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Cross-Sectional Scanning Tunneling Microscopy Applied to

Complex Oxide Interfaces

Te Yu Chien, Jak Chakhalian, John W. Freeland, and Nathan P. Guisinger*

Understanding interfacial science is critical to many modern technologies.

It is very common in solid-state physics for electronic properties to show
novel phenomena when combining various dissimilar materials at atomi-
cally abrupt interfaces. For example, semiconductor interfaces have provided
the foundation of modern electronic devices for several decades. Now with
advances in growth and synthesis, controllable high quality complex oxide
heterojunctions can be routinely fabricated. Since complex oxide materials
exhibit a wide variety of functionalities owing to their strong coupling to the
electron, lattice, orbital and spin degrees of freedom, these materials display
a wide spectrum of interesting functionalities. Combining dissimilar complex
oxides at interfaces allows one to explore and create intriguing phenomena
that are not attainable in the lone bulk constituents. However, the key chal-
lenge has been the direct characterization of these interfaces at the nanoscale
in order to understand the physical properties found at complex oxide
interfaces. This requires the development of new experimental approaches.
In this paper, we review the utilization of cross-sectional scanning tunneling
microscopy/spectroscopy as a direct probe of these oxide interfaces at the
nanoscale. This technique provides valuable insight to both structural and
electronic properties of these unique systems and enables understanding

with extremely large atomic terraces.
Studies have included basic investigation
of the bulk material properties, dopants
within the material, and recently the study
of magnetic impurities and their role
in dilute magnetic semiconductors.®~!
Moreover, this technique has gone beyond
characterizing the bulk properties of the
material and has been applied to buried
semiconductor heterostructures.'*2% In
recent years, more technically advanced
techniques have utilized XSTM to encapsu-
late and fracture semiconductor nanowires
to study their cross-section at the atomic
scale.?1"231 XSTM has also been applied to
high-temperature superconducting mate-
rials that have natural cleavage planes and
has been instrumental in exploring super-
conductivity and the electronic properties
of these materials.?*-33 The novel element
of our approach is to apply XSTM to com-
plex oxide materials and heterostructures
that “do not” have a natural cleavage plane.

of the detailed electronic structure (e.g., local electronic density of states
(LDOS), charge transfer, band bending, etc.) at oxide interfaces, which is of

key interest to both fundamental and applied science.

1. Introduction

Cross-sectional scanning tunneling microscopy (XSTM) is
a powerful tool that has been utilized for characterizing sev-
eral unique material systems. This technique has tradition-
ally been applied to compound semiconductors (GaAs, InAs,
etc.) that have natural cleavage planes.'! These materials are
cleaved in situ and generally yield very high quality surfaces
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In other words, by virtue of fracturing (not
cleaving) our samples in situ, we demon-
strate that even under these conditions, we
can readily find regions of atomically flat
surfaces sufficient for XSTM studies.

1.1. Why Complex Oxides?

Recently complex oxide interfaces with strong electron correla-
tions have been at the forefront of materials science, owing
largely to the fact that traditional semiconductor physics is not
capable of fully describing the underlying physics of these mate-
rials and a new framework is needed.?*3¢ Great varieties of
functionalities have been discovered in this class of materials. For
example, colossal magnetoresistance (CMR),1”) high Tc super-
conductivity (SC),*® ferroelectricity (FE),?**! and multiferroics
(MF)i*2 have all been observed in oxide-based compounds. The
ultimate goal is to utilize the unique physical properties of this
class of materials, such as metal-to-insulator transitions, super-
conductivity, and magnetism, to either optimize existing devices
or develop new commercial applications. One of the key chal-
lenges towards understanding a material's macroscopic behavior
(e.g., CMR, SC, and MF) typically involves a thorough explora-
tion and understanding at the smallest possible length-scales.

In a two-dimensional (2D) environment, such as at sur-
faces, structural,® electronic,* spin,*4 and orbital*’]
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reconstructions have been observed due to the broken symme-
tries. Not surprising, these reconstructions (charge,?4 spin,*?!
lattice,*”! and orbital)l®® have also been observed at interfaces,
which also have broken translational symmetry in addition to
the altered chemical environment. With the aforementioned
variety of functionalities found in complex oxides, the emerging
phenomena at the complex oxide interfaces have exhibited
interesting possibilities for potential new technologies.P!
However, the search for next generation electronic devices
will depend on the understanding and further controlling the
behavior at interfaces in complex oxide materials.’?%3 Many
experimental tools have been used to probe the physical proper-
ties at the proximity of interfaces, but what is needed to further
understand oxide interfaces is a tool with excellent spatial reso-
lution as well as the ability to extract physical properties. This
is why scanning probe microscopies are ideal characterization
tools that offer the potential to gather new information at the
nano and atomic scale.

2. Transition Metal Oxides Interfaces and Probing
Techniques

2.1. Complex Oxides: Perovskites

Conventionally, complex oxides refer to the transition metal
oxide materials with strong electron correlation and coupling
interactions. These materials are found to naturally form sev-
eral different crystal structures, including wurzite, spinel,
anatase, fluorite, and perovskites.’2 This paper is solely
focused on oxides that have a perovskite crystal structure, but
it should be noted that the proposed approach is certainly not
limited to this class of crystals. The structure of a simple per-
ovskite (ABO3) in the (001) direction is composed of an alter-
nate stacking of BO,, and AO layers, as illustrated in the crystal
schematic of Figure 1a. The same ABOj; crystal structure can
exhibit numerous functionalities by merely substituting ele-
ments at the A and B sites. For example, CMR effects are
observed in manganese-based perovskite oxides (La;_,Ca,MnO;
or La; ,St,MnO;),”l while FE can be seen in titanium-based
oxides,?**#!l and MF in BiFeO5.*?) Due to the similar structure
and lattice constant among different perovskites, high quality
epitaxial thin film growth has been proven successfully on
a variety of perovskite substrates, as illustrated in the crystal
schematic of Figure 1b, of which SrTiO; (STO) is one of the
most common substrates.>*

One of the most interesting phenomena observed in oxide
materials involves the observations of new material proper-
ties that are not intrinsic to the individual constituents. For
instance, a high mobility electron gas and superconductivity
has been reported at the interface of two band insulators—
LaAlO;/StTiO; (LAO/STO);>5¢ spin rearrangement and
orbital reconstruction at the interfaces of superconductor and
ferromagnetic material-YBa;Cu,0;/La, ;3Ca; 3MnO3;1*8:20)
superconductivity at the interfaces of insulating and metallic
phases of cuprates—La,Cu0O,/La; 56515 45CuO4P”  ferromag-
netism (FM) at the interfaces of two anti-ferromagnetic (AFM)
materials—LaFeO3/LaCrO;P® and at the interfaces between an
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Figure 1. a) Atomic arrangement in the unit cell of ABO; perovskite.
b) Atomic arrangement in the proximity of the interface with B’O,/AO
stacking sequence. The interface layer is highlighted with light-pink plane.
c) Schematic of indirect method probing the buried interface properties.
d) Schematic of XSTM/S probes interfaces directly. The inset illustrates
the pre-notched fracturing for XSTM/S studies.

AFM insulator and a paramagnetic metal-CaMnO;/CaRuO;;>”!

AFM coupling between layers of FM materials—La, 7Sry3MnOs/
SrRu03; and multiferroic phase generated by combining FE
and FM materials—BiFeO;/CoFe,0,.°] One of the important
factors that affect the properties at interfaces is how the inter-
face is terminated. More specifically, when another perovskite,
A’B’0O3, grown on it, the interface can be either terminated with
A'O/BO, or B’O,/AO sequence. For example, Figure 1b shows
the B’O,/AO terminated interface. Such stacking of the atomic
planes can have a large influence on the interface properties as
noted by the example of an 2D electron gas (2DEG) observed at
LAO/STO interfaces; the 2DEG only appears when more than
three unit cells of LAO are grown on TiO, terminated STO sur-
faces, but not on SrO terminated STO surfaces at all.>”!

2.2. Challenge: Characterization of Electronically Active Buried
Oxide Interfaces

One of the primary techniques for characterizing the function-
ality of oxide heterostructures involves macroscopic transport
techniques, where large contacts are patterned on the topmost
layer, as illustrated by the schematic in Figure lc. The trans-
port measurements reveal the fascinating physics reported on
these systems as a whole but are clearly an indirect method
for probing interfacial science. Of the common techniques
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used for probing interfaces, only a few have the capability of
nanoscale spatial resolution while directly extracting electronic,
chemical or physical properties. One of the leading techniques
is high-resolution cross-sectional transmission electron micros-
copy (HR-XTEM), but this technique is limited in its ability
to extract the local density of state (LDOS) near Fermi energy
that dictates the measured transport properties.[®? In contrast,
scanning probe microscopy (SPM) can provide excellent spatial
resolution while directly probe the local behavior of electrons
close to the Fermi level.

To date, SPM techniques have been primarily utilized to
characterize surface properties of oxide thin films or the sub-
strate with very little application towards direct characterization
of oxide interfaces, as shown in Figure 1c. For instance, STM
combined with spectroscopy techniques (scanning tunneling
spectroscopy—STM/S) has been applied to study surface recon-
structions and various surface properties for many clean com-
plex oxide surfaces prepared in situ under ultrahigh vacuum
(UHV).163-63] Also recently, the conducting atomic force micros-
copy (cAFM) was used to control (write and erase) the conduc-
tivity at LAO(3 unit cell)/STO(TiO, terminated) interfaces in an
ambient environment.[¢]

One of the first applications to directly probe an oxide inter-
face with SPM was achieved by Basletic et al. where they recently
reported a clear cAFM mapping in cross-sectional view of LAO/
STO interfaces, revealing the direct evidence of the existence
of the highly conductive interface.’”) The reported method of
preparing the cross-sectional view of the LAO/STO interfaces is
by gluing two films together followed by mechanical polishing.
However, this method is not suitable for STM/S measurements
due to the rough surface caused by the detrimental mechanical
polishing procedure. Since STM/S could provide information
related to elecronic LDOS, in order to further understand the
band interaction between dissimilar materials at interfaces, a
procedure of creating the most pristine cross-sectional view is
needed.

2.3. Solution: In Situ Fracturing of Complex Oxides

In an effort to utilize the atomic-resolution of the STM and STS
towards directly probing oxide interfaces, an ideal approach
would be to apply the concepts of XSTM to oxide materials
and heterostructures. However, since perovskites do not have
a natural cleavage plane, we need to develop a technique that
is technically fracturing the material, but, if successful, would
enable the ability to directly probe pristine interfaces that have
not been subjected to any additional processing.

Based on this motivation, we have successfully developed a
controllable fracturing method to create a ready-to-scan cross-
sectional view for the complex oxide interfaces by STM.[68-70
As previously mentioned, the first challenge is to fracture
oxide materials that do not possess a natural cleavage plane.
For example, when a shear force or a tensile force is applied
to the material with a natural cleavage plane along the in-plane
or the out-of-plane directions, the material will cleave at certain
atomic layers (i.e., the cleavage planes) resulting in atomically
flat surfaces. As a consequence, it is not surprising that there
are numerous STM studies investigating the surfaces of layered
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oxides.”1=73 In sharp contrast, for ABOj3, since there is no rela-
tive strong/weak bonding in the structure, no natural cleavage
planes exist. When these materials are subjected to a shear
force, the perovskite will “fracture” with macroscopic rough-
ness, similar to the morphology seen for fractured glass.[%®!
However, since relatively few SPM studies exist for fractured
ABO; perovskites.[%707476 and a microscopic understanding
of the fractured ABO; perovskite's surface is still unclear. Since
our initial focus was perovskites, it was necessary to develop a
controllable fracturing technique in order to reliably prepare
complex oxide specimens for XSTM/S characterization.

The controlled fracturing method is based on the crea-
tion of a notch to nucleate the initial crack formation. First,
we scribe the samples by using precision dicing saw to create
the notch. The sample thickness is typically 1 mm or 0.5 mm
for the studies involving Nb-doped SrTiO; (Nb:STO) sub-
strates.[%®7076 The scribing depth was controlled within a range
from 50% to 70% of the sample thickness. Then the fracturing
was performed in situ prior to the STM/S measurements
under ultrahigh vacuum (UHV) environment, as illustrated in
Figure 1d.1%*707¢] For increased quality and control, samples
are mounted rigidly with a set of clamps where the notch is
aligned to the top surface of the clamps. The samples are frac-
tured in situ by moving the mounted samples against a rigid
cleaver in the UHV chamber. By doing this controlled frac-
turing process at room temperature (RT), the fractured Nb:STO
surfaces exhibit micrometer roughness macroscopically but
display well defined atomic planes with low atomic roughness
at the nanoscale. %]

3. XSTM/S Applied to Fractured Complex Oxides

3.1. Bulk Nb-Doped SrTiO;: Alternating Striped
Surface Terminations

Nb:STO was the first example for the application of the
XSTM/S. The choice of Nb:STO is due to the fact that STO is
a very common substrate material and the Nb-doping induces
a metallic state with adequate conductivity for STM imaging. It
is known that the morphology of the glass surfaces after frac-
turing is composed of a few distinct types of regions: mirror,
mist, hackle, and conchoidal lines.’”] The fractured Nb:STO
morphology revealed by scanning electron microscopy (SEM)
shows similar features as that of the fractured glass.[®® With the
morphology established by SEM, the main question becomes:
“can we image these fractured samples that are macroscopi-
cally rough with a nanoscale probe?” In order to answer this
question, we performed STM studies on the fractured Nb:STO
surfaces.[®*7076 Tt was found that we can readily find atomically
flat regions with relatively large terraces, as illustrated in the
representative STM image of Figure 2a.

The schematic inset shown in the left panel of Figure 2a illus-
trates the SrO/TiO, stacking sequence in bulk STO. Since this
material does not have a cleavage plane, by symmetry we expect
an equal mixture of SrO and TiO, termination on the surface.
To our surprise, the fractured Nb:STO surfaces does in fact have
a roughly 50:50 mixed surface terminations, but, rather than
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Figure 2. a) Long-range stripes observed on the Nb:STO surfaces after
the controlled fracturing. The inset shows the unit cell. b) Left panel shows
the morphology of the stripes pattern. Rough and smooth morphologies
appear alternatively. Right panel shows the line profile indicated in the
black square/red dashed line in the left panel. The height change was
found to be 0.6 nm (1.5 lattice constant) when crossing different types of
morphology; while it was 0.4 nm (1 lattice constant) when crossing the
step within the same type of morphology.

being random, the terminations form alternating long-range
striped patterns,® as shown in the STM images of Figure 2a,b.
These two types of surface termination have very distinct mor-
phologies (roughnesses of 0.2 nm and 0.05 nm), which is clearly
evident in the STM image of Figure 2b.%] Furthermore, the
step heights are half-integer unit cell (0.2 nm or 0.6 nm) when
crossing the borders between the rough and smooth regions
while the step heights within the same termination region are
integer unit cell in size (see topographic line scan in Figure 2b).
In short, from the topographic data alone, we observe a change
in morphology that is half of a unit cell suggesting a change in
surface termination, as illustrated in the schematic model fol-
lowing the line scan at the bottom right of Figure 2b.

To further explore the striped surface patterns that appear to
be an ordered pattern of surface terminations, the utilization
of STS was implemented to probe the LDOS, which is propor-
tional to the dI/dV signal. The dI/dV signal is measured with
a lock-in amplifier while a small ac modulation is added to
the constant dc bias voltage applied between tip and sample.
This technique can be utilized to measure the conductance as
a function of energy and can also be used concurrently with
topographic imaging to spatially map the conductance at one
particular energy (tip-sample bias). Furthermore, by sweeping
the tip-sample bias, the LDOS as function of energy near the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) d//dV spectra measured at the two regions with distinct mor-
phologies. The rough regions (black lines) are assigned to SrO termi-
nated surfaces; while the smooth regions (red lines) are assigned to TiO,
terminated surfaces. b) dl/dV contrast (top) and topography (bottom)
measured at 3.0 V simultaneously on the fractured Nb:STO surfaces.

Fermi level can be revealed. As shown in Figure 3a, two distinct
spectra were recorded in the morphologically rough and smooth
regions. Under negative bias (occupied states), both termina-
tions show negligible LDOS due to the large spacing between
the Fermi level and the valence band edge, which is not in the
measured bias region. On the other hand, under positive bias
(unoccupied states), the smooth regions show a higher LDOS
between ~1.8-2.4 V. By comparing with DFT calculations of
the electronic structure vs surface termination,’®”% the rough
and the smooth regions are assigned to SrO and TiO, termi-
nated surfaces, respectively, as indicated in Figure 3a. Figure 3b

Adv. Funct. Mater. 2013, 23, 2565-2575
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Figure 4. a) The dual-terminated stripes pattern on Nb:STO right after the controlled fracturing. b) As-deposited Fe film on the fractured Nb:STO.
c) the morphology of the Fe film after 650 °C, 10 min annealing. d) the 3D image of c), showing dot-like and plateau-like morphology in two regions.

shows the dI/dV conductance measured at +3.0 V sample bias
along with the topography recorded simultaneously. At this par-
ticular energy, it is clear that the SrO terminated regions have a
higher dI/dV contrast, consistent with the dI/dV spectra shown
in Figure 3a.

The microscopic origin of the stripe pattern is still unclear
but is certainly a result of the fracturing process. The interesting
aspect is that we always observe alternating striped surface termi-
nations when fracturing at RT. In addition, for rougher fractures,
it is clearly observed that the striped segregation is not connected
to the orientation of resulting step-edges. Future work including
experiments to monitor the fracture direction vs. the stripe orien-
tation is needed to fully understand the fracture dynamics.

3.2. Surface Termination Pattern Transfer
to Thin Films

Since the termination at the interfaces is a critical factor
affecting the interface properties or even the properties of
subsequently grown films, in this section we explore how
the striped alternating surface terminations can be used as a

Adv. Funct. Mater. 2013, 23, 2565-2575
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template for controlling the morphology of thin film growth.
In this direction, the striped fractured Nb:STO surfaces were
used to investigate the influence of the surface termination
on deposited Fe films.®% First, we prepared a dual terminated
striped pattern on the fractured Nb:STO as illustrated in the
STM image of Figure 4a. The widths of the TiO, and SrO ter-
minated regions are 25 nm and 10 nm, respectively.

Fe was then deposited on the fractured Nb:STO surfaces at
room temperature using e-beam evaporation. The as-deposited
Fe films exhibited a complex nanoscale morphology with average
dot size/separation to be around 3.7 + 1.0 nm (Figure 4b).B%
Although the steps are still somewhat visible, there is no dis-
cernable difference of Fe islands on regions of different surface
termination. However, upon annealing at 650 °C for 10 min,
the Fe film morphology separates dramatically into two distinct
regions; dot-like morphology similar to the original dots of the
as deposited films, but larger (~8 nm in diameter), and regions
in which the Fe develops larger plateau-like islands, as shown in
the STM images of Figure 4c,d. Though the scanning regions
before and after Fe deposition cannot be exactly the same, using
the starting images we can assign the dot-like region and the
plateau-like regions to Fe/SrO and Fe/TiO, regions, respectively.
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The change of film morphology upon [3
annealing is driven by the competition between
the surface energy and the energy at Fe/SrO or
Fe/TiO, interfaces.®% Before annealing, the
surface energy of the Fe film is identical eve-
rywhere because the morphology of Fe films is
identical over the entire scanning area. Upon
annealing, the Fe dots evolve depending on
the distinct interfacial energy at Fe/SrO and
Fe/TiO, interfaces. It is well known that the
SrO regions has a rougher morphology due
to vacancies and adatoms within this surface
termination, which is not nearly as stable as
the TiO, termination. This in turn means that
the SrO is morphologically rougher and also

Fractured at 55 K
50% SrO

has reactive dangling bonds. The overall sur- |5
face energy of this region is higher than that
of the TiO,; the higher surface energy mini-
mizes Fe diffusion and restricts coalescence.
Hence, the regions of Fe deposition on SrO
look fairly unchanged but only the sizes of the
dots increased after temperature processing.
In contrast, the smooth and structurally robust
TiO, regions have a lower surface energy,
which allows Fe to diffuse more easily and coa-
lesce into larger single crystal islands.

3.3. Controlled Modification of the Surface
Termination

Depth Always %2 Unit Cell

Increasing Pulse Bias

d
e TS

Increasin Pulse Time

The sample temperature during fracture can
also be utilized to control the resulting frac-
tured surfaces. Large terraces (~500 nm in
width) can be achieved by fracturing Nb:STO at
~55 K, as shown in Figure 5a.”%l One possible
explanation is that the low temperature fracture
will reduce the appearance of the steps, which could be considered
as a planar type of defects on fractured surfaces. Similar tempera-
ture dependent cleaving behavior was revealed for layered perovs-
kites. Pennec et al. compared two Sr,RuO, samples fractured at 20
K and 200 K and showed that the sample fractured at 20 K shows
much smaller defect density due to decreased SrO mobility on the
surface.”!) Another possible reason is that the fracturing behavior
of Nb:STO at 55 K is different from that at RT due to the tempera-
ture dependent structural phase transition. STO goes through
phase transition at ~105 K from a high temperature cubic phase
(Pm 3m (O")) to a low temperature tetragonal phase (I4/mcm
(D'%,,)).BU A closer examination of the large terrace showed the
roughness was ~0.2 nm, which is similar to the SrO terminated
surfaces on the RT fractured Nb:STO. Based on the magnitude of
roughness, it is believed that the low temperature fractured sur-
faces contain a 50% incomplete SrO reconstruction with a high
density of randomly distributed vacancies/adatoms distributed
over a complete TiO, termination, and so for the other side of the
fractured specimen (the one broken off and at the bottom of the
chamber), as illustrated in Figure 5b. This view is supported by
atomic resolution images showing random clusters on an atomi-
cally flat surface (not shown).”l

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. a) Large terrace created by low temperature (LT) (~55 K) fracturing. b) Schematic of
the possible 50% SrO random clusters on the LT-fractured Nb:STO surfaces. ¢) Nano-lithog-
raphy on the LT-fractured Nb:STO surfaces with STM tip. d) The demonstration how tip-sample
bias and duration control the lateral sizes of the hole created by the nano-lithography. The
inset shows one hundred holes created by the identical condition, revealing the controllability.

We also found that this incomplete SrO termination can be
manipulated by the strength of the electric field applied at the
tip-sample junction, which provides a means of controlled
manipulation of the surface termination at the nanoscale.’°l
Figure 5c shows a pattern created by STM tip lithography on
the low temperature fractured surface of Nb:STO. The STM
nano-patterning can be controlled by a variety of factors
including the tip-sample bias and duration over which it is
applied. With a set point of 1.4 V and 50 pA for imaging only,
the ability for the tip to manipulate the surface as a function
of bias voltage pulse magnitude (positive) and pulse duration
is shown in Figure 5d.%) The depths of the holes created by
the electric pulse method are mostly 0.2 nm, which is half
integer unit-cell height, despite the bias and duration. This
indicates that the SrO clusters are removed either onto the
tip or away from the imaging region.’® The change of the
dl/dV contract in the hole is consistent with exposure of the
underlying TiO, terminated surface.’®l With the same tip, at
least one hundred identical holes could be created by electric
pulses with same bias and duration, as shown in the inset of
Figure 5d illustrating the potential use as a nano-lithographic
method.

Adv. Funct. Mater. 2013, 23, 2565-2575
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In addition to the positive bias manipulation (hole creation),
a negative bias can re-deposit the SrO clusters from the tip
back to the desired locations on the surfaces.’") In fact, the re-
deposition from tip to sample with negative bias could be per-
formed at any location on the surface, even in the hole created
by positive bias. Negative bias pulsing induced re-deposition is
also confirmed by the observation that the fresh tip, which does
not have any SrO adsorbate, is not able to deposit clusters and
a clean tip could be achieved by a negative bias pulsing proce-
dure.’" In other words, the tip can be conditioned and cleaned
by the negative bias pulses after scanning degrades the tip con-
dition. For experiments aiming to probe interfaces in cross-sec-
tion, this information is valuable since the finding the interface
often requires significant scanning and large distance moves,
which can degrade the tip.

4. Interfaces
4.1. Manganites: La,;3Ca; ;3MnO; - Nb:SrTiO;

In this section, we describe the first successful XSTM/S meas-
urement on a perovskite complex oxide interface, which we
achieved on the La;;3Ca;;3MnO;/Nb-doped SrTiO; (LCMO/
ND:STO) system.82] The sample preparation used in this study
is based on the controlled fracturing process described above.
One of the challenges for achieving smooth regions at the inter-
face, which is also close to the edge of the substrate, is to control
the fracturing direction. Since the fracturing is accomplished
by introducing a bending strain by pushing the scribed sam-
ples against a rigid cleaver, the fulcrum side of the sample can
be severely damaged. In other words, the film/interface side of
the sample cannot be placed on the fulcrum side. On the other
hand, if the film/interface is placed on the initial cracking side,
the fracture near the interface is not reliable due to the lack of
initial weak notch. After several attempts, we found that the
best way to fracture the sample is to scribe the sample from the
side, which damages part of the film, but leaves the rest of the
film intact. Then fracture the sample from the notch side. By
doing so, the films are more consistent with less damage and
have well-defined interfaces for XSTM/S measurements.

Another issue is finding the interface with STM tip. This
problem could be resolved by having a scanning electron
microscopy (SEM) in the STM system, so that the tip position
could be easily manipulated to land on the region near or right
on interfaces. However, without having a SEM in STM system,
the STM tip can only land on the fractured surfaces without
knowing the exact distance to the interface. When “walking”
toward the interface, the tip speed should be kept slow while
having the constant current feedback loop on. In the case of
Nb:STO, we typically used a set point of +3.0 V and 50 pA with
a cruise speed set at 100 nm/s. Furthermore, the tip degrada-
tion issue due to tip-sample interaction is unavoidable during
this long walking/searching procedure. As suggested above,
negative bias pulses are essential for reconditioning the tip
after locating the interfaces

Figure 6a illustrates a possible atomic arrangement at the
LCMO/NbD:STO interface and Figure 6b shows a falsely colored
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a
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La,Ca, MnO, Nb:SrTiO,(100)
b Topography
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300 N

c dl/dV (LDOS)

Figure 6. a) The schematic of the interface between Lay;3Ca;;3MnOs/
Nb:SrTiO; (LCMO/Nb:STO). b) XSTM image at LCMO/Nb:STO inter-
face. c) dl/dV contrast measured simultaneously as b).

topographic XSTM image of the fractured LCMO/Nb:STO
interface. In the Nb:STO region, the dual-terminated sur-
faces, that were observed previously on the fracture surfaces of
Nb:STO (see Section 3.1), extends all the way to the interface,
as seen in Figure 6b and the zoom-in view in Figure 7a; notice,
the dI/dV contrast can be used to distinguish SrO and TiO,
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Figure 7. a) Zoom-in view of Figure 6b. b) dl/dV spectra measured at
two different materials (LCMO and Nb:STO). c) Direct band mapping
across LCMO/Nb:STO interfaces. This data is averaged from 30 x 30 grid
spectra within 300 nm x 300 nm area.

terminated regions,[® as shown in Figure 6¢. In LCMO region,
the surface does not exhibit clear terraces and steps. This is
believed to be related to the strained nature of the LCMO film
and/or the strain relaxation during the fracturing.®

From these images, it is clear that the dI/dV contrast at +3.0 V
bias in LCMO region is similar to the TiO, terminated regions in
Nb:STO (Figure 6c¢). The similar STS contrast (Figure 6¢) can be
understood from measured spectra on LCMO and on TiO, termi-
nated Nb:STO regions. As shown in Figure 7b, the spectral weight
is similar at positive bias resulting in little contrast between these
regions (see Figure 6¢). However, it is also clear that in the nega-
tive bias region, the spectral weight of LCMO is much higher
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than that of STO (either SrO or TiO, terminated surfaces) due
to the smaller spacing to the valence band edge. With the ability
to measure STS point by point, a 30 x 30 grid dI/dV spectra in a
region near the interface with the scale of 300 nm x 300 nm were
measured.®?) With this information, the averaged dI/dV spectra
as function of the distance from the interface can be obtained
and used to construct the electron band diagram across the inter-
face (see Figure 7c). This clearly shows that the bands in LCMO
and in NDb:STO are aligned for the unoccupied states (positive
bias—conduction band), while the occupied states (negative bias)
are not aligned. Using the well established formalism for semi-
conductor interfaces, previous studies that modeled the transport
across single interface junctions had concluded that the conduc-
tion bands were not aligned.®3 This result clearly indicates that
we need to re-examine the semiconductor formalism or the role
of the STM measurement on the local band structure. Note that
the absence of an observed band bending near the interface is
due to the coarse spatial resolution (10 nm) and the expectation
that the bands bend over a ~1 nm region near the interface.l®?
This study highlights how XSTM/S can be utilized for studying
interfaces in complex oxides heterostructures.

4.2. Nickelates: Schottky Barrier Revealed at LaNiO; - Nb:SrTiO;
Interfaces

After demonstrating the ability to explore the manganite-titanate
interface as shown above, we are now extending this work to
explore the nature of other complex oxide-titanate interfaces.
LaNiOj; (LNO) is a metallic complex oxide at all temperature!®*l
and when it is grown on Nb:STO, which is an n-type material, a
Schottky barrier is expected to form at the interfaces. Figure 8a
shows the XSTM image of the fractured LNO/Nb:STO interface.
The pillar-like morphology in LNO region is a result of strain
relaxation in the 100 nm LNO film, which has been reported
previously in relatively thick nickelate films.® It is intriguing
to note that we observe a good correspondence between the
microstructure in the bulk and the surface topography seen
with the STM. A zoom-in view (left panel of Figure 8b) reveals
an unexpected trench region at interface with ~7 nm wide near
the interface. According to the STS measurements, this trench
region is assigned to Nb:STO side of the interface. In STS map-
ping (Figure 8c), the trench region shows brighter contrast and
then gradually decreases to bulk Nb:STO contrast when moving
into Nb:STO region. While the detailed analysis is still in pro-
gress, the preliminary results suggest that this is due to the
Schottky barrier formed due to interface charge transfer. The ~7
nm trench is consistent to the length scale of the band bending
expected at this interface and calculated depletion region for the
Schottky barrier. It is highly plausible that the built-in electric
field in the band bending region alters the mechanical proper-
ties of Nb:STO and results in a physical trench during the frac-
turing process. This phenomenon is possible due to the strong
electric field dependent permittivity of STO.® A dramatic
change in permittivity indicates a large change in local electric
dipoles, which are achieved by atomic movement within the
unit cell. In short, this study illustrates how elastic properties
can be altered by built-in electric field due to charge transfer at
complex oxide interfaces at the nanoscale.
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Topography
SrTiO,

LaNiO,

Figure 8. a) XSTM image of LaNiO3;/Nb:STO interfaces. b) Topography (left panel) and dl/
dV contrast (right panel) recorded simultaneously. A ~7 nm wide trench (also shows a bright

dl/dV contrast) was revealed at the interface.

4.3. Superlattices: YBa,Cu30;/La, ;3Ca;;3MnO; Interfaces

After demonstrating the ability to image single interfaces, the
extension of the technique requires expanding this approach to
more complex architectures. As a prototypical test-case, we have
recently applied XSTM to study YBa,Cu30;/La,;;3Ca;;3Mn0s
(YBCO/LCMO) superlattices. The interplay between super-
conductivity and ferromagnetism has drawn plenty of atten-
tion due to the competing nature of the order parameters.®’!
Cooper pairs in superconducting favor singlet spin coupling;
while electrons in ferromagnetism favor same spin orientation.
Figure 9 shows the preliminary XSTM/S results that illustrates
the capability of this approach to explore more complex archi-
tectures and the LDOS mapping will allow us to follow band
evolution across multiple interfaces.

Superlattice (YBCO/LCMO)
Topography

Low HEEEET High
dl/dv

Figure 9. XSTM/S ofYBaZCu3O7/La2/3Ca1/3MnO3 (YBCO/LCMO) super-
lattice. Bright contrast in STS image represents the YBCO regions.
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) 5. Summary and Perspectives

iRy, This article reviews the novel application of
cross-sectional STM/S applied to complex
oxide surfaces and interfaces developed at the
Center for Nanoscale Materials at Argonne
National Laboratory. Several fracturing pro-
cedures and issues have been discussed.
This technique holds tremendous promise
for future characterization of a wide range
of oxide materials that do not have natural
cleavage planes. With the increasing interests
in the novel interfacial phenomena found
at complex oxide interfaces, XSTM/S will
provide unique information toward under-
standing the underlying physics.
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