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Complex oxide interfaces have been one of the central focuses in condensed matter physics and ma-
terial science. Over the past decade, aberration corrected scanning transmission electron microscopy
and spectroscopy has proven to be invaluable to visualize and understand the emerging quantum
phenomena at an interface. In this paper, we briefly review some recent progress in the utilization
of electron microscopy to probe interfaces. Specifically, we discuss several important challenges for
electron microscopy to advance our understanding on interface phenomena, from the perspective of
variable temperature, magnetism, electron energy loss spectroscopy analysis, electronic symmetry, and
defects probing.
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1 Introduction

Over the past decades, complex oxides have been one of
the central and most exciting topics in the research of

condensed matter physics. As compared to conventional
semiconductors which are at the heart of contemporary
industry, complex oxides exhibits richer physics and func-
tionality. The origin of the diverse functionality is the en-
tangled charge, spin, lattice and orbital degrees of freedom
which have enabled many fascinating phenomena.

Complex oxide interfaces, on the other hand, are new
arenas to explore the novel functionalities [1–6]. Other
than the aforementioned degrees of freedom, a key ingre-
dient is the inversion symmetry breaking at an oxide in-
terface (Fig. 1). The effect of the symmetry breaking is
at least two-folded. On one hand, it triggers new interac-
tions and phenomena, for example, exchange bias effects
by interfacing two magnetic layers [7–9]; two-dimensional
electron gases by interfacing two insulators [10–13]; lat-
tice or orbital reconstructions by interfacing two materi-
als with different crystalline symmetries [14–17] etc. More
interestingly, the symmetry breaking also facilitates the
“cross-talking” among various degrees of freedom. A fa-
mous example is electric-field control of magnetism across
magneto-electric interfaces [18–23]. Quoting the 2000 No-
bel Prize winner Dr. Herber Kroemer: “Interface is the
device” [24].

Understanding and controlling the rich phenomena at
complex oxide interfaces not only demands the ability to
fabricate high quality heterointerfaces [25–29], but also
presents great challenges for characterization. While com-
prehensive set of tools are often necessary to characterize
and understand interfacial properties as shown in Fig. 1,
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Fig. 1 Schematics of ingredients in complex oxide interfaces.
Other than charge, spin, lattice and orbital degrees of free-
dom, broken symmetry plays the key role. The development of
STEM-EELS techniques greatly advances our understanding
of complex oxide interfaces.

the development of cross-sectional aberration corrected
scanning transmission electron microscopy (STEM) has
proven to be essential in studying interfaces [30]. The abil-
ity to identify site-by-site information with atomic resolu-
tion allows us to visualize the evolution of atomic displace-
ments across the interfaces. Beyond precise determination
of atomic position, the development of elemental core-level
electron energy-loss spectroscopy (EELS) techniques pro-
vide local (column-by-column) chemical and electronic in-
formation, fundamentally enriching our knowledge of com-
plex interfaces [31, 32]. In this review, we present recent
insights and challenges in understanding complex oxide
interfaces, mostly in 3d perovskite oxides, by employing
the STEM and EELS techniques.

The objective of this review is not to provide a com-
plete and exhaustive overview of the existing literature on
the oxide interfaces. Instead, we will focus on the follow-
ing two major perspectives: (i) What advances have been
made to identify the physical and chemical properties at
complex oxide interfaces using electron microscopy and
spectroscopy; (ii) What are the challenges and issues in
understanding the complex interfaces. We highlight sev-
eral experimental results that shed light on these two per-
spectives. In particular, our main focus is to show the
indispensability of STEM for understanding the proper-
ties of complex oxide interfaces and what needs to be im-
proved and developed in the future. We note other tech-
niques including synchrotron-based X-ray spectroscopies
[33–37] (such as X-ray absorptions, X-ray linear dichroism
and X-ray magnetic circular dichroism) and nonlinear op-

tics [38–40] (such as second harmonic generations, SHG)
are also powerful tools to study complex oxide interfaces.
Combined with STEM-EELS techniques, one can often
gather deeper understanding on the interface phenomena
and mechanisms. We invite readers who are interested to
consult the existing reviews and books [41, 42].

This review is organized as follows: In Section 2, we
briefly introduce the atomically resolved STEM tech-
niques and discuss their applications in oxide interfaces
from three perspectives: structural distortions, chemical
compositions, and valence states. In Section 3, we dis-
cuss several challenges and issues that we are facing in the
community to understand oxide interfaces, from the per-
spective of variable temperature, magnetism, electronic
symmetry, defects, and EELS analysis. In Section 4, we
provide a brief summary.

2 Advances in understanding complex oxide
interfaces

2.1 A brief introduction of STEM

The combination of atomically-resolved STEM and EELS
serve as powerful tools in determining the atomic and elec-
tronic structures in unprecedented details [43–45]. With
the advent of spherical aberration correction and the us-
age of high brightness electron sources and post-specimen
electron optics, the spatial resolution of STEM (electron
probe) is near 50 picometer, which means both atomic
structure and compositional/electronic structure are at-
tainable atom by atom. By collecting electrons scattered
into different angles, the microscope can resolve heavy el-
ements, light element, as well as the strain information
under different imaging mode. Since high-angle annular
dark-field (HAADF) image collects electron scattered to
large angles (Rutherford scattering), the atomic column
intensity in an HAADF image is roughly proportional to
Z2 where Z is the atomic number, and hence it allows us
to identify the atomic sites of heavy elements. Using an an-
nular bright field (ABF) detector, the information of light
element, such as oxygen ions, can be captured in the ABF-
STEM images [30]. This is especially important since the
oxygen displacements in complex oxides play crucial rule
in their physical properties. The simultaneous collection of
HAADF- and ABF-STEM images represents the sample
structure over large defocus range and sample thicknesses.
Low-angle ADF (LAADF) imaging emphasize scattering
from lattice distortions, which is useful to visualize strain
fields at interfaces or around defects [46, 47].

The incident beam generates a number of signals while
interacting with the sample, such as inelastic electrons,
characteristic X-rays, secondary electrons (SE), and con-
vergent beam electron diffraction (CBED) patterns. These
signals can be collected simultaneously with the ADF-
STEM images (or can be collected as a function of probe
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position), which provide information at atomic scale.
Atomic-resolved STEM-SE imaging enables the selective
visualization of surface features/atoms and bulk ones [48,
49]. STEM-CBED, i.e., 4-dimensional (4D)-STEM imag-
ing or DPC-STEM, has been utilized to map the inter-
nal electric field and magnetic structures from nanoscale
to individual atoms [50–52]. STEM-Energy dispersive X-
ray spectroscopy (EDX) and EELS in STEM mode allow
us to map the elemental distribution at atomic-scale [53].
Beyond the elemental mapping, STEM-EELS also pro-
vides the bonding information and electronic structure
at atomic-scale. In this review, we mainly focus on the
STEM-EELS technique, which is a powerful tool to study
oxide interfaces in recently years. The EELS spectrum is
consisted of two regions, low-loss or valence (< 50 eV)
and high energy loss region (> 50 eV) where the latter
forms characteristic features that are element specific and
equivalent to an absorption edge in X-ray absorption spec-
troscopy (XAS) [30–32].

2.2 STEM characterization on complex oxide interfaces

2.2.1 Structural distortions

In complex oxides, structural distortions usually hold the
key to understand their electronic and magnetic proper-
ties [54, 55]. For example, in 3d transition metal oxides
(TMOs), ferroelectric materials often have polar distor-
tions where metal and oxygen ions displace against one
another. Such a structure is favored to have zero electron
in 3d orbitals in TMOs, making them good insulators; on
the other hand, magnetic and metallic 3d TMOs often
have antiferrodistortive (AFD) tilt distortions where oxy-
gen octahedrons rotate [56, 57]. In these materials, par-
tially filled d orbitals lead to many exotic magnetic states
and transport properties [57–59]. At high quality oxide
interfaces, the requirement of connecting oxygen octahe-
drons will lead to modulations of their structural distor-
tions [60]. Consequently, the physical properties can be
altered. As discussed in Section 2.1, atomically resolved
STEM imaging allows us to identify the structural evolu-
tions in a unit cell by unit cell manner, thus providing a
unique opportunity to visualize oxide interfaces.

A recent work on ferroelectric BaTiO3(BTO)/ferromag-
netic La0.67Sr0.33MnO3(LSMO) superlattices illustrates
how STEM imaging can identify the structural evolutions
across the interfaces and provide the information for the
correlation between the structure and the physical prop-
erties [61]. In bulk form, BTO has a polar structure and
LSMO has an AFD tilt structure. As shown in Fig. 2,
when the thickness of both BTO and LSMO are rela-
tively thick, both layers have their original structures.
However, when the thickness of LSMO is reduced to 4
unit cell (u.c.), the structure of LSMO has completely
changed to polar distortions. Further measurements reveal
that such polar LSMO has stable ferromagnetism, thus
serving as a potential candidate of rare multiferroics with

ferromagnetic order [62]. Similar philosophy of “structural
engineering via oxide interfaces” has yield many ground-
breaking phenomena in recent years, such as: tuning mag-
netic anisotropy in LSMO and SrRuO3 thin layers via
interface-engineered octahedral environment [63, 64]; con-
trolling magnetism via symmetry mismatch [65]; manip-
ulating electronic phase separations via chemical order-
ing [66]; room-temperature magnetoelectric multiferroic
via lattice distortion engineering in LuFe2O4/LuFeO3 su-
perlattices [67]; artificial two-dimensional polar metals in
BaTiO3/SrTiO3/LaTiO3 superlattices [68]; perpendicular
magnetic anisotropy induced by octahedral/tetrahedral
modulations at LSMO/LaCoO2.5 interfaces [14]. In some
of these works, the bracketing materials belong to the
same crystal structure class (such as perovskites) with
different distorting octahedral patterns. In other works,
the bracketing materials belong to distinct crystal struc-
ture class such as perovskite/brownmillerite [14], there-
fore the structural mismatch is more dramatic at interface.
Although these results cover different aspects of physical
properties in condensed matter physics, they all share a
core feature that the structural distortions serve as the
fundamental ingredient behind these phenomena. With-
out a doubt, atomic resolved STEM images provide the
key information to support the conclusions.

2.2.2 Chemical compositions

In addition to structural distortions, another important
issue at oxide interfaces is the chemical compositions (in-
termixing). When two materials with different chemical el-
ements are stacked together, a natural question is whether
they are intermixed at interfaces and if so, to what extent?
Fundamentally, such stoichiometry variations and inter-
mixing are unavoidable in all complex oxide interfaces.
This is due to the fact that the deposition of complex ox-
ide films requires elevated temperatures, usually between
600–1000 ◦C [69, 70]. In this temperature range, different
elements are highly diffusive and mobile due to their ther-
modynamic nature so that the intermixing is not avoidable
[29, 71].

STEM-EELS is one of the best (if not the only) state-
of-the-art technique to measure the interfacial ion in-
termixing with atomic resolution. Depending on the na-
ture of interface and the optimization of growth condi-
tion, the level of intermixing can be controlled and min-
imized. At electronic polar and nonpolar interfaces such
as LaAlO3/SrTiO3, Nakagawa et al. pointed out that the
atomic disordering and stoichiometry changes can be sig-
nificant due to the electronic nature of interfaces [72]. Sim-
ilar observations have been reported for LSMO/STO in-
terface, with tuning Sr doping level [73]. Meanwhile, in
many systems with polar discontinuity, atomically sharp
interface can be obtained, i.e., the stoichiometry intermix-
ing is confined within one unit cell at the interface. Exam-
ples include LSMO (with x = 0.3)/BTO [61], LMO/LNO
[74], etc. In most cases, the formation of intermixing is
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Fig. 2 Structural evolution of BTO(21)/LSMO(N) superlattices. Intensity-inversed ABF-STEM image of BTO/LSMO su-
perlattice with (a) N = 32, (b) N = 10 and (c) N = 4 u.c. taken along [110] direction. Enlarged images showing the
MnO6 octahedral AFD tilt in (a) and Mn-O polar displacements in (c) for LSMO film, with the atomic model superimposed.
(d–f) Metal cation-oxygen displacements (δB−O, B=Mn, Ti) as a function of distance measured from the ABF-STEM image.
Reproduced from Ref. [61].

often asymmetric and complicated. It has been widely ob-
served in many oxide systems that the level of cation and
anion inter-diffusion depends on the stacking sequence of
the oxide materials, with one interface sharper than the
other [75–78]. The exact nature of such asymmetry is quite
complex and beyond the scope of this review.

Most importantly, the power of STEM-EELS measure-
ment is not only to identify the intermixing, but to provide
the essential “missing piece” to understand the physical
phenomena and mechanisms. An example is the influence
of LaAlO3 stoichiometry on the 2D electron gas forma-
tion at LAO/STO interfaces [79]. The emergent proper-
ties such as high mobility two-dimensional electron gas,
magnetism and superconductivity between two insulators
inspired numerous research interests [12, 13, 16, 80–82].
However, the origin of such phenomena is still under de-
bate. Warusawithana et al. placed their focus on the role
of LAO stoichiometry [79], which was assumed to be nom-
inal in many previous studies. They found out that only
Al-rich LAO (with La/Al ratio about 0.9) will result in
2D conducting interface, while other stoichiometry (such
as slightly La-rich) will result in insulating interface. Such
stoichiometric variation is directly visualized with the aid
of STEM-EELS measurements as shown in Fig. 3. This
new observation provides a key perspective on under-
standing the nature of LAO/STO interface, which would
be missing without STEM-EELS technique.

Another interesting example on the use of STEM is to

tackle the “dead layer” problem in ultrathin manganite
films. In many magnetic and conductive TMOs, at ul-
trathin limit, the TMOs are known to exhibit insulating
and nonmagnetic behavior, losing their functional perfor-
mance [7, 83–87]. The origin of such “dead layer” effect
has been under hot debates [88, 89]. A typical example
is LSMO with x = 0.3 where the metallic and ferromag-
netic behavior disappear below critical thickness of 5–6
unit cell and it is believed that the stoichiometric varia-
tions are one of the key driving factors. Recently, Chen et
al. investigated the microscopic origin of the stoichiometry
by the combination of STEM-EELS, X-ray photoelectron
spectroscopy and other ex-situ measurements [90]. The
STEM-EELS accurately determines the interfacial com-
position of different film thickness. The key finding is that
below the film thickness of 10 u.c., the enhanced devia-
tion of chemical composition is observed which is directly
leading towards insulating transport behaviors.

It is worth noting that the STEM-EELS also shows
its enormous power in the studies of systems other than
TMOs. A noticeable example is the FeSe monolayer on
STO surface which a superconducting transition temper-
ature may be above liquid nitrogen temperature [91]. Zhao
et al. discovered via HADDF-STEM and EELS measure-
ments that an additional Se layer is also resolved to re-
side between the FeSe film and the TiOx-terminated STO
substrate [92]. Such extra Se layer along with the electron
transfer plays the key role in enhancing the transition tem-
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Fig. 3 Interfacial La/Al concentration maps via HADDF STEM images and EELS spectroscopy. (a) An insulating sample
with La/Al ratio of 1.06±0.03; (b) A conducting 2DEG sample with La/Al ratio of 0.90±0.03. The EELS spectroscopic images
map the concentration of lanthanum in magenta and titanium in turquoise; both samples show a small amount of interdiffusion
at the interface. Reproduced with permission from Ref. [79], Copyright © 2013 Nature Publishing Group.

perature, further demonstrating the unreplaceable impor-
tance of STEM-EELS technique at interfaces.

2.2.3 Valence states

Besides probing stoichiometry and structural distortions,
the ability to study the electronic valence information in a
layer-by-layer fashion has tremendously advanced the un-
derstanding at oxide heterointerfaces. The multi-valence
nature in transition metal ions has made them vulner-
able to the surrounding environment. Several important
phenomena have been observed by STEM-EELS regard-
ing the electronic reconfiguration for the transition metal
ions, including (but not limited to) electronic screening
and charge transfer effects, etc. Many excellent works
have been made in determining the valence state varia-
tion which supports the idea of screening and/or charge
transfer effects [73, 93, 94]. For the scope of this review,
in the following paragraph, we would like to give an ex-
ample where the mechanism of electrostatic carrier doping
cannot be solely accounted for the observed EELS results,
suggesting the necessity of deeper understanding of the
underlying physics at oxide interfaces as well as the inter-
pretation of EELS data.

At magneto-electric interface, it is known that the dif-
ferent orientations of electric polarization from the ferro-
electric material will result in different screening charges
(i.e., electron or hole accumulations) at heterointerface,
thus effectively tunes magnetic states at the magnetic ox-
ides [19, 63, 95–97]. Such polarization induced local charge
redistribution can be captured using STEM-EELS map-
ping technique. A noticeable example is the trilayer con-
sisting of LSMO/PZT/LSMO [75]. Since the polarization
of PZT is uniaxial and single domain, the bottom and top
LSMO experiences opposite polarization fields at the in-
terfaces as shown in Fig. 4. By measuring the EELS signal

from Mn-L2,3 edge combined with O–K edge, the authors
have mapped out the Mn valence evolution across both
interfaces. As shown in Fig. 4(c), at distances far from
interface, the Mn valences have nominal values around
+3.3 as in the bulk. Near the interfaces, both top and bot-
tom LSMO layers exhibit reduction of the valence states
with a larger drop about 0.26 over a deeper region at the
top interface. These results are somewhat surprising and
inconsistent with the well-known picture of screening ef-
fects. In this picture, the upward ferroelectric polariza-
tion would lead to electron accumulation in the top LSMO
layer, and electron depletion in the bottom one. Therefore,
one would expect that the Mn valence state will suppress
at the top LSMO/PZT interface and increase at the bot-
tom LSMO/PZT interface. Clearly, this is not the results
from the EELS data in Fig. 4.

Such discrepancy may suggest the following: i) Electro-
static doping only is often not enough to treat complex
oxide interfaces. In complex oxides, strong Coulomb in-
teraction and orbital hybridizations play the key role at
interface beyond the electrostatic picture [94]; ii) In most
cases, any attempt at quantification of EELS experiments
must be supported by theoretical simulations. The fine
structure of EELS edges itself cannot be understood with-
out access to the material’s density of states (DOS) in the
presence of a core hole, which can be provided by den-
sity functional theory (DFT) [53]. In Section 3.3, we will
elaborate these points with a few examples.

As a short summary for this section, we’d like to point
out that aforementioned structural distortions, chemical
compositions and valence states are strongly entangled
at oxide interfaces. For example, the compositional vari-
ations at interfaces will lead to changes in metal-oxygen
bond angles and bond lengths, thus further altering the or-
bital hybridizations and charge occupancies. Therefore, it
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Fig. 4 EELS measurements and Mn valence across LSMO/PZT/LSMO heterostructure. (a, b) The O K pre- to main-peak
separation in the vicinity of the PZT interface for the bottom and top LSMO layers, respectively. (c, d) The difference in Mn
L2,3 edge peak position (black circles) and L3/L2 peak intensity ratio (green triangles) in the vicinity of the PZT interface
for the bottom and top LSMO layers, respectively. (e, f) Map of local Mn doping relative to bulk LSMO as a function of
position normal to the LSMO/PZT interface for the bottom and top LSMO layers. Reproduced with permission from Ref. [75],
Copyright © 2015 Nature Publishing Group.

is crucial that one needs to gain comprehensive knowledge
by STEM-EELS characterization and other techniques to
understand the phenomena.

3 Challenges in understanding complex oxide
interfaces

3.1 Temperature dependent STEM

First, we would like to mention that a variable-
temperature atomic-resolved STEM and EELS is of crit-

ical importance for the complex oxide community, where
temperature dependent structural, electronic and mag-
netic transitions are common. Many phase transitions
in superconducting, ferroelectric and magnetic materi-
als often occur at low temperatures in complex oxides.
The structure-property relationship near the transition
temperature is still a major arena in correlated mate-
rial community [98]. At oxide interface, an atomic-level
low-temperature characterization technique is of urgent
need. However, at low temperatures, many unfriendly
factors become troublesome for STEM and EELS char-
acterization including stage drift, sample stability and
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vibrations due to liquid nitrogen/helium bubbling/flow,
which will blur the adapted images. Recent development of
aberration-corrected cryo-STEM have shown a promising
route towards this direction [99, 100]. Atomically-resolved
HAADF-STEM images of “charge-ordered” phase of bulk
materials and STEM-EELS maps of LSMO/STO inter-
faces have been obtained at 100 K or liquid nitrogen tem-
perature [101–103]. Cryo-STEM and EELS measurements
across the FeSe/STO films were performed at 10 K and
the results show that transferred electrons from STO ac-
cumulate within the first two layers of the FeSe film, which
relates the significant enhanced Tc of the film [92].

3.2 Resolving magnetic information

Interfaces have shown many emergent magnetic phenom-
ena in recent years, ranging from interfacial ferromag-
netism between two non-magnetic insulators to the inter-
facial magnetic skyrmions originated from Dzyaloshinskii–
Moriya interactions and spin–orbit coupling [104–107].
While there are many methods to characterize the mag-
netic signals, the determination of the exact spin tex-
ture near interface regions is a challenging task. It is par-
tially because the magnetic textures often contain both
in-plane and out-of-plane components, therefore requiring
nanoscale magnetic detections from multiple directions. In
this section we briefly discuss the recent techniques and
their pros and cons on this matter.

Lorentz TEM [108, 109], electron holography [110, 111],
4D STEM/differential phase contrast (DPC)-STEM [112,

113], and electron energy-loss magnetic chiral dichroism
(EMCD) [112–114] represent the state-of-the-art tech-
niques to detect magnetic textures in complex materials.
Lorentz TEM has been employed directly to resolve the
skyrmion spin texture in Fe0.5Co0.5Si thin films [117] and
studied magnetic transition from stripe to bubble state in
PbFe12O19 [112]. Electron holography has identified the
amplified magnetization near the antiphase boundary de-
fects [111]. As shown in Figs. 5(e) and (f), the combi-
nation of STEM imaging and DPC-STEM revealed one-
to-one correspondence between local atomic structures
and magnetic coupling of the twin boundaries in Fe3O4

[113]. Recently, the combination of EMCD and chromatic-
aberration-corrected transmission electron microscopy is
able to achieve atomic-level imaging of element-selective
orbital and magnetic moments in Sr2FeMoO6 bulk system
[Figs. 5(a–d)], which potentiates the study of magnetic in-
teractions at atomic level [116].

For oxide interfaces, however, the above techniques are
more challenging to detect interfacial magnetism as com-
pared to bulk or thin film materials. One of the biggest
issues to map out interfacial magnetic configuration is due
to the STEM sample preparation. In order to detect the
in-plane magnetic signal at interface, the electron beams
need to be perpendicular to the surface/interface, there-
fore the sample must be grinded into very thin pieces
(typically less than 20 nm) for the electron beam to
pass through. So advanced grinding techniques and care-
ful protections to prevent sample curling or bending are
extremely important. The synthesis of free-standing per-

Fig. 5 Identifying magnetic structure by DPC-STEM and EMCD. (a) Crystal and magnetic structure of Sr2FeMoO6. (b)
HAADF image and (c) EELS elemental maps along the [110]pc direction. (d) Atomic resolved EMCD of Fe, providing orbital
and spin magnetic moments information. (e) ABF images of Fe3O4 along [1–10] direction, showing Type I and II twin boundaries.
(f) Reconstructed in-plane magnetization vector maps of the two twin boundaries obtained by DPC-STEM. (a–d) Reproduced
with permission from Ref. [116], Copyright © 2018 Nature Publishing Group. (e, f) Reproduced with permission from Ref. [113],
Copyright © 2018 American Chemical Society.
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ovskite films and heterostructures may provide a way to
get thin and flat in-plane TEM samples in large size [118].

For out-of-plane magnetic signal, on the other hand, the
major issue is the inherent electric potential perpendicular
to the interface due to the symmetry breaking. Such elec-
trostatic potential will be dominant at interface for both
the over- and under-focus mode in Lorentz TEM, making
it nearly impossible to resolve magnetic signal. Electron
holography might be a possible choice, however, it will
largely depend on how much electron wave phase shifts
the spin texture at the interface. Moreover, atomic resolu-
tion has not been achieved yet. The newly developed 4D-
STEM technique and EMCD with chromatic-aberration-
corrected STEM may be a solution to resolve column-by-
column magnetic textures [116].

3.3 EELS, Hybridization changes and charge transfer

The near-edge fine structures of core edges in EELS can
be used to study the electronic structure of the materials.
Therefore, it provides the opportunity to investigate the
electronic structure in the local areas that are not acces-
sible to any other experimental technique, such as grain
boundaries, interfaces and extended dislocations. In the
core-loss EELS, an incident electron inelastically interacts
with a core electron, exciting the core electron to unoccu-
pied states above Fermi energy, or to the continuum. The
energy loss electron can be recorded by the spectrometer
and provides information equivalent to absorption edge in
X-ray absorption spectroscopy (XAS) [30–32]. The bind-
ing energy of core-loss EELS allow us to identify elements.
The fine structure of the spectra is sensitive to local elec-
tronic states as well as coordination environment. This
transition will result in a loss spectrum which is sensitive
to local electronic states as well as coordination environ-
ment. The transition is mainly constrained by sum rules
where the initial and final state should satisfy ∆l = ±1,
where l is orbital angular momentum. Therefore, depend-
ing on available density of states, Coulomb interaction
between the excited electron and core hole and electron
correlations, the intensity and energy of the EELS spec-
tra varies. Proper interpretation of EELS data, beyond
empirical trends, can elevate our understanding of the un-
derlying nature of physical properties.

In EELS, in principle, it is possible to gain informa-
tion about the nominal oxidation state of neighboring ele-
ments. However, the definition of nominal oxidation state
has some degree of arbitrariness and often using elemen-
tary chemistry, assumes all bonds are perfectly ionic. Al-
though, for example in oxides, nominal oxidation is meant
to reflect the hybridization between the orbitals of the
metal and oxygen, it does not provide direct information
about the details of charge states on the respective atoms.
The hybridization can lead to charge transfer from one
atomic site to another, or it can effectively renormalize
the energy states of two orbitals which does not necessi-

tate any charge transfer. Therefore, change in the oxida-
tion state does not mean transfer of electrons from one site
to another [119]. A dramatic example are the calculations
presented in references 54 and 126 showing no physical
charge or charge transfer at interfaces of transition metal
oxides.

It should be noted that EELS does not directly mea-
sure the oxidation state. However, a systematic trend in
metal and oxygen core level indensity and loss energy sets
boundaries for highest and lowest nominal oxygen states.
For example, in a systematic study of doped manganites,
La1−xCaxMnO3 (LCMO) shows that with the increment
of hole-doping, three features in EELS spectra system-
atically change, the Mn L3/L2 edge ratio, normalized O
K pre-peak and energy separation between the pre-peak
and main peak of O–K edge [120]. Figure 6(a) shows the
Mn L edges for LCMO where a change in the intensity of
L2 edge is seen as function of doping. Figure 6(b) shows
the schematic for extraction of L3 and L2 intensities and
their ratio is plotted in Fig. 6(c) against nominal oxida-
tion state where a seemingly linear relation is observed. In
Figs. 6(d–f), a similar analysis is presented on O–K edge,
where the intensity and relative peak positions of O K
edge pre-peak and main peak are plotted against nominal
oxidation state, which again a linear relation is seen [120].
While these analysis methods are not a measure of physi-
cal charge transfer, i.e., transfer of an electron going from
Mn3+ to Mn4+, they are highly sensitive to orbital oc-
cupancy which is directly related to the degree of orbital
hybridization between metal and oxygen [121]. The fact
that the structure of LCMO remains orthorhombic with
the same octahedral tilt and rotation (although different
in magnitude) in all doping levels [122–125] removes the
effect of structure on orbital hybridization in this mate-
rial. Therefore, the only contributing factor will be the
hole doping which can explain why the EELS data fol-
low a linear trend. More studies are needed which aim to
isolate the effect of structure and composition on orbital
hybridization change. Thin films grown on different sub-
strates with different symmetries can provide platforms in
which while the composition is fixed, only the structure is
modified.

While change in composition might change the charge
state of the element, it is shown that nominal oxidation
state does not need to follow the composition. There are
instances where looking at the change in the measured
composition directly shows that the charge counting does
not correlate with nominal oxidation state and the idea of
physical charge transfer is not accurate. For example, in
the case of La2/3Sr1/3MnO3/SrTiO3 (LSMO/STO) (001),
it has been shown that the concentration of La and Sr
does not correlate with the nominal oxidation state de-
rived from L23 ratio [126]. Figures 7(a) and (b) show the
HAADF and ABF image of LSMO/STO (001) where an
abrupt interface is created. Although the corner shared
octahedral are connected across the interface, due to the
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Fig. 6 EELS and valence state in LCMO (a) Mn L-edge in bulk La1−xCaxMnO3. To better see the intensity of L2 and L3

changing, the spectra are shifted and normalized. (b) Schematic spectra showing L3 and L2 edges with Hartree–Slater cross
section step function (red). (c) L23 ratio changes plotted against nominal oxidation state (from simple charge counting). (d) O
K edges in bulk La1−xCaxMnO3 and the spectra are shifted so the pre-peaks are aligned. (e) Normalized pre-peak intensity vs.
nominal oxidation state. (f) Relative energy separation of pre-peak and main peak in O K edge as a function of Mn nominal
oxidation state [120]. Reproduced with permission from Ref. [120], Copyright © 2009 the American Physical Society.

Fig. 7 STEM characterization of LSMO/STO interface. (a, b) HAADF and ABF STEM image of LSMO/STO along the
[1–10] direction. The red arrow marks the interface. Inset shows the octahedral tilt away from the interface. (c) Layer-by-layer
La and Sr concentration as a function of distance from the interface. La and Sr reach their stoichiometric concentration, i.e.,
La0.67Sr0.33 after the third atomic column from the interface. (d) L2,3 ratio and Mn nominal oxidation state as a function of
distance from the interface [126]. Reproduced from Ref. [126].

minor inevitable interface intermixture, the thin film finds
its stoichiometric composition only after the first two unit
cells. This short gradient in stoichiometry which is shown
in Fig. 7(c) allows us to examine the validity of find-
ing nominal oxidation state through charge counting. In
this scheme, La3+, Sr2+ and O2− are the assumed charge
states of the elements. Through charge neutrality condi-
tion, in La2/3Sr1/3MnO3, Mn has must be in 3.3+ state.
The composition of the first unit cell of LSMO in Fig. 7(c)

is La0.475Sr0.525MnO3 which requires the Mn to be in
3.5+ state, higher than the bulk value. However, Fig. 6(d)
shows that the L2,3 ratio near the interface shows an op-
posite trend where the nominal oxidation state is near
3+ and away from the interface becomes 3.3+ where the
material recovers its stoichiometry. This discrepancy in-
dicates that EELS is probing available density of states
above Fermi energy (orbital occupancy) with a core hole
present, and not the physical charge on each element.
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Therefore, care must be taken in interpreting the change
in EELS core edges and these interpretations should be in
conjunction with composition and structure change. More
specifically, the presence of composition intermixture, in-
evitable amount of oxygen vacancies, spin degree of free-
dom and core-hole effects (especially in insulators) present
magnificent challenges for STEM-EELS analysis.

3.4 Electronic and structural symmetry at the interface

The ability to image the oxide interfaces in various pro-
jected directions is one of the triumphs of STEM. Broken
symmetry at interfaces is exploited routinely to foster new
physical properties at the junctions of two materials. To
name a few, structural δ-doping [127], induced in-plane
anisotropy [63] and induced non-centrosymmetricity [61]
have been quantified using ABF-STEM imaging. While
valuable information has been obtained using this tech-
nique, assessing the in-plane symmetry of the atoms at
the interface, which lies at the heart of a broken symme-
try problem, remains a challenge. As an example, at the
LSMO/STO (001) interface, two materials with different
rotation patterns meet, as shown in Fig. 7. LSMO with
a−a−a− symmetry and STO with a0a0a0 symmetry might
lead to considerable symmetry lowering at the interface.
As shown in Figs. 8(a) and (b), it has been determined
from STEM data that only a−a−c0 (c is perpendicular
to the interface) rotation pattern can be responsible for
the observed zig-zag oxygen arrangement [126, 128]. Sec-
ond harmonic generation is a technique that probes the
electron symmetry at a region of broken symmetry [40].
Recent rotational SHG experiments have clearly demon-
strated that the electron symmetry at the LSMO/STO
interface is at best C2 [129]. Using the STEM data shown
in Fig. 7 and the SHG data, one can suggest an atomic
arrangement at the interface consistent with STEM and
SHG. Such a structure is shown for the TiO2 plane in
Fig. 8. Under a−a−c0 rotation pattern, oxygen atoms
move in and out of interface plane in [001]c (in pseudo-
cubic notation). It is important to note that this type of
atomic displacement is not directly attainable from the
STEM images and the figure is created assuming that the

octahedral rotation pattern remains unchanged, moving
from the bulk of thin film to interface. Given the impor-
tance of interface-induced physical properties and its in-
herent broken symmetry, acquiring the exact atomic dis-
placement as well as electronic symmetry will be of im-
mense importance in determining the underlying physics
in the observed phenomena. Combining STEM with SHG
is one solution.

3.5 Defects at complex oxide interfaces

Last but not the least, a paramount challenge in un-
derstanding the complex oxide interface is to identify
the impact of point defects on interfacial properties. As
a matter of fact, this challenge not only exists at in-
terfaces, but inside the thin film region or bulk crystal
[130–132]. In solid state physics, defects can be catego-
rized by their dimensionality, i.e., point defects and ex-
tended defects. Extended defects often have higher di-
mensionality (line, surface and volumetric) and exhibit
non-equilibrium characteristics [133, 134]. In many cases,
STEM serves as a powerful technique to resolve those de-
fects and their unique behaviors. Zurbuchen et al. have re-
viewed the morphology, structure and the nucleation pro-
cess of two-dimensional out-of-phase boundaries (OPB)
in epitaxial layered oxide films [135]. They point out that
while the OPBs are rather random residing in the film,
they do have tremendous impacts to decide film’s func-
tional properties. Random antiphase boundaries (APB)
are known to be responsible for the anomalous magne-
toresistive behavior in Fe3O4 and magnetic Heusler alloys,
serving as critical factor for spintronics and memory de-
vice applications [136, 137]. Our recent work has demon-
strated an approach to create well-defined APB by grow-
ing perovskite oxide La2/3Sr1/3MnO3 (LSMO113) thin
film on unconventional Ruddlesden–Popper/K2NiF4-type
Sr2RuO4 (SRO214) substrate [138]. This system holds
a unique advantage since the substrate and film have a
nearly perfect in-plane lattice match, essentially eliminat-
ing the constraint of substrate strain energy. Instead, the
natural difference in stacking sequence between SRO214
and LSMO113 enables the nucleation of APB on the step

Fig. 8 Symmetry at the LSMO/STO interface. (a) ABF-STEM image of LSMO/STO (001). The oxygen atoms show a
zig-zag pattern. (b) The schematic of LSMO thin film with a−a−c0 rotation pattern replicating the same zig-zag pattern. (c)
TiO2 plane with a reconstructed 2-dimensional lattice where only a mirror symmetry is present. Reproduced with permission
from Ref. [129], Copyright © 2019 American Chemical Society.
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at substrate/film interface to be resolved by STEM-EELS.
Another work by Jeong et al. reported a rarely observed
line defects formation in NdTiO3 perovskite thin films by
atomic-resolved STEM [139].

Point defects, on the other hand, are mainly governed
by the second law of thermodynamics, therefore inevitably
reside randomly in bulk and/or at interfaces [140, 141].
Due to their zero-dimensional nature, it becomes ex-
tremely challenging to detect their existence when their
densities are low. In complex oxides, one of the most com-
mon sources of point defects are oxygen vacancies. The
effect of oxygen vacancies often play important roles at
oxide interfaces due to the screening effects caused by
non-canceling electric fields [93]. In contrast with mono-
layer TEM samples of 2-dimensional materials where sin-
gle atom vacancy can be directly observed (or clearly visu-
alized) by STEM imaging, the TEM samples of oxide films
are prepared to have certain thickness (usually thicker
than 10 nm). Therefore, it is challenging to identify exact
location and densities of the randomly distributed vacan-
cies.

In recent years, oxygen vacancies can be detected and
quantified via local lattice expansion [142] and slight
change of EELS spectra of O–K edge [143, 144], but with
a detection limit of 1% from the latter approach [144].
We note that monochromated EELS with high energy res-
olution may be a possible choice to overcome the above
issue. Recently, monochromated EELS in STEM with res-
olution below 20 meV has been achieved [145], which can
locate and identify the point defects and its associated
bandgap with a resolution of about 10nm in BAlGaN
semiconductor [146]. In complex oxides, the high resolu-
tion monochromated EELS is also particularly important
as it can detect subtle changes in the oxygen electronic
configurations [147, 148]. Combined with simulation, it
could be a possible way to better “catch” the local oxygen
vacancies, the associated phonon modes and bandgaps.

4 Summary

In this review, we have discussed how the atomically re-
solved STEM and EELS techniques have greatly benefited
us to visualize and understand the quantum phenomena
at complex oxide interfaces, from the perspective of struc-
tural distortions, compositions and electronic states. We
also discuss the challenges and issues at understanding ox-
ide interfaces. To tackle these problems, we suggest that
comprehensive strategies are necessary by combining bet-
ter spatial resolution, new detection methods and theoret-
ical efforts. It is our firm belief that design and engineering
of complex oxide interfaces will be brought to a new level
in the near future.
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