layer when the
heterostructure was cooled at a slower rate irrespective of BFO thickness, thereby demonstrating
the effect of processing kinetics on the physical integrity of the heterostructure. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4765045]

. INTRODUCTION

The introduction of a ferroelectric material as a barrier
layer in a tunnel junction device has recently attracted
attention.'? In such ferroelectric tunnel junctions (FTJs),
magnetic moments of the ferromagnetic electrodes can be
reversed by changing the polarization direction of the
ferroelectric barrier. The electrical control of such magnetic
moments results in additional degrees of freedom which can
be explored as novel spintronic devices.> ® The performance
of FTJs is strongly influenced by interfacial effects between
the ferromagnetic-ferroelectric-ferromagnetic (FM/FE/FM)
or metal-ferroelectric-metal (ME/FE/ME) interfaces depend-
ing on the choice of electrode material. At FE/FM interfaces
structural asymmetry is created across the interface.” This
may result in creation of an electrical dipole even in the
paraelectric state, and this can directly influence the stability
and function of these tunnel junction devices. The formation
of misfit dislocations due to interfacial strain, chemical
inhomogeneity at the interfaces, and the work function
between FE/FM interfaces® are the primary mechanisms that
directly influence the functional stability at this interface. A
dislocation core may have unit cell dimensions, but the strain
field associated with it is long range.” Both the electronic
states'® and microstructure'' of these ferroelectric hetero-
structures are adversely affected by the presence of such
long range strain fields. Stoichiometry is also expected to
change at the dislocation core.'> A non-stoichiometric dislo-
cation core can lead to pinning of ferroelectric domains
resulting in the loss of ferroelectric properties. For a superior
FTJ device performance, an atomically sharp FM-FE
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interface'® without any defects or dislocations is a prerequi-
site. Therefore, it is instructive to systematically investigate
both the role of thin film processing parameters on the inter-
facial chemistry of such heterostructures and their impact on
device functionality.

In this report, the fabrication and atomic level character-
ization of a ferromagnetic lanthanum strontium manganese
oxide (Lag-Srg3MnO3) (LSMO) and multiferroic bismuth
ferrite (BiFeO3;) (BFO) heterostructure are discussed. A
LSMO-BFO-LSMO trilayer heterostructure was fabricated
under a range of processing conditions using pulsed laser
deposition (PLD). In addition to varying the BFO thickness
(20nm, 5nm), two different quench rates (20 °C min~ !, 5°C
min~") from the deposition temperature were used to fabri-
cate the heterostructure in order to understand the effect of
this processing condition on the structural quality of the
interfaces.

The LSMO-BFO-LSMO heterostructure interfaces were
analysed using a dedicated aberration corrected scanning
transmission electron microscope (STEM) operated at
100kV. The physical nature of the interface was analysed
using STEM-high angle annular dark field (STEM-HAADF)
imaging. The chemical properties across the interface struc-
tures were obtained using STEM-electron energy loss spec-
troscopy (STEM-EELS). The combined analysis of the
STEM-HAADF, STEM-bright field, and STEM-EELS data
reveal the formation of lattice distortions in local regions of
the ~5nm thick BFO film. Piezoresponse force microscopy
(PFM) studies of the ~5nm BFO sample revealed weak fer-
roelectric domain switching in line with size effect trends.
Stacking fault (SF) defects containing Mn ions of variable

© 2012 American Institute of Physics
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valence were formed in the top LSMO layer, when the heter-
ostructure was cooled at a slower rate, irrespective of the
BFO thickness.

Il. EXPERIMENTAL METHODS

A. Trilayer (LSMO-BFO-LSMO) heterostructure
fabrication using PLD

The LSMO bottom layer was first deposited on a stron-
tium titanate (STO) (001) substrate at an oxygen partial pres-
sure of 100 mTorr and deposition temperature of 700 °C. A
Lay 7Srg3MnOj target with a density of 6.1 g cm and a pu-
rity of 99.99% was used. The laser energy was ~4 to 5]
cm 2 with a repetition rate of 10 Hz. The BFO middle layer
was then deposited at an oxygen partial pressure of 100
mTorr and 700 °C. Here, BFO, witha 7.3 g cm 3 density and
99.99% purity was used as the target. For this layer the laser
energy density was ~4 to 5J cm ™2 with a repetition rate of
10Hz. The top LSMO layer was deposited subsequently
using the same deposition conditions that were used for the
bottom LSMO layer. The STO-LSMO-BFO-LSMO hetero-
structure was then cooled in an oxygen-rich pressure of
500 Torr.

The acronyms used to identify the prepared specimens
are LS—LSMO, BF—BFO, SC—slow cooling, FC—fast
cooling and the numerical values give the corresponding film
thicknesses. The faster and slower cooling rates were 20 °C
min~' and 5°C min ', respectively. The BFO thickness val-
ues were 5 nm and 20 nm.

In addition, bilayer samples (LSMO-BFO) with two dif-
ferent BFO thicknesses (LS70BF20FC and LS70BF5FC)
were prepared on a STO (001) substrate using the same PLD
conditions described above and cooled at 20°C min~"'. To
perform domain studies of the BFO layer using PFM, the top
LSMO electrode is not required.

B. TEM studies

Cross-sectional TEM specimens were prepared using
the tripod method followed by conventional ion beam thin-
ning. Bright field TEM images were obtained using a Philips
CM 200 field emission gun (FEG) microscope operated at
200kV. Atomic resolution Z-contrast STEM images were
obtained using the dedicated aberration corrected STEM
equipped with a cold field emission electron source. Atomic
resolution STEM-EELS studies were carried out by acquir-
ing line scans across the LSMO-BFO-LSMO interface in a
dedicated STEM (Nion-corrected VG ultra-STEM) operated
at 100kV and equipped with an Enfina parallel EELS detec-
tor. The O-K, Fe-L,3, La-Mys, and Mn-L, 5 edges were
simultaneously acquired, using a dispersion of 0.3eV per
channel. The convergence and collection semi-angles were
21 mrad and 19 mrad, respectively.

C. PFM studies

PFM studies were carried out for samples without the
top LSMO layer. Bilayer LSMO-BFO samples were fabri-
cated using the conditions described above, and PFM studies
were carried out using a Multimode-Digital Instruments
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scanning probe microscope. First, a 3 x 3 um?® area was
scanned for topography. A negative bias was applied over an
area of 2 x 2 um?. This was followed by a positive bias over
an area of 1 um?. A bias voltage of —/+4V and —/42.5V
was used for the 20nm and 5 nm samples, respectively. To
observe the domain switching, a topographic scan was car-
ried out over a 3 x 3 um” area after removing the bias. The
out-of-plane image is reported.

lll. RESULTS AND DISCUSSION
A. LS70BF20LS60FC sample

A STEM-HAADF image of the fast cooled ~20nm
thick BFO sample is shown in Figure 1(a). The thickness of
the bottom LSMO film is ~70 nm, whilst the top LSMO film
thickness is ~60nm. The thickness of the BFO layer is
~20nm. These values are in agreement with those expected
from the PLD deposition conditions. Higher resolution
images of the bottom LSMO-BFO interface and top LSMO-
BFO interface are given in Figures 1(b) and 1(c), respec-
tively. The atomic resolution visible in these STEM-HAADF
images reveals that both the bottom and top interfaces are
relatively sharp with chemical intermixing limited of the
order of ~1.2 nm. No misfit dislocations were observed at ei-
ther interface. Results from STEM-EELS analysis across
both the bottom and top interface are shown in Figures 1(d)
and 1(e), respectively. EEL spectra were obtained for O-K,
Mn-L, 3, Fe-L, 3 and La-M, s edges at energies of 510eV,
655eV, 708 eV, and 840 eV, respectively. The survey image
indicating the line scan position across the interfaces is
shown separately.

The six data points shown in Figure 1(d) were recorded
over a distance of 7 nm. On analysis, moving from top to bot-
tom the Mn-L, 3 and La-M, 5 edges start to become weak
between point 3 and point 2, whilst the Fe-L, 3 edge starts to
appear more strongly at point 2. The Mn-L, ;3 and La-M, 5
edges completely disappear at point 1 (the Fe-L,; edges
become much stronger) and this transition from LSMO to
BFO takes place over a distance of ~1.2nm. In Figure 1(e),
moving from top to bottom the Mn-L, ;3 and La-M,4 5 edges,
start appearing at point 3, whilst the Fe-L, ; edge starts to
weaken at point 2. At point 1, only Mn-L, 3 and La-M, s
edges were observed with no Fe-L, 3 edge. Again, this transi-
tion takes place over a distance of ~1.2nm. Thus, the
STEM-EELS line scans across top and bottom interfaces
confirm that the chemical intermixing across the top and bot-
tom interfaces is not greater than four unit cells.

It must be highlighted that the spatial resolution of EELS
maps or line scans in STEM-EELS is still the subject of on-
going investigations.'* Effects such as EELS signal delocali-
sation, dynamical electron beam broadening can play a major
role in direct interpretation of EELS data.'> However, in the
present investigation, STEM-HAADF and STEM-EELS data
were acquired respectively with a spatial resolution of the
order ~0.15 to 0.2 nm and the energy spread of the spectrome-
ter is of the order of 0.3eV. In addition to collecting experi-
mental data using highly stable conditions to minimize the
effect of noise and artefacts, the background noises in the
EEL spectra were removed using a principle component
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FIG. 1. (a) STEM-HAADF image of
LS70BF20LS60FC confirming thickness
of each layer. (b) and (c) STEM-HAADF
images of LS70BF20LS60FC confirming
sharp bottom and top interfaces. (d)
STEM-EELS of LS70BF20LS60FC

Bottom &
LSMO

EELS intensity (a.u.)
EELS intensity (a.u.)

M

confirming the diffusion across the
bottom interface is about three unit
cells (~1.2nm). (¢) STEM-EELS of
LS70BF20LS60FC confirming the diffu-
sion across the top interface is about
three unit cells (~1.2 nm).

500 600 700 800 900 500 600 700
Energy (eV) Energy (eV)

analysis (PCA) method.'® Hence, the observation of four unit
cell diffusion across the interfaces is from the sample rather
than due to any instrumental artefacts. Hence, it can be con-
cluded that the LSMO-BFO-LSMO heterostructure exhibits
relatively sharp interfaces (that is, diffusion not more than a
few unit cells) when fabricated using rapid cooling conditions.

B. LS70BF5LS60FC sample

A STEM-HAADF image of the fast cooled ~5nm BFO
sample is shown in Figure 2(a). The low resolution image

BFO
Bottom  Top
LSMO LSMO

©ox LaMys () o Mol os

MnL .

800 900

confirms the thickness of each layer as being close to the
nominally expected value. Images of both the top and bottom
interfaces are shown in Figure 2(b) and again clearly reveal
that the interfaces are epitaxial and free of dislocations. The
STEM-EELS data from both the bottom and top interfaces
are shown in Figures 2(c) and 2(d), respectively. EEL spectra
were obtained for O-K, Mn-L, 3, Fe-L, 3, and La-M, 5 edges
at energies of 510eV, 655¢eV, 708 eV, and 840eV, respec-
tively. The survey image indicating the line scan position
across the interfaces is also shown. On analysis, moving
from top to bottom, there is measurable intensity of the

FIG. 2. (a) STEM-HAADF image of
LS70BFSLS60FC confirming the thick-
ness. (b) STEM-HAADF image of
LS70BF5LS60FC confirming the defect-
free top and bottom interfaces. (c) STEM-
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interface showing diffusion across inter-
face over a distance of ~2nm. (d)
STEM-EELS data of LS70BF5SLS60FC
top interface showing diffusion across the
interface over a distance of ~1.5nm.
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Fe-L, 5 edge even before the complete disappearance of the
Mn-L, ; and La-M, 5 edges (reference points 3 to 5). This
edge completely disappears at reference point 1. This result
confirms that there is an intermixing of elements at the bot-
tom interface over a length scale of ~2.8 nm (~8 unit cells).

Similarly, the spectra across top LSMO and the BFO
interface are shown in Figure 2(d). On analysis, moving
from top to bottom, there is measurable Mn-L, ;3 and La-M, 5
edges along with the Fe-L, 5 peak (point 2). At point 1, only
Fe-L, 5 edge is observed. This overlap takes place over a dis-
tance of ~1.5 nm, which is clearly larger than the instrument
resolution. Thus, the STEM-EELS line scan across both top
and bottom interfaces confirms that Fe, Mn, and La diffuse
across both interfaces by 1.5 to 2.5nm. This is in contrast
with the sample with the larger BFO thickness, where,
chemically the interfaces were sharper with a diffusion of
elements is about half the distance measured here. This is
surprising as intuitively one would expect the thicker films
(that are exposed at higher temperatures for longer times) to
show any diffusion.

A STEM-bright field image of LS70BFSLS60FC is
shown in Figure 3. It can be observed that at some regions in
the BFO, the lattice appears to be disrupted. For example,
the atomic column intensity profile defined by the blue rec-
tangle (inset) in the BFO layer shows a non-uniform varia-
tion, consistent with the possible presence of defects in
localised regions.

The observation of increased chemical diffusion across
the LSMO-BFO interfaces and the lattice distortion in the
BFO layer in this sample may be related to the decrease in
BFO thickness. The epitaxial strain at the interfaces due to
lattice parameter differences between LSMO and BFO for
the 20 nm specimen (LS70BF20LS60FC) may be gradually
relaxed because of the increased thickness. However, in the
Snm sample (LS70BF5LS60FC), the BFO layer thickness
may be too small to completely accommodate the non-
negligible lattice mismatch (~2.2%) between these layers,
and this promotes an epitaxial-strain induced chemical diffu-
sion across the interface. During BFO thin film fabrication
defects such as oxygen vacancies, the reduction of Fe*" to

‘Botton LSMO

Top.LSMO

FIG. 3. STEM-bright field image of LS7T0BFSLS60FC showing the lattice
distortions and the inset shows a non-uniform image intensity profile (a.u).
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Fe?" and the formation of secondary phases like o, y—Fe,05
have been observed and have been attributed due to varia-
tions in oxygen pressure during film processing and changes
in BFO film thickness levels.'” " In addition to this, BFO
thin films below a critical thickness of ~20nm are fully
strained.”® These heteroepitaxial strains have been shown to
induce structural modifications.?! During fabrication of the
LS70BF5LS60FC sample, there was no variation in oxygen
pressure, thereby the likelihood for defects due to oxygen
deficiency is eliminated. In the STEM-bright field image
(Figure 3), the BFO film is continuous without any segrega-
tion or isolated particle formation. This confirms that there is
no separate secondary phase formation in the BFO film. The
observed higher interfacial diffusion (more than 8 unit cells)
across the LSMO-BFO interfaces and the formation of a dis-
torted BFO lattice in this low BFO thickness sample can be
attributed to the uncompensated epitaxial strains between the
different constituents of the heterostructure. Further, by
keeping the processing conditions unchanged and varying
only the thickness of the BFO layer, the chemical homogene-
ity and the structural integrity of the LSMO-BFO-LSMO
heterostructure appeared to be compromised.

C. PFM studies

In order to understand the effect of variations in BFO
thickness, as well as the presence of defective structures on
the ferroelectric properties of BFO, PFM studies were car-
ried out. The PFM data for LS70BF20FC and LS70BF5FC
are shown in Figures 4(a) and 4(c), respectively. For the
LS70BF20FC sample, Figures 4(a) and 4(b) represent the to-
pography and out-of-plane images, respectively.

The PFM data for the LS70BF20FC sample show do-
main switching at a write voltage of =4 V. Figures 4(c) and

i\

-

3o
I
1
1
t
-
t
=
1

1 um

FIG. 4. (a) and (b) Topography and out-of-plane image of LS70BF20FC,
respectively. The out-of-plane image shows a ferroelectric switching at —/+
4V. (c) and (d) topography and out-of-plane image of LS70BF5SFC, respec-
tively. The out-of-plane image shows a ferroelectric switching at —/+ 2.5V.
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FIG. 5. (a) STEM-HAADF image the
SC sample confirming each layer thick-
ness. (b) and (c) STEM-HAADF images
of bottom and top interface, respectively
showing dislocation-free interfaces. (d)

Bottom
. LSMO

N
E
EELS intensity (a.u.)

and (¢) STEM-EELS across bottom and
top interfaces, respectively, revealing
chemical diffusion of about one unit
cell.

600 700
Energy (eV)

700 800 900790
Energy (eV)
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4(d) show the topography and out-of-plane images of the
LS70BF5FC sample, respectively. The PFM images of the
LS70BF5FC show only a weak domain switching at 2.5 V.
The write voltage is reduced for this sample due to the
reduced (~5nm) BFO thickness. The PFM studies indicate
in the LS70BF5FC sample, despite the combination of fac-
tors such as ultra-low thin film thickness (~5nm), diffused
interfaces and the presence of locally defective regions, that
the BFO is still able to exhibit ferroelectric domain
switching.

D. SC sample

In order to study the effect of change in processing
kinetics on the quality of the interfaces, a LSMO-BFO-
LSMO heterostructure with the thick BFO was cooled at a
very slow rate (5°C min~'). A low resolution image of the
SC structure is shown in Figure 5(a). This again confirms
that the thickness of each layer is close to the expected val-
ues. STEM-HAADF images are shown in Figures 5(b) and
5(c), respectively, for the bottom and top interfaces. These
show that both interfaces are epitaxial and free of misfit dis-
locations. Linescans were recorded across both interfaces.
The STEM-EELS data for both the bottom and top interfaces
are given in Figures 5(d) and 5(e), respectively. EEL spectra
were obtained for O-K, Mn-L, 3, Fe-L, 3 and La-M, s edges
at energies of 510eV, 655eV, 708 eV, and 840eV, respec-
tively. Analysis of the Mn-L, 3, La-M, 5, and Fe-L, 3 profiles
do not reveal a gradual chemical intermixing at both bottom
and top interfaces, thereby implying that both the interfaces
are chemically sharp, within the resolution limits of the
instrument used, which is of the order of ~0.15 to 0.2 nm.

However, the STEM-HAADF images (Figures 6(a) and
6(b)) of the top LSMO layer reveal the presence of stacking
faults originating ~7 nm from the top BFO-LSMO interface.
The stacking faults are observed at regular intervals of ~10

800

900

to 12nm from each other in the top LSMO layer. In addition
to this, it can be observed that in the [001] direction an addi-
tional plane of atoms is present every half a unit cell (Figure
6(b)). The length of each stacking fault defect is ~1.6nm.
The appearance of extra plane of atoms is repeated in the
[100] direction every three unit cells (~1 nm).

EEL spectra obtained for Mn-L, 3 and La-M, s edges
across the stacking fault region and the adjacent area are
shown in Figures 7(b) and 7(c), respectively. Figure 7(a)
shows a region at the top LSMO layer containing a stacking
fault were EELS analysis was performed. The STEM-EELS
line scan was carried out from point 1 to point 12 and the
position of spectra 8 closely matches the stacking fault
region. From Figure 7(b), it can be observed that at EEL
spectra number 8 for the Mn edge, a peak-like feature
appears at energy of 640eV and is not seen in the spectra
above (up to spectrum 12) or below (down to spectrum 1).
This confirms that there is a change in the chemical composi-
tion in the stacking fault region, whilst in the adjacent un-
faulted region no similar chemical variation is observed. The

FIG. 6. (a) and (b) STEM-HAADF images of SC sample revealing the pres-
ence of stacking fault at the top LSMO. The stacking fault at the top LSMO
layer appears at ~7 nm from the top BFO-LSMO interface. The arrow in (b)
indicate the appearance of extra atomic plane in the [001] direction. The
white box indicates a defect-free region adjacent to stacking fault.
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peak at 640 eV for the Mn-L, 5 edge corresponds to a valence
state of Mn>".?>"?* Thus, the Mn within the stacking fault
consists of a mixed valence state comprising Mn®" and
Mn’*, Conversely, from the Figure 7(c), it can be observed
that the La-M, 5 edge show no such changes, confirming no
change in La valence in the faulted region. In thin film heter-
ostructures, segregation of LSMO into non-stoichiometric
composition with the formation of compounds such as MnO
(compounds with reduced Mn (Mn**") valence) is a com-
monly observed defect mechanism. These types of defects
are observed when the heterostructure is annealed at high
temperature (~450°C) under vacuum conditions®~%” and
exhibit a deleterious effect on the magnetic properties and
the magnitude of spin polarization of LSMOQ.***%

In the SC sample, the formation of stacking faults and the
associated change in chemical signature of Mn can be related
to the kinetics of heterostructure fabrication. When the cooling
rate is reduced from 20°C min~' to 5°C min~' the duration
of high temperature exposure (temperatures greater than
~450°C) of the heterostructure is increased from ~90 min to
~240 min. Thus, it appears that the extended duration at high
temperatures is sufficient to induce segregation of LSMO
resulting in the change in the Mn valence. This leads to the for-
mation of stacking faults at a distance ~7nm from the top
interface. In addition to this, there is no formation of disloca-
tions at the interface hence defect formation due to misfit dis-
locations can be excluded. In heteroepitaxial films below a
critical thickness, the misfit strain due to lattice mismatch is
elastically accommodated by the formation of coherent interfa-
ces.”® In perovskite oxide heterostructures with a mismatch of
~2.5% to 3%, above the critical thickness formation of misfit
dislocation is favoured.’! Defects such as threading disloca-
tions (TDs), SFs, and creation of chemical inhomogeneity
across the interfaces can also be formed as an alternate mecha-
nism for reliving the accumulated strains associated with the
heterostructure formation, depending upon the energetically
favoured conditions.’*** When such dislocations are formed
the strain field around the dislocation core disturbs the lattice
periodicity. As a major finding in this study, for the STO-
LSMO-BFO heterostructure with a mismatch of ~2.2%, the
extended duration (90 min against 240 min) at higher tempera-
tures provides sufficient thermal energy for segregation and
mobility of chemical constituents for the top LSMO Ilayer.

EELS intensity (a.u)

EELS intensity (a.u)

660 670
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FIG. 7. (a) STEM-EEL spectrum image
of the SC sample showing the EELS ac-
quisition points across the stacking fault
and adjacent regions. (b) EEL Spectra of
Mn-L,3 edge shows appearance of
peak-like feature at 640 eV at the staking
fault (spectrum number 8). The peak is
not observed in the adjacent regions of
the stacking fault (spectrum 1 or spec-
trum 12). (c) La-M, 5 edge spectra with-
out any additional feature confirming the
no change in La valence state.

830 840 850 860 870
Energy (eV)

Thus, the physical integrity of the heterostructure is disturbed
by the formation of stacking faults and creation of chemical
inhomogeneity at the top LSMO. The formation of these
defects becomes a favoured mechanism to accommodate the
effect of kinetic energy associated with high temperature,
rather than formation of misfit dislocation at the top interface.
By contrast, similar defects were not observed in the faster
cooled samples. Although lattice distortion is observed at the
reduced BFO thickness, there were no stacking faults present
in this heterostructure. Finally, the significance of heterostruc-
ture fabrication on the physical and chemical integrity of
LSMO-BFO-LSMO interfaces is established clearly.

IV. SUMMARY AND CONCLUSIONS

In summary, ferromagnetic-ferroelectric-ferromagnetic
(LSMO-BFO-LSMO) heterostructures were fabricated using
PLD and were structurally and chemically characterized using
dedicated aberration corrected STEM. Three different speci-
mens were fabricated, in two specimens the ferroelectric thick-
ness (LS70BF20LS60FC, and LS70BF5LS60FC) was varied,
while in the third specimen the cooling condition from the fab-
rication temperature (SC) was varied. The 20nm BFO thick-
ness specimen exhibited relatively sharp top and bottom
interfaces with chemical intermixing limited to the order of
~1.2nm, while the 5nm BFO thickness samples showed top
and bottom interfaces with diffusion of cations across both
interfaces over a length scale of ~2.5nm. Lattice distortions
were observed in the 5Snm BFO specimen. PFM studies con-
firmed a very weak ferroelectric switching in the ~5nm BFO
film thereby confirming that the presence of lattice distortion is
a localised phenomenon. Stacking fault defects associated with
local variations in Mn valence were formed on the top LSMO
layer when the samples were cooled slowly. This was attrib-
uted to the increased cation mobility due to the extended time
the specimen was exposed to high temperatures. It is observed
that fabrication conditions play a significant role in determin-
ing the structural quality of the heterostructure interfaces.
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