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atomically resolved electronic states
( : omplex oxide heterointerfaces exhibit intriguing

physical phenomena arising from the presence of

multiple degrees of freedom, namely spin, charge,
orbital character, and lattice structure, as well as their mutual
correlation. Recently, improvements in growth and character-
ization techniques have provided the opportunity to manipulate
the coupling of 3d electrons, leading to a rich variety of physical
phenomena. For example, two-dimensional electron gases were
found at junctions between two insulators' and metallic
ferromagnetic states have been reported to occur between
antiferromagnetic insulators.” Achieving a detailed physical
understanding of such exotic phenomena will lead to the ability
to control and tune desired properties, making complex oxide
materials highly attractive for next-generation electronic and
spintronic devices.””

A particularly interesting system is the antiferromagnetic
insulator BiFeO; (BFO)—ferromagnetic metal Lay;Sry;MnO;
(LSMO) heterojunction, which combines a multiferroic
material and a colossal magnetoresistive material. By tuning
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the atomic termination at the interface with layer-by-layer
precision, the ferroelectric polarization can be manipulatedS_7
and simultaneously the magnetic order is expected to change
from ferro- to anti-ferromagnetic.® However, the physical origin
of these phenomena is still unclear and under debate. On the
one hand, orbital reconstruction at the interface”'® has been
suggested to govern interface magnetism and to induce
magnetoelectric coupling.'' On the other hand, an alternative
theory predicts charge transfer between the LSMO and BFO
layers, which activates double- and superexchange mechanisms
between adjacent atomic layers across the interface, resulting in
an electric-field (or ferroelectric polarization) tunable interfacial
magnetic state.'” However, the search for a single physical
origin may neglect the possibility of a delicate interplay of
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different correlated processes including orbital, charge, and
magnetic ordering as well as lattice degrees of freedom."

Furthermore, the experimental basis lacks an atomically
resolved spectroscopic view of the electronic states near the
Fermi energy (Eg) localized directly at interface. Disentangling
the physical origins of the interface properties requires,
however, such data to identify the electronic interface states,
their occupation and the resulting bound charges, ferroelectric
polarization, changes of the oxidation states, and correlation
with magnetic properties. Only with such detailed high-
resolution experimental data it will be possible to explore the
relevance of the different physical models."*~"*

Therefore, we apply cross-sectional scanning tunneling
microscopy (STM) and spectroscopy (STS) to probe directly
the electronic states and charges with atomic precision right at
and across complex oxide interfaces. With this technique we
probe the electronic properties localized directly at BFO/
LSMO heterointerfaces, revealing the underlying physical
mechanisms and interfaces’ magnetic ordering. This forms the
basis for an atomic-scale physical understanding of complex
oxide heterointerface properties, which is central for designing
complex oxide devices.

RESULTS AND DISCUSSION

In order to address the effect of different layer terminations (or
stacking sequences) at the interface, two types of SO nm BFO
on S nm LSMO heterostructures were grown on Nb-doped
TiO,-terminated SrTiO; (001) (STO) substrates. The first one
had a layer stacking sequence at the interface of Lay,Sry;0—
MnO,—BiO—FeO, (ie, a MnO,—BiO terminated LSMO/BFO
interface, Figure la). The layer termination of the second
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Figure 1. Schematic diagram of two possible atomic-stacking
sequences for LSMO/BFO heterostructures with (a) MnO,—BiO,
and (b) Lay,Sr,3;0—FeO, layer termination at the interfaces.

sample was tuned by inserting 1.5 unit cells of StRuO;, ie., a
SrO—RuO,—SrO sequence, between the STO substrate and
the LSMO layer.” The resulting stacking sequence at the
interface is MnO,—La,,Sr,;0—FeO,—BiO (i.e., a La,,Sry;0—
FeO, terminated interface, Figure 1b).>”'* The Curie temper-
ature (Tc) of the S nm Lay,Sro;MnOj; ultrathin film is about
320 K for the MnO,—BiO and 300 K for the La,;Sry;0-FeO,,
which can be referred in our previous works.'"*"

For our STM and STS studies, we cleaved cross sections
through both types of heterostructures in situ in ultrahigh
vacuum (7 X 107'" mbar). The cleavage exposes (100) cross-
sectional planes through the whole heterostructures, which
were investigated by STM at 80 K (below the Curie
temperature) using tungsten tips. Figure 2(a) illustrates the
morphology of the (100) cleavage surface of the BiFeO,/
Lay;Sry3MnQO;/SrTiO; heterostructure measured by STM. The
Nb-doped STO substrate exhibits large atomically smooth
terraces separated by monolayer (0.4 nm) high steps as visible
in the height histogram shown in the Supporting Information.”!

The LSMO layer appears brighter (higher topography), again
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Figure 2. (a) Constant-current cross-sectional STM image showing
an overview of the heterostructure consisting of the Nb-doped
SrTiO; substrate, the La,,Sr,;MnO; layer, and the BiFeO; layer
(from left to right). The image was acquired at a set point of —0.5 V
and 50 pA. Atomically resolved STM images of the (b) MnO,—BiO
and (c) Lagy,Sry;0—FeO, terminated interfaces (set points: V= +3
V and I = 200 pA). The height profile below exhibits a periodicity
of ~0.4 nm, in line with the bulk lattice constant. (d) and (e)
Normalized differential conductivity maps of the same areas as in
(b) and (c), respectively. The dashed red lines are used to identify
the interface location.

with smooth terraces. The contrast change between the STO
substrate and the LSMO layer is abrupt and straight. No
interface roughness is observed, indicating an atomically precise
layer stacking. The BFO cleavage surface is rougher than the
two previous materials. It exhibits a high density of 0.4 nm
steps, corresponding to a FeO,—BiO layer pair (see Supporting
Information). The increased roughness can be attributed to the
spontaneous polarization in [111] direction of the R3¢ phase of
BFO, resulting in a weak polar character of its (100) planes,
reducing the cleavability. The interface between LSMO and
BFO appears as a dark line (marked by the red dashed line) and
exhibits a few kinks, indicating a slightly rough LSMO growth
surface. However, we note that these features do not affect the
stacking sequence at the interface, which was predesigned
during growth.

Parts b and ¢ of Figure 2 show atomically resolved STM
images of the MnO,—BiO- and La,,Sry;0—FeO,-terminated
interfaces, respectively. Average height profiles shown below
Figure 2b,c display a 0.4 nm periodicity, in agreement with the
bulklike surface periodicity.'” Indeed, the most favorable
termination of the La,,Sry;MnO; (100) cleavage surface is a
bulklike MnO, (100) layer,>** while BiFeQ, (100) surfaces
are bulklike FeO, terminated.***

For identifying the interface position, we turn to spectro-
scopic measurements, which reveal distinct changes in
electronic properties between LSMO and BFO. Parts d and e
of Figure 2 show normalized differential conductivity [(dI/
dV)/(I/V)] images measured at +2.5 V with 0.4 nm spatial
resolution across the MnO,—BiO- and Lag,Sr,;O—FeO,-
terminated interfaces, respectively. A pronounced change in
the (dI/dV)/(I/V) signal is observable, due to different band

structures and hence densities of states between the two

DOI: 10.1021/acsnano.7b06004
ACS Nano 2018, 12, 1089—-1095


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b06004/suppl_file/nn7b06004_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b06004/suppl_file/nn7b06004_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b06004/suppl_file/nn7b06004_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b06004

ACS Nano

materials. The interface is identified as the position of the
steepest change of the (dI/dV)/(I/V) signal assuming that
electronic and compositional properties follow each other.

In order to elucidate the evolution of the electronic structure
across the two types of LSMO/BFO heterointerfaces, spatially
resolved normalized differential conductivity spectra were
measured at every pixel point. For each spectrum, the tip—
sample separation was kept constant. All spectra recorded from
a pixel line parallel to the interface were averaged as outlined in
the Supporting Information. The averaged spectra have a spatial
separation of 0.4 nm (one lattice constant) perpendicular to the
interface. They are labeled using the same labels as for the pixel
lines shown in Figure 2d,e. Parts a and b of Figure 3 show the
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Figure 3. Spatial evolution across the (a) MnO,—BiO and (b)
La,,Sr;;0—FeO, terminated interfaces of the normalized dI/dV in
atomic layer steps. Successive spectra are offset vertically for clarity.
The light and dark green spectra on the LSMO side are labeled by
numbers, whereas those on the BFO side (red and orange) have
letters as labels. The different features discussed in the text are
marked by vertical (dashed) lines and labeled O 2p, (Mn) t,,,
(Mn) e,), (Mn) t,,;, (Mn) e, and Fe 3d.

resulting layer-by-layer-resolved normalized differential con-
ductivity spectra plotted as a function of sample bias across the
MnO,—BiO- and Lay,Sry3;0—FeO,-terminated interfaces,
respectively.

The spectra of the BFO surface exhibit a semiconducting
behavior with negligible tunnel current over a wide energy
range.g‘25 In contrast, the LSMO surface is metallic, with only a
dip in the density of states [(dI/dV)/(I/V) signal] near the
Fermi energy (at 0 V).*°

The tunneling spectra exhibit pronounced asymmetries
between the current recorded at positive and negative sample
voltages. The insets in Figure 3a (and b) show that the tunnel
current is larger at positive (negative) voltages for the MnO,—
BiO (Lay,Sry;0—FeO,)-terminated interfaces. In analogy to
p—n junctions,”’ these characteristics show that the MnO,—
BiO and Lay,Sry;0—FeO, terminated interfaces exhibit n-type
and p-type characteristics, respectively. This indicates positive
and negative bound charges localized at the MnO,—BiO- and
Lay,Sry;0—FeO,-terminated interfaces, screened by free
electrons (n-type) and holes (p-type), respectively, originating
from the very high free carrier concentration in the metallic
LSMO layer.”®

The opposite bound charge at the two differently terminated
interfaces can be related directly to the discontinuity of the
ferroelectric polarization in the BFO layer at the interface to the
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metallic LSMO. Polarization pointing away from (toward) the
BFO/LSMO interface induces a positive (negative) bound
charge localized at the interface. Hence, the BFO layers in the
two heterostructures exhibit opposite polarization, pointing
away from the MnO,—BiO-terminated interface (i.c., in [001]
growth direction) and toward the Lay;Sr,;0—FeO,-terminated
interface (in [001] direction), in agreement with calculations.”

At this stage, we turn to the details of the electronic density
of states near the Fermi energy. In addition to the general shape
of the tunneling spectra discussed above, one can discern
several additional features in the tunneling spectra in Figure 3.
In the LSMO layer, the feature between 0 and —1 eV agrees
well with the e, state of the Mn 3d orbital split by the crystal
field (Mn ey), found experimentally and theoretically at 0 to
—1.3 eV (relative to Eg).**** In analogy, the feature around
—1.7 eV can be correlated with the £, state of the split Mn 3d
orbital (Mn tng).26’29’30 The lowest energy peak at approx-
imately —2.5 eV can be interpreted as the O 2p state.””*" In the
empty states of LSMO, the shoulder between +1 and +1.5 eV
can be attributed to the Mn t,,, state, whereas the feature at +2
to +2.5 eV can be correlated with the Mn e state.”””" In the
BFO layer, the additional peak at +2.3 eV corresponds to the
Fe 3d, state.”> Some of the observed features may arise from
surface states. However, angle-resolved photoelectron spectros-
copy measurements of LSMO(100) surfaces found only three
filled bulk states,” ™" in agreement with our tunneling spectra
and our interpretation in terms of bulk states only.

We now discuss the evolution of the electronic structure
across the LSMO/BFO interface. The frames in Figure 4a show
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Figure 4. Layer-resolved spatial evolution of the different
spectroscopic features observed in normalized dI/dV across the
(a) MnO,-BiO and (b) Lay,Sry;0—FeO, terminated hetero-
interfaces. Successive spectra are offset vertically for clarity.

background-subtracted peaks of the occupied O 2p orbital and
the Mn f,;;and Mn e, states, as well as the empty Mn t,, and
Mn ¢, states, and their evolution across the MnO,—BiO
terminated interface (for the background subtraction, see the
Supporting Information). Figure 4b illustrates corresponding
electronic states across the Lag,Sry;0-FeO, terminated inter-
face. Directly at the interface (spectra labeled 1 and a, for the
MnO,—BiO and La,,Sry;0-FeO, terminated interfaces), only
two features are detectable. First, the unoccupied Mn 3d e,
state on the LSMO side at about +2.30 eV above Ey overlaps
with/evolves into the electronic peak associated with the
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unoccupied Fe 3d, state on the BFO side [Figure 4 (a$) and
(bS), highlighted by the yellow bar in Figure 3]. Second, the O
2p peak at —2.5 V is prominent near the interface [Figure 4
(al) and (b1), highlighted by the rose colored bar in Figure 3].
All of the other states are primarily on the LSMO sides of the
interfaces.

Out of the states on the LSMO side, the Mn t,,; and tyy;
states remain fixed in energy with increasing distance from both
interfaces, while all other states shift in energy. The Mn 3d ¢
and ¢, states shift with increasing distance from MnO,—BiO
(Lag;Sro30—Fe0,) terminated interfaces to higher (lower)
energies. The O 2p states shift weakly to lower energies for
both interfaces. Simultaneously the valence and conduction
band edge positions shift, decreasing (increasing) the band gap
within the BFO layer when approaching the MnO,—BiO
(Lag;Sry30-FeO,) terminated interface (Figure 5). At a
distance of more than four lattice constants, the BFO bulk
band gap of 2.9 eV is reached, which is close to the optical bulk
band gap of 2.6 eV.*

(a1) (b1)

MnO,-BiO

Laog7Sro;0-FeO,

(a2)

Figure S. Conduction band (CB) and valence band (VB) edge
positions (upper row) and band gap (lower row) extracted from
tunneling spectra recorded from the MnO,—BiO (left column, al,
and a2) and Lay,Sr,;0—FeO, terminated (right column, b1, b2)
interfaces. The crosses indicate bulk values far from any interfaces.
The data are consistent with a semiconducting/insulating MnO,—
BiO interface and a metallic La, ;Sry ;0—FeO,-terminated interface,
compatible with antiferromagnetic and ferromagnetic interface
characteristics, respectively.

For the Lay,Sry;0—FeO,-terminated interface, it should be
noted that the metallic behavior of the LSMO layer starts
directly at the interface position (Figure Sb), whereas the first
two LSMO layers of the MnO,—BiO terminated interface
exhibit clear band gaps (Figure Sa). This observation is
consistent with semiconducting (or insulating) and metallic
characteristics of the MnO,—BiO- and La,,Sr,;O0—FeO,-
terminated interfaces, respectively.' "’

We now discuss the interplay and correlation of the different
physical properties observed at the interfaces. The energy shifts
of the electronic states near Ey can be discussed on the basis of
previously observed local distortions of the atomic lattice'”*®
and general physical considerations as outlined below:

First, the lattice mismatch is only 0.5% in our system, and
hence, no relevant epitaxial strain effects are observed, which is
corroborated by the lack of interface misfit dislocations.””*’
Instead a slight distortion of the first three monolayers at the
interface has been detected, which is related to tilts (or
directional deformations) of the oxygen octahedra in the
vicinity of the interface."”
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Second, the Mn 3d e, states (but not the t,, states) point
toward the neighboring O atoms and are related to interatomic
Mn—O bonds.”* Thus, Mn 3d e, states exhibit a much larger
Jahn—Teller activity, ie., larger energy shifts and splits with
symmetry-lowering distortions, than the t,, states, which do not
shift significantly with lattice distortions.”” This agrees with our
observations of large (small) shifts for Mn 3d e (tzg) states.

In contrast, charge transfers or electrostatic fields can be
excluded as the primary physical origin of the peak shifts, since
they would shift all of the states close to Ep identically.
Furthermore, the bound charges localized at the interfaces
identified above are surrounded by screened Coulomb
potentials, which give rise to a local band bending. However,
the metallic LSMO layer screens the bound charges very
effectively, such that the remaining band bending one lattice
constant from the interfaces can be estimated to be below 10
meV.* This is not detectable in view of the much bigger shifts
found. Hence, the bound charge is not responsible for the peak
shifts.

The above discussion points to the importance of local
distortions and tilts of the oxygen octahedral. In order to
explore this and obtain deeper insight into the structural
distortions and associated changes in orbital reconstruction, we
examine the O 2p peak. The shift of the O 2p peak close to the
interfaces suggests a different bonding structure of oxygen at
the interfaces. In the bulk the oxygen octahedra surrounding
Fe/Bi or Mn/Sr/La atoms are tilted. This distortion and the
related tile pattern change at the interface:'”*

(i) At the MnO,—BiO-terminated interface, the tilt becomes
zero, increasing toward the LSMO and BFO sides within three
to five lattice constants to the bulk values.”® The absence of a
tilt at the interface is likely related to the fact that the MnO,—
BiO terminated interface is situated in the most rigid central
square plane of the oxygen octahedra, where the stiff bonding is
unable to accommodate changes in tilt between the two
materials. The rigidity removes the tilt and the symmetry-
lowering lattice distortion at the MnO,—BiO-terminated
interface, locally canceling the Jahn—Teller effect that is present
in the bulk materials.*" It is expected that this effect reduces the
band gap,'” as we observed directly at the MnO,—BiO
terminated interface (Figure Sa, spatial position a).

The upward shifts of the two Mn 3d e, states can therefore
be interpreted as a signature of increasing tilt on the LSMO
side. This behavior can be understood as follows. The
distortion and the variation in rotation of the MnOg octahedra
is closely connected to the oxidation state of Mn and hence to
the Mn*"/Mn>" ratio, since only Mn>* (d* ion) exhibits strong
electron—lattice coupling.*> Our LSMO material has mixed Mn
oxidation states with 30% Mn*" and 70% Mn** ions (on
average d** ions) in the bulk. The reduction of tilt and
symmetry lowering distortions at the MnO,—BiO-terminated
interface™ locally increases the Mn*"/Mn>* ratio.'”** On this
basis and due to the sensitivity of the energy of Mn states on
the oxidation state of Mn,"” this replacement of Mn>* by Mn**
shifts the electronic states. Note, the change in oxidation state
does not require a charge transfer with the bulk. Rather, the
termination of the ferroelectric polarization at the interface
provides the necessary charges by inducing a positive bound
charge localized at the MnO,—BiO terminated interface. This
suggests that the bound charge is realized at the interface in
form of a locally changed Mn oxidation state.

(ii) The Lay,Sry;O—FeO,-terminated interface has a differ-
ent structure, opposite bound charge, opposite energy shifts of
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the Mn 3d e, and 3d e, states, and an opposite band gap
opening, as compared to the MnO,—BiO-terminated interface.
The Lay,Sry;0—FeO,-terminated interface is located at the tips
of the oxygen octahedra, which are able to accommodate
changes in octahedral rotation.”* As a consequence, the
Lay;Sry;0-FeO, terminated interface exhibits nonzero tilt,
which differs considerably from that in the bulk material.*®
Hence, significant symmetry lowering lattice distortions are
present at the Laj-Sr;;0—FeO,-terminated interface, in
contrast to the MnO,—BiO-terminated interface. When
combined with compressive strain due to the lattice mismatch,
the symmetry lowering lattice distortion widens the band gap
due to the Jahn—Teller effect. Hence, our widened band gap is
consistent with the presence of significant lattice distortions at
the La,,Sry;0—FeO,-terminated interface.

The opposite energy shifts observed for the Mn 3d ¢, and 3d
ey States indicate that the Mn*/Mn>" ratio decreases near the
Lay,Sry;0—FeO,-terminated interface, as found using electron
energy-loss spectroscopy.'”*® The increased Mn** concen-
tration induces a negative bound charge at the interface, as
observed.

Finally, the different behavior of the band gaps and the shifts
of the Mn 3d €| and 3d ey States, as well as the correlated
changes of the Mn oxidation state, suggest the different
magnetic properties of the two types of interface:

(i) The MnO,—BiO terminated interface exhibits a wide
band gap, i.e., insulating properties, even within the first LSMO
layers (Figure Sa). Furthermore, since the Mn oxidation state is
intimately related to the spin of each Mn atom, a dominant
Mn** oxidation state at the interface combined with insulating
properties suggests an antiferromagnetic interface.””

(ii) In contrast, the metallic behavior of the Lagy,Sry;0—
FeO,-terminated interface (Figure Sb) is consistent with
ferromagnetism due to a double exchange interaction, as
present in metallic La,,Sry;MnO; over a wide compositional
range with mixed Mn oxidation states.'' This hypothesis is
corroborated by the observation of interface ferromagnetism at
interfaces of reverse-grown Lay,Sry;MnO;—BiFeO; on STO,
which are expected to have the same La,,Sry;O—FeO, layer
termination.'” The identification of antiferromagnetic and
ferromagnetic MnO,—BiO and Lay,Sry;0—FeO,-terminated
interfaces, respectively, agrees with theoretical calculations™'”
and is also corroborated by experimental results on manganite
interfaces.'””” Hence, at least for the manganite interfaces
investigated here the correlation of the detailed electronic
structure determination with magnetic ordering provides a
fundamental insight into the physics of manganite complex
oxide interfaces, critically important for future device
applications.

CONCLUSIONS

In conclusion, we investigated the electronic properties of
BiFeO;—La;;SrysMnO; interfaces with different atomic
stacking sequences, ie., MnO,—BiO vs La,,Sry;0—FeO,. We
mapped the spatial evolution of Mn, O, and Fe states across the
interfaces with atomic precision using cross-sectional scanning
tunneling spectroscopy. We derived a delicate interplay
between the electronic states, band gaps, interface bound
charges, screening charges, ferroelectric polarization, distortion-
induced shifts, and changes of the oxidation state, leading to
antiferromagnetic MnO,—BiO and ferromagnetic La,,Sry;0—
FeO, terminated interfaces. The here presented direct
experimental access to atomic-scale electronic properties right

1093

at the complex oxide heterostructure interfaces provided an
atomic-level understanding of the cross-correlation of the
different degrees of freedom that are present at artificially
constructed perovskite oxide heterointerfaces. Furthermore,
achieving for manganite interfaces to connect such atomic-scale
electronic properties with magnetic ordering eventually allows
tailoring of their electronic and magnetic properties for future
devices.

EXPERIMENTAL METHODS

Two types of Lay,Sry;MnO;/BiFeO; heterostructures were grown on
Nb-doped TiO,-terminated SrTiO; (001) substrates. The first sample
had a layer stacking sequence at the interface of La,;Sry;0—MnO,—
BiO—-FeO,. The layer termination of the second sample was MnO,—
Lay Sty ;0—FeQ,—Bi0.>""

Both types of heterostructures were then transferred to an ultrahigh
vacuum STM chamber (7 X 107! mbar) and cleaved in situ at 80 K to
obtain the cross-sectional slice of the Nb-SrTiO;/Lay,Sry;MnO;/
BiFeOj; heterostructrues.

The scanning tunneling spectra (STS) were acquired at 80 K by
using the current imaging tunneling spectroscopy (CITS) mode,
where a series of tunnel current images was obtained at different
sample bias voltage Vs. In this work, Vs was varied from +3.5 V to
—3.5 V for STS measurements.
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