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Direct Demonstration of a Magnetic Dead Layer Resulting
from A-Site Cation Inhomogeneity in a (La,Sr)MnO;

Epitaxial Film System

Lei Jin,* Chun-Lin Jia, lonela Lindfors-Vrejoiu, Xiaoyan Zhong, Hongchu Du,

and Rafal E. Dunin-Borkowski

The degradation of the functional properties of epitaxial oxide films and the
petformance of related devices have often been attributed to the presence
of so-called interfacial “dead layers”. Extensive efforts have been made to
understand the origin of such dead layers and to avoid their formation. How-
ever, the results of these efforts have not been fully satisfactory, largely as a
result of the complex origin of dead layers. Here, the dead layer is studied in
a sample that contains hillocks of nominally Lag ;Sr; 3MnO; (LSMO) sand-
wiched between a ferroelectric PbTiO; film and a Nb-doped SrTiO; substrate
using aberration-corrected (scanning) transmission electron microscopy,
nanobeam electron magnetic circular dichroism spectroscopy, and related
techniques. The results here reveal the presence of a 5 nm thick layer in the
LSMO hillocks, close to the LSMO/Nb-SrTiO; interface, which exhibits dis-
tinct structural and physical properties. The atomic, electronic, and magnetic
structures and local chemistry of the interfacial layer are determined. It is
found that octahedral rotations are suppressed in ultrathin regions at the

affecting the performance of devices.'3!
The formation of dead layers in colossal
magnetoresistive manganite films appears
to be independent of the choice of sub-
strate, although their estimated thick-
nesses (which range from =1 to =10 nm)
are found to depend on the substrate.[*1%

Re;,Ae,MnO; manganites with per-
ovskite structures (where Re is a triva-
lent rare-earth ion and Ae is a substi-
tuting divalent alkaline-earth ion) exhibit
a variety of interesting properties, e.g.,
metal-insulator  transitions,  colossal
magnetoresistance, and magnetocaloric
behavior.''™13] LaMnO; (x = 0), one of
the end compounds of the solid solu-
tions, is an antiferromagnetic insulator
(Ty = 140 K), with orbital order induced

edges of the hillocks, providing evidence for a strong effect of the adjacent
Nb-SrTiO; and PbTiO;. The formation of the dead layer is discussed in the

light of lattice strain and valence changes of Mn ions.

1. Introduction

In epitaxial films of functional oxides, so-called “dead layers”
often form near interfaces with other materials. The electrical
and/or magnetic properties of such dead layers can deviate sig-
nificantly from those of the corresponding bulk films, greatly

by the cooperative Jahn-Teller (JT) effect
of Mn** ions below Tjr = 750 K. With
increasing Sr substitution (resulting in
hole doping), La;.,Sr,MnO; (0 < x < 0.6)
gradually changes its room temperature
behavior from that of a paramagnetic
insulator to a ferromagnetic metallic state, accompanied by a
transition from an orthorhombic phase (O-phase) to a rhombo-
hedral phase (R-phase) at x = 0.2.1>-17]

Bulk Laj;Sry3MnOs; (hereafter referred to as LSMO with
x = 0.3) has a rhombohedral structure with space group R-3c.1'8l
In the R-3c structure, MnOg octahedra rotate in a way that can
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be described by the Glazer notation aaa .’
Among the La;,Sr,MnO; family (hereafter
referred to as (La,Sr)MnOs;), x = 0.3 corre-
sponds to the highest Curie temperature Tc
of about 370 K for the paramagnetic to ferro-
magnetic phase transition.'>~'7] Owning to its
half metallic nature?”) and to the nearly full
spin-polarized state?!] of the charge carriers
(holes), LSMO is often selected as the bottom
electrode in thin film devices?*?¥ and as
the active magnetic layer in magnetic tunnel
junctions.”! LSMO films can be grown epi-
taxially on a wide range of commercially avail-
able substrates, 1% including SrTiO; (STO),
(LaAlO3)g 3(Sr,AlTaOg)o 7, and NdGaOs.

The dead layer in LSMO thin films has
been widely studied. Research efforts have
been made to circumvent the formation of
the dead layer, as well as to restore the func-
tionalities of ultrathin LSMO films through
interface engineering.?2° One example
is provided by superlattices of LSMO with
layers as thin as 2 unit cells that are fer-
romagnetic.?’! In this system, interfacing
LSMO with ferromagnetic metallic layers of
orthorhombic SrRuO; helps to preserve the
tilts of LSMO oxygen octahedra and to main-
tain the ferromagnetic properties of LSMO
layers that are as thin as 2 unit cells.

Nevertheless, in general the origin of the dead layer is still not
clear. Deviation from chemical stoichiometry,?%3! lattice straint*l
and interfacial structural coupling!'® have all been suggested to
play an important role in its formation, through electronic modi-
fication®” as well as field doping.**-3”] The complex origin of the
dead layer usually leads to difficulties in considering all possible
contributing factors, rendering most existing studies incomplete.

Here, we present a detailed study of a dead layer in LSMO
by means of transmission electron microscopy (TEM) and scan-
ning TEM (STEM). We examine heterostructures consisting
of hillock-like LSMO nanostructures sandwiched between a
50 nm thick ferroelectric PbTiO; (PTO) film and a semicon-
ducting Nb-doped STO (Nb-STO) substrate. The thickness of
the hillock-structured LSMO layer, which was deposited using
a stencil technique,?2?3 varies from the foot to the center of
each hillock. This 3D hillock geometry (as shown in Figure 1 of
ref. [23]) allows different thicknesses of the film to be investi-
gated simultaneously. Our results reveal the presence of a dis-
tinct bottom layer, which differs from the bulk-like R-phase of
LSMO present in the top parts of the hillocks in terms of its
atomic structure, chemical composition, and electronic and mag-
netic properties and thus constitutes a dead layer. The formation
of the dead layer and its influence on the formation of 180° fer-
roelectric domains in the adjacent PTO film are discussed.

2. Results

Figure 1a shows a representative STEM high-angle annular
dark-field (HAADF) image of a cross-section of a LSMO hillock
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Figure 1. a) HAADF image showing the cross-sectional geometry of a LSMO hillock sand-
wiched between a continuous PTO thin film (about 50 nm thick with the brightest contrast)
and a semiconducting Nb-STO substrate. b) HRTEM image showing the geometry at the foot
(region “b” in (a)) of the LSMO hillock. An open arrow indicates a 180° domain wall in the PTO
film. The dashed line and horizontal double-headed arrow mark the PTO/LSMO and LSMO/
Nb-STO interfaces, respectively. c) HRTEM image showing an area of the interface between
the LSMO film and the Nb-STO substrate at the central part of the hillock (region “c” in (a)). A
5 nm thick interfacial layer (LSMO-I) is visible below the dashed line. d) FFT of the LSMO film
matrix (LSMO-M) above the dashed line in (c) viewed along the <110>,,. direction (pc: pseudo-
cubic, || <2 TT10>, see Figure S1a, Supporting Information). e) FFT of the LSMO-| layer, exhib-
iting additional reflection spots, as marked by the vertical arrows, which are not present in (d).

sandwiched between a PTO film and a Nb-STO substrate. The
thickness of the hillock varies from 0 at its feet to =40 nm at its
central part, forming a wedge-like shape at each side (see LSMO
in Figure 1b). Domain walls (DWs) separating 180° ferroelectric
domains are found to occur in the PTO film, depending on the
thickness of the LSMO hillock layer.[*!

Figure 1b,c shows high-resolution TEM (HRTEM) images
recorded from regions of the sample denoted by frames “b” and
“c” of Figure 1a, respectively, viewed along the <110> direction
of Nb-STO. A 180° DW in the PTO film is marked by a ver-
tical arrow in Figure 1b. The interface between PTO and LSMO
is traced by a yellow dashed line, while that to the Nb-STO is
denoted by a white double-headed arrow. In Figure 1b, the
contrast of the LSMO layer looks essentially the same. The
thickness of the LSMO layer in this area of the hillock foot is
measured to be between 2.5 nm on the left and 5 nm on the
right. In contrast, in Figure 1c, above the interface with the sub-
strate a bottom layer of the LSMO hillock film (the area below
the white dashed line, denoted LSMO-I), which has a uniform
thickness of =5 nm, has slightly different contrast from that
of the main part of the LSMO hillock (denoted LSMO-M, ter-
minating at the PTO/LSMO interface). Figure 1d,e shows fast
Fourier transform (FFT) images obtained from corresponding
areas marked by open arrows in Figure 1c. The FFT patterns
appear to be consistent with the <2110>; and <1011>y axes
of LSMO, respectively (see Figure Sla, Supporting Informa-
tion). In addition to the fundamental reflection spots shown
in Figure 1d, extra spots (see arrows) are present at (hkl),
(h = k = n/2, n = odd) positions in Figure le. An FFT of the
LSMO layer shown in Figure 1b resulted in essentially the same
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Figure 2. Atomic-resolution STEM ABF images acquired along the <110>
direction of the Nb-STO substrate, showing the atomic structures of
a) the LSMO-M film matrix and b) a region containing the LSMO-I
layer and part of the Nb-STO substrate. The LSMO-I/Nb-STO interface
is marked by a horizontal arrow. Atomic models are overlaid onto the
two images, showing (La,Sr)O (light blue), SrO (green), Mn (red), T
(orange), and O (small cyan dot). The semiconvergence angle of the
electron beam is 21.4 mrad and the ABF collection angle is 12-24 mrad.

pattern as in Figure le, suggesting continuity of the bottom
layer in the LSMO hillock. Indeed, this bottom layer is visible
as a bright line at the LSMO/NDb-STO interface in the low mag-
nification Z-contrast image shown in Figure la. It should be
noted that the extra reflections become weak close to the end of
the hillock feet.

Figure 2 shows atomic-resolution annular bright-field (ABF)
images obtained from the central region of a LSMO hillock,
including part of the LSMO-M region (Figure 2a) and part of the
LSMO-I bottom layer and substrate (Figure 2b), recorded along
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the <110> direction of Nb-STO. The images were denoised by
using a nonlinear filtering algorithm.3® As indicated by the cir-
cles, all of the atomic columns, i.e., (La,Sr)O (light blue), StO
(green), Mn (red), Ti (orange), and O (small cyan dot) appear
dark on a bright background. In the LSMO-I interfacial layer
(Figure 2b) the oxygen positions are shifted alternately upward
and downward parallel to [001],, as a result of rotations of the
oxygen octahedra. In the Nb-STO substrate (Figure 2b) and the
LSMO-M layer (Figure 2a), which extends to the LSMO/PTO
interface, no rotation of oxygen octahedra is visible. The atomic-
resolution details provide an interpretation of the appearance
of noninteger reflection spots in the FFT image shown in
Figure le. The octahedron rotation angles in the LSMO-I layer
are measured to have an average value of =11.8° + 1.4° in the
central part of the layer, which is =4° larger than the rotation
angle in the (La,Sr)MnO; R-phase (see the <1011>y projection
in Figure S1a, Supporting Information). This value is, however,
comparable with the rotation angle of oxygen octahedra in the
(La,Sr)MnO; O-phase (see the [010], projection in Figure S1b,
Supporting Information).

In order to verify the interpretation of the structures
observed in the LSMO-I layer, details of the atomic structure
were examined for the R- and O-phases. Following the sym-
metry breaking from the R- to the O-phase of (La,Sr)MnO;
(Figure S1, Supporting Information), the threefold <0221>
axes of the R-phase change correspondingly to the [110],, [110],
and [001], axes of the O-phase. In the latter case, the three axes
are no more equivalent. The prominent difference in atomic
structure is visible in both the [110], and the [110], projec-
tions of the O-phase (Figure S1b, Supporting Information), in
comparison with the projection of the R-phase structure along
the equivalent <0221>gp direction (Figure Sla, Supporting
Information): The A-site La/Sr cations are shifted upward and
downward alternately, as denoted by the arrows in Figure S1b
of Supporting Information. This feature leads to a periodicity
of double perovskite units in real space and a double density of
diffraction spots along [001], in comparison with the R-phase
(Figure Sla, Supporting Information). Furthermore, in the
[001], projection, adjacent oxygen octahedra rotate in an oppo-
site sense, resulting in the presence of extra reflections in the
center of the fundamental reciprocal lattice (see Figure S1b,
Supporting Information). Experimentally, both features of the
LSMO O-phase have been observed in the LSMO-I bottom layer
(Figures S2—-S4, Supporting Information).

Figure 3a shows a STEM ABF image of a LSMO hillock
and part of the substrate viewed along the <010> direction of
Nb-STO. Figure 3b displays an FFT generated from the entire
image in Figure 3a. The FFT contains extra arrays of spots
(marked by open arrows) that are a characteristic feature of the
[110], diffraction pattern of the O-LSMO phase. An inverse FFT
was performed by selecting the extra spots and used to gen-
erate a digital dark-field image (shown as an inset to Figure 3a),
revealing the real space origin of the intensity in the extra spots,
which matches the location of the LSMO-I bottom layer. The
upward and downward shifts of the A-site cations are visible in
the magnified image of the LSMO-I layer shown in Figure 3d,
as denoted by the zigzag line, while such shifts do not occur in
the LSMO-M layer (Figure 3c) or the Nb-STO substrate. All of
these results provide evidence that a layer of the O-phase forms
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Figure 3. a) Low magnification STEM ABF image of the LSMO-I layer between the LSMO-M
film matrix and the Nb-STO substrate. b) FFT of the three regions in (a), showing extra spots,
as marked by open arrows. The inset to (a) shows an inverse FFT image formed by selecting
the origin of only these reflections in real space. Scale bar: 4 nm. c,d) Magnified STEM ABF
images obtained from the marked LSMO-M and LSMO-| regions, respectively. Zigzag features
are seen in the A-site atom columns in (d), but not in (c) (see dashed lines).

in the LSMO hillock layer directly above the interface with the
Nb-STO substrate.

The chemical composition of the O-phase bottom layer
was investigated by using energy dispersive X-ray spectros-
copy (EDXS) elemental mapping. Figure 4a shows net counts
recorded from the La L, Sr L, Mn K, and Ti K peaks, averaged
along the interface. A reduction in Sr L intensity occurs in the
O-phase bottom layer, accompanied by an increase in La L
and Mn K intensity (see distances ranging from -5 to 0 nm in
Figure 4a). Cliff-Lorimer factors based on reference data from a
200 kV ChemiSTEM microscope were used to calculate atomic
concentrations (at%). Since the difference in chemistry between
the R- and O-phase is associated with the atomic ratio between
La and Sr on the A-sites (Figure S5, Supporting Information),
their relative ratio is given in Figure 4b. In the LSMO-M area
(i-e., for distances from —8 to —5 nm), although the atomic con-
centration is not strictly homogeneous, the average La/Sr ratio
from the profile is =2.53 (with a standard deviation ¢ = 0.33),
which is consistent with the expected value for Lag;Sry;MnO;
(La/Sr = 2.33). In the LSMO-I bottom layer, the La/Sr ratio
increases to 3.84 (o = 0.43) at the center of O-LSMO (i.e., for
distances from —4.5 to —2.2 nm), corresponding to a stoichi-
ometry close to LaggSry,MnOs (x = 0.2). We also measured the
composition close to the tail of the foot of the LSMO hillock
and found that the interfacial Sr-deficient bottom layer is always
present.

Figure 5 shows an electron energy-loss spectroscopy (EELS)
dataset acquired using the StripeSTEM techniquel®) from a
similar area to that used for EDXS mapping. Figure 5a shows a
STEM HAADF image of the sample area, from which the EELS
spectra were acquired. Figure 5b shows the fine structure of the
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O K edge, as extracted from the StripeSTEM
dataset. Three prominent peaks, labeled
“A’, “B”, and “C”, are present. In order to
improve the signal-to-noise ratio, the spectra
were integrated from EELS signals recorded
from 5 perovskite unit cells, as indicated by
the color braces in Figure 5a. The position
of peak “A” recorded from the LSMO hillock
shifts toward the low energy-loss direc-
tion with values of =0.4 eV (red) and 0.8 eV
(magenta) in the LSMO-I layer and 1.0 eV
(blue, olive, cyan) in the LSMO-M region.
These peak shifts have been reported to be
highly related to an increased Mn valence
state.*] Meanwhile, peak “B” in the LSMO-I
layer shifts by 0.4 eV to lower energy-loss,
in comparison with those recorded from the
LSMO-M area, manifesting a distinct change
in Sr (or La) concentration from the O-phase
to the R-phase of (La,Sr)MnO;*! Since the
Mn valency changes concomitantly with the
local Sr (or La) concentration,*!l it can be
determined approximately from the energy
difference AE between peaks “A” and “B” in
Figure 5b, as reported by Riedl et al.*?! In
the R-phase matrix layer, the energy differ-
ence is 5.6 eV, corresponding to a mixed Mn
valency of 3.3+ (according to Riedl et al.*%)
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Figure 4. EDXS results for La L, Sr L, Mn K, and Ti K shells taken from the
area shown in Figure 2a. a,b) The net counts and atomic concentration,
respectively, plotted as a function of distance, obtained by averaging the
EDXS results along the interface. The interface is marked by a vertical
line. A Sr-deficient region, corresponding to the interfacial LSMO-I layer
in Figure 2a, is seen to the left of the interface.
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magnetic field of the objective lens. When
correlated with the EDXS and energy-loss
near-edge strature (ELNES) data, our results
show a concomitant decrease in saturation
magnetization and Mn valency with the dimi-
nution of the Sr concentration in the LSMO-I
interfacial layer. Therefore, the LSMO-I
bottom layer can be regarded, in a real sense,
as an electrically and magnetically dead layer
at room temperature.

3. Discussion

Our results provide evidence for a structural
R- to O-phase separation/transition at the

o O } 522 528 534 540 546

Energy loss (eV)

Figure 5. StripeSTEM dataset, comprising a) a STEM HAADF image and b) corresponding
fine structures of O K edges. Three prominent peaks, labeled “A”, “B”, and “C”, are visible in
(b). Peaks “A” and “C” are hybridizations of the O 2p states with the transition metal (i.e., Ti and
Mn) 3d and 4sp states, respectively, while peak “B” is characteristic of O 2p states hybridized
with Sr 4d or La 5d states. The energy difference AE between peaks “A” and “B” were measured
to determine the Mn valency. The probe semiconvergence angle, inner HAADF detector angle,
and spectrometer collection angle were 25, 70, and 21 mrad, respectively.

This value is consistent with nominal LSMO with x = 0.3 (Mn
valency 3.34). In the interfacial O-phase LSMO, AE ranges
between 4.6 and 5.2 eV, which are comparable to the value of
4.8 eV as reported by Riedl et al.*? for an average Mn valence
state of 3.175+ (x = 0.175). The EELS results therefore corrobo-
rate the conclusion of the formation of the LSMO O-phase.
The local magnetic properties of the LSMO-M and LSMO-I
layers were tested by means of electron magnetic circular
dichroism (EMCD),*** which was implemented using a
nanobeam setting in STEM mode.*”! The beam size used
was =2.5 nm and the semiconvergence angle was =0.5 mrad.
Figure 6 displays background-subtracted EELS results from
the Mn L, ; and La M, 5 edges obtained for two chiral positions
“+” and “-~” (as shown in red and black, respectively) and cor-
responding EMCD spectra (i.e., intensity differences between
the “~” and “+” spectra, shown in cyan) from the LSMO-M
(Figure 6a) and interfacial LSMO-I (Figure 6b) regions, respec-
tively. As expected, there is no EMCD signal present from the
M, 5 edges of nonmagnetic La atoms in either the LSMO-M or
the LSMO-I area. Experimental EMCD spectra contain contri-
butions from both the intrinsic magnetic circular dichroism of
magnetic materials and the dynamical diffraction conditions
used.** In order to compare the intrinsic magnetic circular
dichroism of Mn atoms in the LSMO-M and LSMO-I areas,
the differences between their dynamical diffraction coefficients
were minimized by selecting the same diffraction conditions
(see Figure 6b) and similar sample thicknesses. Significant
EMCD signals are present at the Mn L, ; edges in the LSMO-M
area, while they are hardly detectable at the Mn L, ; edges in
the LSMO-I area. It is therefore experimentally demonstrated
that the saturation magnetization is mostly suppressed in the
interfacial bottom layer, since LSMO is saturated in the =2 T
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LSMO/Nb-STO interface. The formation
of the O-phase (i.e., LSMO-I) is associated
with a deviation in local chemistry from the
stoichiometric value of x = 0.3 for the A-site
cations (i.e., between La and Sr). Similar
cationic segregation was also reported in a
Ca-doped manganite thin film grown on a
STO (001) substrate.*’l The structural change
results in a distinct deterioration of the elec-
tronic and magnetic properties of the interfa-
cial bottom layer.

The interfacial LSMO-I bottom layer, which has an increase
in Mn3* and a decrease in magnetization, is consistent with the
definition of a “dead layer” (or critical thickness) in manganite
thin films."~ For instance, Huijben et al.l”} reported a critical
thickness of =8 unit cells for metallic conductivity and 3 unit
cells for ferromagnetism in Lag;Sry;MnO; thin films grown
on an STO (001) substrate. By using X-ray magnetic circular
dichroism and spectroscopic and scattering techniques, Lee et al.
observed an intermediate layer with a thickness of =8 unit cells
at a natural Lay;Sry3;MnO;/STO interface (i.e., an interface at
which a different La/Sr ratio had not been introduced deliber-
ately) and revealed that this layer has an increase in Mn3*, prob-
ably due to charge transfer and/or a doping instability.®!

It has been proposed that Mn ions play an important role
in determining the unit cell volume of manganite perovs-
kites,*”] given the fact that the ionic radius of Mn** (65 pm)
> Mn* (53 pm) and La** (136 pm) < Sr?* (144 pm).*¥) With
decreasing Sr concentration, more A-sites are occupied by
La*" ions. In order to maintain electric neutrality, some Mn*"
will change to Mn**.*/l The pseudo-cubic lattice parameter a,
for Lags+Srg;_ Mn3+0 7#+Mn*5 05 (e.g., LaggSro,MnOs, a,. =
3.89 A[15) is larger than that of La,;St);Mn*";Mn*";0; (apc
=~ 3.88 A.[5)) Therefore, an increase in lattice parameter associ-
ated with an increase in Mn3*" concentration (i.e., with the for-
mation of a local O-phase) can reduce mismatch strain in the
R-phase LSMO/NDb-STO system.

We note that the strong extra reflections corresponding
to the O-phase become weak in areas close to the ends of the
hillock feet, implying that octahedral rotations in such areas
are strongly suppressed. The suppression of octahedral tilt was
seen directly using STEM ABF imaging (Figure S6, Supporting
Information). The suppression of octahedral rotations can be
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Figure 6. Smoothed nanobeam EMCD spectra recorded in a two-beam
condition with pseudo-cubic G = {002}, reflection exited from a) the
LSMO-M film matrix and b) the interfacial LSMO-I layer. The diffraction
pattern in (b) shows a typical two-beam condition, which was realized
by tilting the sample =8° away from the <110>,. Laue zone axis. The
positions of the EELS entrance aperture are shown schematically.

attributed to oxygen octahedral coupling of ultrathin LSMO with
the non-tilted Nb-STO substrate and PTO film (a°a%° in Glazer
notation.*)) In particular, it was demonstrated by Moon et al.1¥
that functionalities such as electrical resistivity and magnetore-
sistance in ultrathin manganite films are affected significantly
by interfacial structural coupling of oxygen octahedra (although
local chemical information in individual samples was not pro-
vided). These findings were supported by density functional
theory calculations.'% Our present atomic-resolution results,
thereby, provide direct experimental evidence for such coupling
in ultrathin manganite films.

In our previous work,??l we demonstrated a direct rela-
tionship between the formation of 180° ferroelectric domains
and LSMO hillocks. This relation can now be understood in
terms of the formation of the O-phase. Across the LSMO hill-
ocks, the PTO thin film contacts three parts of the “substrate”:
(1) the NDb-STO semiconducting substrate; (2) the Sr-deficient
insulating LSMO interface layer (i.e., the O-phase layer with
a thickness of =5 nm); (3) the main part of the LSMO hillock
(i-e., the conducting LSMO R-phase matrix). The formation of
180° ferroelectric domains above the insulating O-phase can

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

M \I|W’§

www.MaterialsViews.com

reduce the system energy induced by the depolarization field at
the interfaces.

4. Conclusion

By using several (scanning) transmission electron microscopy
techniques, we have revealed the presence of an interfacial layer
in Lay,Sry3;MnO; hillocks. The interfacial layer shows struc-
tural features similar to those of the LaygSry,MnO; O-phase.
The associated phase separation correlates with the formation
of 180° ferroelectric domains in the adjacent PTO film. Our
results demonstrate that such a novel hillock geometry can
provide a useful platform for further studies of the thickness-
dependent interfacial phenomena in epitaxial oxide hetero-
structures, which are also important in other ferroelectric and
magnetic systems. They also show that aberration-corrected
(scanning) transmission electron microscopy and spectroscopy
are very powerful tools for detecting local variations in struc-
tural, compositional, electronic, and magnetic properties.

5. Experimental Section

Nb-STO/LSMO/PTO heterostructures were grown via a two-step
procedure by pulse laser deposition (PLD), as reported by Vrejoiu et al.l?
Briefly, nominally Lag ;Srg3MnOj3 hillocks were grown by PLD at 600 °C
in an oxygen pressure of 2.7 x 1072 mbar through a stencil mask that
was mechanically attached to the surface of the Nb-STO substrate. After
removing the stencil, the LSMO/Nb-STO structure was reheated to
585 °C and a 50 nm thick PTO film was then deposited onto the same
area in 0.25 mbar O,.

Cross-sectional specimens across areas that included the hillocks
were prepared for TEM and STEM examination using focused ion beam
(FIB) milling in an FEI Helios Nanolab 400s dual-beam system.*?l More
than 15 FIB lamellae were cut in Nb-STO <100> and <110> orientations
(see ref. [23] for detailed information) for statistic evaluation and further
polished using a 500 eV Ar ion-beam (Fischione Nanomill, Model 1040),
in order to remove the damaged layers introduced by FIB milling.

HRTEM investigations were performed on an FEI Titan-T 80-300
transmission electron microscope with a spherical aberration (Cj)
correction system for the objective lens, operated at an acceleration
voltage of 300 kV.P% Investigations based on STEM techniques,
including nanobeam electron diffraction,*] EMCD,*3#4 ABFPU and
HAADF imaging,52 and StripeSTEM,B? were carried out at 200 kV
on an FEI Titan G3 60-300 “PICO” microscope equipped with a high-
brightness field emission gun (XFEG), a monochromator unit, a probe
Cs corrector and a combined image C—C. (chromatic aberration)
corrector,®® as well as at 300 kV on an FEI Titan 80-300 scanning
transmission electron microscope equipped with a probe C, correction
system.’¥l EDXS mapping was performed on an FEI Titan G2 80-200
ChemiSTEM microscope equipped with an XFEG, a probe C; corrector,
and a super-X EDXS system.>]
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