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There has been growing interest in perovskite BaSnO3 due to its desirable properties for oxide

electronic devices, including high electron mobility at room temperature and optical

transparency. As these electronic and optical properties originate largely from the electronic

structure of the material, here the basic electronic structure of epitaxially grown BaSnO3 films is

studied using high-energy-resolution electron energy-loss spectroscopy in a transmission electron

microscope and ab initio calculations. This study provides a detailed description of the dielectric

function of BaSnO3, including the energies of bulk plasmon excitations and critical interband

electronic transitions, the band structure and partial densities of states, the measured band gap,

and more. Published by the AVS. https://doi.org/10.1116/1.5026298

I. INTRODUCTION

Perovskite structure BaSnO3 has gained increasing atten-

tion recently as a candidate material for next-generation

oxide electronic devices. This material has shown notably

high electron mobility at room temperature, reported to be

up to 320 cm2V�1s�1 in bulk single crystal1,2 and up to

183 cm2V�1s�1 in epitaxial thin films of La-doped BaSnO3,
3,4

with good optical transparency in the visible region. These

properties are desirable in transparent conducting materials for

solar cells, displays, high-mobility channels for transistors, and

other applications.5–9 Recent successes in thin film growth of

epitaxial BaSnO3 using vacuum deposition techniques3,4,10–12

have opened up new possibilities to engineer various hetero-

structures based on this material and to improve its electron

mobility through defect control, polarization doping, etc.7,9,13,14

However, to optimize the potential use of this material, it is

essential to measure and understand the electronic structure of

BaSnO3 in order to elucidate the mechanisms for high carrier

mobility. To this end, there have been several previous ab initio
studies and optical measurements to understand various proper-

ties of BaSnO3. Electronic band structures have been calcu-

lated,15–18 and the conduction band edge effective mass,19 band

gap energy,9,20,21 and dielectric constant22 have been experi-

mentally determined.

One of the ways to study the electronic properties of a

material is through a combination of ab initio calculations of

its band structure, from which all electronic properties can

be deduced, and experimental electron energy-loss spectros-

copy (EELS). EELS provides an experimental confirmation

of the accuracy of calculated band structure, which can be

achieved by: (1) comparison between measured and calcu-

lated density of states (DOS) uniquely defined by the band

structure and (2) comparison between the measured and cal-

culated interband electronic transitions from valence to con-

duction bands, also uniquely defined by band structure. Once

such agreements are established, electronic properties of the

material deduced from the band structure confirmed can be

used with confidence.

Here, we report comprehensive information on the elec-

tronic structure of BaSnO3 using high-energy-resolution

EELS in a scanning transmission electron microscope

(STEM). We have acquired high-energy-resolution EELS

spectra at elemental edges and compared them with ab initio
predictions to examine the electronic structure of BaSnO3.

The low-loss region (0–50 eV) of EELS has been used to

study the dielectric properties, including interband electronic

transitions and plasmon excitations. In the high-loss region

(>50 eV), the fine structure of core-edges reveals the details

of the conduction band by directly probing the element-

specific empty DOS of the material. Good agreement

between experimentally measured EELS spectra and the

results of ab initio calculations provides critical reliability

for the details of the electronic structure of BaSnO3 reported

here.

II. METHODS

A. Sample preparation

An epitaxial, single-phase BaSnO3 film was grown on a

SrTiO3(001) substrate by hybrid molecular beam epitaxy,10

targeting the film thickness of 72 nm. Cross-sectional trans-

mission electron microscopy samples were prepared by

using a focused ion beam (FEI Quanta 200 3D) lift out

method, where the samples were thinned by a 30 kV Ga-ion

beam and then cleaned with a 5 kV Ga-ion beam. The sam-

ples were further polished by Ar-ion milling using a

Fischione 1010 ion mill and a Gatan precision ion polishing

system. This sample preparation provides us with relatively

damage-free and electron-transparent samples. Many sam-

ples and areas were used in these measurements. The thick-

nesses of the samples were estimated from low-loss EELS

data using the EELS log-ratio method,23 and they were in

the range of 20–40 nm. The mean free path of plasmon
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excitation was calculated to be 81 nm (Ref. 23) for the

BaSnO3 under our experimental conditions.

B. STEM imaging and EELS data acquisition

STEM imaging and EELS measurements were carried out

using an aberration-corrected FEI Titan G2 60-300 (S)TEM

equipped with a CEOS DCOR probe corrector, a Schottky

extreme field emission gun, a monochromator, and a Gatan

Enfinium ER spectrometer. The microscope was operated at

200 keV. The semiconvergence angle of the STEM probe

was 15 mrad, and the beam current was set to 50 pA. High-

angle annular dark-field (HAADF) images were recorded

with a detector angle of 42–200 mrad, and the collection

angle of the EELS was 29 mrad. A dual EELS mode, which

simultaneously collects the low-loss region including a zero-

loss peak (ZLP) and high-loss region, was used to correct the

energy alignment, when needed. Energy dispersions of 0.05

and 0.1 eV per channel were used to measure low-loss and

core-loss data, while EELS data for detailed analysis of

interband electronic transitions were acquired with an energy

dispersion of 0.01 eV per channel. Energy resolutions for

these dispersion values, estimated from the full-width at half

maximum (FWHM) of the ZLPs, were 0.4, 0.25, and

0.13 eV for 0.1, 0.05, and 0.01 eV per channel, respectively.

For an accurate determination of peak positions, the align-

ment and dispersion values of the spectrometer were cali-

brated using reference peaks of Si L2,3 of SiO2 (108.3 eV),

p* of graphite (285.37 eV), and Ni L3 of NiO (852.75 eV).23

All EELS spectra were obtained from the central regions of

BaSnO3 films in order to minimize the influence of the film-

substrate interface and surface. In our early studies, we

found that the critical thickness of BaSnO3 films is less than

2.5 nm on SrTiO3(001).24 Therefore, all the EELS results

presented here are from fully relaxed films. EELS acquisi-

tion was performed in the beam spot mode. By simply

assuming the beam size and the sample thickness to be 0.1

and 40 nm, interactive volume was estimated to be about

16 nm3 for each acquisition in the spot mode. To increase

the signal-to-noise ratio, two-three spectra from adjacent

regions were acquired and averaged.

C. Ab initio calculations

Ab initio calculations were performed using the WIEN2K

code.25–27 A generalized gradient approximation (GGA)

using Perdew–Burke–Ernzenhof (PBE) parametrization28

was adopted for the electronic exchange and correlation

functional. The Brillouin zone was sampled at a

16� 16� 16 shifted k-point grid using the tetrahedron

method.29 The wave functions were expanded in spherical

harmonics inside nonoverlapping atomic spheres of radius

RMT (muffin-tin radii) and in plane waves for the remaining

space of the unit cell. RMT values for Ba, Sn, and O were set

at WIEN2K defaults: 2.50 a.u. for Ba, 2.11 a.u. for Sn, and

1.82 a.u. for O. The plane wave expansion in the interstitial

region was determined by a cutoff wave vector chosen to be

kmax ¼ 7.0/RMT. Empty states up to 4.0 Ry (¼ 54.4 eV) above

the Fermi level, EF, were included in the calculations. To

ensure reliability of our calculations, we also performed

band structure calculations using Heyd–Scuseria–Ernzerhof

(HSE06)30 and modified Becke–Johnson (mBJ)31 parametriza-

tions for comparison, and they all produced very similar band

structures for BaSnO3 (not presented here), despite differences

in the band gap values (2.52 eV for HSE06 and 2.37 eV for

mBJ). Frequency dependent dielectric matrix calculations

within the independent particle random phase approximation

were performed using the OPTIC module of WIEN2K, as

detailed in Ref. 32. O K edge EELS simulations were performed

using the TELNES3 module of WIEN2K with calculation

parameters from the experimental setup. Core-hole effects were

included by using a 2� 2� 2 supercell containing 40 atoms (8

Ba, 8 Sn, and 24 O), and a core–hole was incorporated into an

absorbing oxygen atom. Because calculations using GGA with

PBE parameterization are known to result in a smaller band gap

than experimental results,16,18 the band gap, which is 0.41 eV

from PBE, was adjusted to the measured value of 3.0 eV by a

simple scissor operation. Calculations for band structure, DOS,

and dielectric function include spin–orbit (SO) interactions.

III. RESULTS AND DISCUSSION

Figure 1 shows HAADF-STEM images of the BaSnO3

film that were used for EELS analysis in this work. From the

FIG. 1. (Color online) (a) Low- and (b) high-magnification cross-sectional HAADF-STEM images of 72 nm-thick BaSnO3 film on a SrTiO3(001) substrate.

Atomic-resolution HAADF-STEM images at the interface is shown in (b). The image is filtered using “HRTEM Filter” in GATAN DIGITALMICROGRAPH software

(Refs. 34 and 35). The filtering parameters are described in Ref. 36. Misfit dislocations at the interface are marked with dislocation symbols. (c) plan-view

HAADF-STEM images of the BaSnO3 film. Ruddlesden–Popper faults are indicated by arrows. Scale bar is 30, 2, and 5 nm in (a)–(c), respectively.
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cross-sectional HAADF-STEM images, the film thickness

was measured to be 72 nm. High-resolution HAADF-STEM

images demonstrate that these BaSnO3 films are indeed epi-

taxially grown on the substrate and form a sharp interface

with a relatively low surface roughness. Misfit dislocations

are observed as expected. Figure 1(c) shows a plan-view

HAADF-STEM image displaying epitaxially grown BaSnO3

crystal without any voids or amorphous regions. Previously

reported Ruddlesden–Popper faults are also monitored.33

A. Calculated dielectric function and band structure

The calculated dielectric function of BaSnO3 is shown in

Fig. 2. The complex dielectric function e(E)¼ e1(E)þ ie2(E)

describes how the electron gas in materials responds to an

applied electromagnetic field.23,37–42 The energy where the

real part of the dielectric function, e1(E), changes from

negative to positive, evidences a bulk plasmon due to collec-

tive oscillations of the electrons. The calculated e1(E) indi-

cates that bulk plasmon excitations can be expected at 15.2,

26.4, and 26.9 eV in BaSnO3, as marked as I and EP in Fig.

2. The inset figure shows the very close two plasmon ener-

gies of 26.4 and 26.9 eV. In the imaginary part of the dielec-

tric function, e2(E), peaks correspond to the direct interband

electronic transitions.23,37–42 Distinguishable peaks in e2(E)

are marked with arrows and labeled in Fig. 2, and details are

discussed in Sec. III C.

The calculated band structure and DOS of BaSnO3 are

shown in Fig. 3. The results are essentially consistent with

previous reports.17,18,20,43,44 The conduction band minimum

is positioned at the C point (0, 0, 0) and the valence band

maximum is at the R point (0.5, 0.5, 0.5) in reciprocal space.

The curvatures at these points also predict an effective mass

of the electrons in conduction band, me*¼ 0.54m0, and

effective mass of the holes in valence band, mh*¼�10.7m0,

which are important parameters determining charge carrier

mobilities. Figure 3(b) shows that the lower conduction

bands from 3 to 8 eV consist predominantly of s and p states

of Sn and O, and the conduction bands above 8 eV are

mainly composed of d and f states of Ba. The O 2p states are

dominant in the upper valence band, and high-density Ba 5p
states are found at around –10 eV. The principal quantum

number resolved partial density of states (pDOS) of Ba, Sn,

and O are shown in Fig. 3(b). The pDOS data were used to

identify possible interband electronic transitions in e2(E) and

Im[�1/e], and the low-loss EELS spectra in Sec. III C.

B. Band gap measurement

The band gap of BaSnO3 films was measured using high-

energy-resolution low-loss EELS data. To measure the band

gap from the low-loss EELS data, the ZLP was removed as

follows: (1) a tail of zero-loss EELS spectrum was acquired

in vacuum, (2) it was fitted to the low-loss EELS spectra

in the 1–2.5 eV range using a multiple linear regression

FIG. 2. Calculated real, e1, and imaginary, e2, parts of the dielectric function

of BaSnO3. The bulk plasmon energies (I, EP) in e1 and direct interband

transition peaks (a to k) in e2 are marked.

FIG. 3. (Color online) Calculated band structure (a) and corresponding DOS (b) of BaSnO3: total DOS and elementally resolved pDOS of Ba, Sn, and O. Here,

EF is at the valence band maximum.
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method, and (3) the fitted tail of the zero-loss EELS spectrum

was subtracted from the low-loss EELS data.45 To improve

statistics, 22 spectra from the BaSnO3 film were analyzed.

One representative example is shown in Fig. 4. The onset

value of the ZLP-subtracted spectrum indicates the band gap

energy. The measured band gap energy for the BaSnO3 film

was 3.0 6 0.1 eV. To confirm the validity of this method, the

same analysis was applied to the SrTiO3 substrate and the

resulting band gap energy was 3.3 6 0.1 eV, which is consis-

tent with well documented SrTiO3 band gap energy of

3.25 eV.46 The band gap energy of BaSnO3 films from our

measurements are compared with the values reported in the

literature in Table I. A band gap energy of 3.0 eV is used for

all subsequent analyses.

C. Low-loss EELS analysis

Low-loss EELS spectra were measured on the BaSnO3

film and compared with the electron energy-loss function

calculated from the dielectric function. The energy-loss

spectrum of incident probe electrons, which travel through a

sample and act as an electromagnetic wave, can be deduced

from the imaginary part of the inverse dielectric function, as

it is proportional to Im[�1/e] [or e2/(e1
2 þ e2

2)].23,37–42 To

account for the energy spread of the incident electron beam,

the calculated Im[�1/e] was convolved with a Gaussian

function.50 The FWHM of the Gaussian function was set to

be the FWHM of the ZLP for each data set. The measured

low-loss EELS spectra from BaSnO3 films and the calculated

Im[�1/e] are then compared, as can be seen in Fig. 5. For

more quantitative analysis, the peak positions are compared in

Table II. The overall shape and peak positions from the calcu-

lation and the experimental measurements are in good agree-

ment. However, there are noticeable differences between the

calculated Im[�1/e] and the measured low-loss EELS spectra

because: (1) the calculation underestimates damping of plas-

mon oscillations23,37 and (2) the contributions from surface

plasmons and Cerenkov radiation are not included in the cal-

culations.51,52 It should be noted that while core-loss Sn N4,5

and Ba O2,3 edges are included in the calculation, the peaks

due to these electronic transitions should be interpreted with

caution; the Sn 4d3/2 and 4d5/2 and Ba 5p1/2 and 5p3/2 core-

levels in these calculations are treated as “semicore” levels

without the core-hole effects. The effects of SO interactions

on these edges can be seen in comparison between two calcu-

lated Im[�1/e], shown in Fig. 5(b).

FIG. 4. (Color online) High-energy-resolution low-loss EELS spectrum

obtained from a BaSnO3 film. The zero-loss EELS, obtained in vacuum, was

fitted to the low-loss EELS spectrum and then subtracted from the spectrum

to get the difference. The onset of the difference, which corresponds to the

band gap, is indicated by an arrow.

TABLE I. Experimentally measured band gap energy (Eg) of BaSnO3 from

the literature.

Eg (eV)

Method ReferencesDirect Indirect

3.0 6 0.1 Low-loss EELS This work

3.56 6 0.05 2.93 6 0.05 Ellipsometry 9

3.12 2.85 Diffuse reflectance 47

3.1 2.95 Transmittance 48

3.4 Reflectance 49

FIG. 5. (Color online) (a) Comparison of experimental low-loss EELS spec-

trum from the BaSnO3 film and calculated Im[�1/e]. The peaks from inter-

band electronic transitions are labeled from a to l. The bulk plasmon peak,

EP, and the Sn N4,5 and Ba O2,3 edges are also indicated. For comparison,

calculated Im[�1/e] without SO interactions is also plotted as well. (b)

High-energy-resolution low-loss EELS spectra from the same BaSnO3 film.

Possible interband transitions, predicted from theory, are indicated with the

labels. The peaks I and II represent predicted second bulk and surface plas-

mon peak, respectively.
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As was discussed earlier, the theoretical bulk plasmon

energies are 26.4 and 26.9 eV. In low-loss EELS, the bulk

plasmon peak is part of a broader peak [labeled as “j” in Fig.

5(a)], which includes peaks from fine structure of the Ba

O2,3 edge. The overall agreement between the experimen-

tally observed plasmon energy of EP¼ 25–27 eV and theo-

retical prediction is quite good. It should be noted that

plasmon damping induces broadening and a slight shift of

plasmon peaks; the plasmon linewidth, DEP, which is the

FWHM of a plasmon peak, is determined by the plasmon

damping constant, and the plasmon peak position shifts

slightly from EP to a lower value of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

P � ðDE2
P=2Þ

q
.23

Because phonons and defects are not considered in the calcu-

lations, plasmon damping through these mechanisms are not

included.53,54 As a result, better match between the theoreti-

cal and the experimental bulk plasmon peaks should not be

expected.55 An additional plasmon peak at 15.2 eV is also

predicted from the calculated dielectric function, as dis-

cussed earlier. We speculate that this plasmon represents

oscillations of electrons in a subsidiary band near the valence

band, but this needs further study. Due to several peaks from

interband transitions and surface plasmons, this plasmon

peak is not clearly identifiable in the low-loss EELS data. As

stated earlier, the experimental low-loss EELS includes other

contributions, such as surface plasmon peaks, in contrast to

the calculation. The surface plasmon peak is expected to be

at around 18.8 eV from ESP¼EP/
ffiffiffi
2
p

;23,37,38,42 however,

such a peak is not discernible as it is superimposed on strong

interband transition peaks.

The peaks, labeled from a to l in low-loss EELS in Fig.

5(a), result from interband electronic transitions (see Fig.

2). More detailed fine structure of these peaks is shown in

Fig. 5(b), where the peaks from a, b, and d are further

resolved and labeled using subscripts. The second bulk and

surface plasmon peaks (I and II), which were discussed

earlier, are also presented. To interpret the interband tran-

sition peaks, the energy levels with high-density electronic

states were examined from a calculated pDOS [see Fig.

3(b)] and the possible interband electronic transitions from

valence band to conduction band were investigated within

the selection rules.56 For easy comparison, the peaks pre-

dicted from the possible interband transitions are indicated

as labeled from a to g in Fig. 5(b). The energies of the

majority of these interband electronic transition are identi-

fied from experimental low-loss EELS spectra as well as

from calculated imaginary part of the dielectric function

and from peaks of Im[�1/e]. The results are tabulated, and

TABLE II. Peak positions (in eV) from plasmon excitations and interband electronic transitions. The peaks are labeled as in Figs. 2 and 5 and compared to the

predicted transitions from the calculated e, Im[�1/e], and pDOS with assignments. Transitions from initial Sn 4d and Ba 5p states are not considered here.

Group Peaks Experiment Theory Assignment

Plasmon EP 25–27 26.4, 26.9 First bulk plasmon

I — 15.2 Second bulk plasmon

II — 18.7, 19.0 Surface plasmon

From e2 From Im[�1/e] From pDOS Initial state Final state

Interband a1 — 8.3 8.4 7.8, 8.5 O 2p Sn 5s

a2 — 9.5, 9.8 9.6 9.3, 10.1 O 2p Sn 5s

a3 — 10.4 10.3 10.2, 10.9 O 2p Ba 5d

b1 �12 11.2, 12.0 11.9, 12.4 11.4, 12.1, 12.7 O 2p Sn 5s

11.2, 11.7, 12.0 O 2p Ba 5d

11.4, 12.1 Sn 5p Sn 5s

b2 �13 12.7 12.9 12.7 O 2p Sn 5s

12.8 O 2p Ba 5d

b3 �14 13.6 13.7, 14.0 13.6 Ba 5d Ba 4f

13.7 O 2p Ba 5d

13.7 Sn 5p Ba 5d

c �15 14.4 14.2 14.4 Ba 5d Ba 4f

14.8 �14.7 14.7 O 2p Sn 5s

14.8 O 2p Ba 5d

14.8 Sn 5p Ba 5d

d1 15.8 15.6 15.9 15.6 Ba 5d Ba 4f

d2 16.6 16.5 16.9 16.4 Ba 5d Ba 4f

e 17.5 �17.8 17.8 17.4 Ba 5d Sn 5p

f 19.4 19.1 19.2 19.4 Sn 5s Sn 5p

g — 20.1 — — —

h �21 21.8, 22.0, 22.4 �21.5 — — —

i — 23.1 23.2 — — —

j 24.7, 26.4, 27.3 26.1, 27.3 26.6, 27.0, 27.5 — — —

k 32.7, 34.5 31.7, 32.8, 35.4 31.9, 34.0, 35.8,

l 42.5, 46.5 44.2, 45.2 44.5, 45.4 — — —

031503-5 Yun et al.: Electronic structure of BaSnO3 031503-5
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the assigned interband electronic transitions are summa-

rized in Table II.

D. Core-loss EELS analysis

High-energy-resolution O K edge EELS spectra were

measured from the BaSnO3 film and compared with the O K
edge simulation result generated using the WIEN2K code

including the core-hole effects. A double differential cross

section for core-level electronic transitions is calculated

from the calculated ground state O 2p pDOS modified by the

core-hole effects; @2r=@E@X /
P

i;f jMi;f j2DOS ðEÞ, where

X is the scattering solid angle and Mi,f is the transition matrix

element.57,58 This double differential cross section is then

integrated using experimental STEM probe convergence and

EELS collection angles.25,59 The results are presented in Fig.

6 as the theoretical EELS before broadening. The effects of

core-hole are quite substantial while the effects of angular

integration covering experimental probe convergence and

EELS collection angles are minor due to their wide range

relative to Brillouin zone of BaSnO3. An energy spreading

of the incident electron beam was implemented by

convolving the simulation result with a Gaussian function

with the FWHM of the ZLP. Next, the natural energy broad-

ening, which arises from the lifetime of the electrons in the

initial and final states of excitation, was taken into

account.23,60,61 The energy level width of the initial O 1s
state, Ci, is as small as 0.153 eV. In contrast, the energy level

width of the final state, Cf, is considerable and varies with

energy relative to the conduction band minimum (or onset

energy of core-loss edge). The Cf for O 2p increases from 0

to 6 eV with increasing the energy from 0 to 40 eV above the

onset energy.60 The energy broadening due to the lifetime

effect (for both initial and final states) can be represented by

a Lorentzian function.50 Thus, the simulated O K edge was

further convolved with Lorentzian functions with the

FWHM of the Ci and Cf, consecutively, to implement the

natural energy broadening. The resulting O K edge is com-

pared to the experimental O K edge EELS spectrum obtained

from the BaSnO3 film in Fig. 6 as the theoretical EELS after

broadening. The match is good, further proving reliability of

this analysis. The remaining discrepancies can be attributed

to the fact that the O K edge sits on the tail of the Sn M4,5

edge and defects present in the actual samples are not

accounted for in the calculations. The peak positions from

the experimental O K edge EELS spectrum and the simula-

tion result are summarized in Table III. This comparison

also allows the determination of the buried onset of the

EELS O K edge, which represents the minimum of the con-

duction band, EC, at 528.9 eV.

The Sn M4,5 edge and Ba N4,5 and M4,5 edges were also

measured. The results are shown in Fig. 7. The Ba N4,5 edge

has a delayed maximum with detectable fine structure gener-

ated by the excitation of Ba 4d electrons [Fig. 7(a)]. The Sn

M4,5 edge, which is attributed to the excitation of Sn 3d elec-

trons, is mostly positioned just before the O K edge, as

shown in Fig. 7(b). The overall peak shape follows a delayed

maximum shape and is similar to that from SnO2,62 indicat-

ing the presence of Sn in the 4þ oxidation state. Due to a

high density of unfilled Ba 4f orbitals above the Fermi

energy, the Ba M4,5 edge appears as two strong white lines:

M5 (labeled as n) and M4 (labeled as o), separated by 15 eV.

In a simple single-electron excitation description, the two

peaks are explained via SO splitting.63 The 3d5/2 (M5) and

3d3/2 (M4) initial states are split due to the SO interaction,

FIG. 6. (Color online) (a) Comparison of experimental EELS O K edge from

the BaSnO3 film and simulated O K edge. The peak c* was used as a refer-

ence for the alignment. The simulated O K edge EELS includes effects of

core-hole and angular integration covering experimental probe convergence

and EELS collection angles; before (thin line) and after (thick line) imple-

menting energy broadening. The onset of the EELS O K edge representing

the minimum of the conduction band, EC, is indicated using an arrow. The

identifiable peaks are labeled and compared in Table III. Note that the O K
edge overlaps with the tail of the Sn M4,5 edge. (b) The calculated ground

state O 2p pDOS of the conduction band in BaSnO3 that was used to calcu-

late the spectrum in (a).

TABLE III. Comparison of peak positions from the experimental and the sim-

ulated O K edge EELS shown in Fig. 6. The peak c* is used for alignment.

Expt. (eV) Theor. (eV)

a 533.3 533.2

b 535.5 535.8

c* 536.8 536.8

d 538.6 538.2

e 539.9 540.4

f 542.5 541.5

g 545.0 543.8

h 550.7 550.5

i 560.6 559.4
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with a 6:4 ratio of degeneracy of the states.23,56 However,

the ratio of integral intensity of M5 and M4 in experimental

EELS was observed to be 0.83. The value deviates consider-

ably from the 1.5 of the 6:4 ratio of degeneracy. Also, an

additional prepeak (labeled as m) is observed ahead of the

M5 peak. It appears that this discrepancy is primarily due to

the insufficient treatment of the overlap between the wave

function of the 3d core–holes and the wave function of

excited electrons which is not adequately treated in the sim-

ple single-electron excitation interpretation.56 Using multi-

plet theory several reports showed that such a multielectron

excitation effect can be incorporated into calculation when

the electron–electron interaction, Hee, and the SO interac-

tion, Hso, are added into the Hamiltonian of the single-

electron atomic model, H1s, i.e., H¼H1s þHee þHso.56,63

When the Hso is negligible compared to the Hee, the elec-

tronic states of an atom can be described using the LS cou-

pling scheme, in which electronic states are determined by a

given atomic configuration. By employing the LS coupling

scheme, the initial and final electronic states and the avail-

able electronic transitions can be taken into consideration.

Radtke and Botton,63 using this approach, predicted three

transitions for the excitations of Ba 4d electrons to Ba 4f
orbitals, which effectively describe the observations of the

peaks, m, n, and o in the Ba M4,5 edge as well as the low

value of the M5/M4 ratio.63

IV. CONCLUSION

The electronic structure of the epitaxial BaSnO3 film grown

on SrTiO3(001) was investigated using high-energy-resolution

EELS in STEM and ab initio calculations. The indirect band

gap energy was measured from the low-loss EELS to be

3.0 6 0.1 eV. Experimental low-loss EELS spectrum, which is

directly proportional to the electron energy-loss function, was

compared with the calculated Im[�1/e] function and the

observed peaks due to plasmon excitations and interband tran-

sitions were analyzed. The experimental bulk plasmon peak

was observed at 25–27 eV while the theoretical value was pre-

dicted to be at 26.4 and 26.9 eV. The expected small discrep-

ancy between the experimental and calculated bulk plasmon

energy was explained through plasmon damping, which was

not properly taken into account in “phonon-free” and “defect-

free” ab initio calculations. The interband electronic transition

peaks were clearly observed and their positions were identified

in low-loss EELS. The results were compared with predictions

based on the calculated pDOS, where the observed peaks were

assigned to distinct interband transitions from the valence

band to the conduction band.

The core-level electron excitations were also examined using

the core-loss EELS edges. O K, Ba N4,5, Sn M4,5, and Ba M4,5

edges were measured using high-energy-resolution EELS and

their fine structures were analyzed. For comparison, a simpler O

K edge, resulting from the excitation of O 1s electrons to the

empty DOS above the Fermi energy, was simulated from calcu-

lated O 2p pDOS. When the instrumental and the natural energy

broadenings were implemented into this simulation, the resulting

theoretical O K edge was in very good agreement with the

experimental O K edges, further confirming reliability of this

analysis. The number of peaks and their relative intensities in Ba

M4,5 edge fine structure, which deviate from a simple SO inter-

action model with a 6:4 ratio of degeneracy, were explained by

more rigorous atomic multiplet theory. Importantly, this work

can be used as a starting point to explore the local electronic

structure changes in BaSnO3 films by structural defects, includ-

ing dislocations, vacancies, interfaces, and impurity doping.
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FIG. 7. (Color online) Measured core-loss EELS spectra from the BaSnO3

film: (a) Ba N4,5 edge, (b) Sn M4,5 edge, and (c) Ba M4,5 edge. (d) List of

experimental peak positions of Ba N4,5, Ba M4,5, and Sn M4,5 EELS edges

fine structure shown in panels (a)–(c).
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