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Bulk electronic structure of SrTiO 3 : Experiment and theory
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Valence electron-energy loss spectroscopy~VEELS! in a dedicated scanning transmission electron
microscope, vacuum ultraviolet spectroscopy and spectroscopic ellipsometry, andab initio band
structure calculations in the local density approximation have been used to determine the optical
properties and the electronic structure of SrTiO3 . Assignments of the interband transitions in the
electronic structure of bulk SrTiO3 have been determined quantitatively by comparison of VEELS
spectra with vacuum ultraviolet spectra and with theab initio calculated densities of states. The
experimentally determined indirect band gap energy is 3.25 eV, while the direct band gap energy is
3.75 eV. The conduction bands in SrTiO3 correspond to the bands composed of mainly Ti 3d t2g and
eg states, followed at higher energies by the bands of Sr 4d t2g andeg states, and free electron like
states dominating at energies above 15 eV. The upper valence band~UVB! contains 18 electrons in
dominantly O 2p states, hybridized with Ti and Sr states, and has a bandwidth of 5 eV. The
interband transitions from the UVB to the Ti 3d bands and to the Sr 4d bands give rise to the
transitions spanning from the indirect band gap energy of 3.25 eV up to 15 eV. The lower valence
band contains 12 electrons in Sr 4p and O 2s states which are separated by 2 eV, while having a
bandwidth of 5 eV. The interband transitions from the Sr 4p to the Ti 3d and Sr 4d bands give rise
to transition energies spanning from 15 to 24 eV. Interband transitions from the O 2s band to the
conduction bands appear at 26 eV. A very narrow band at233 eV below the top of the valence band
is composed of Sr 4s and Ti 3p states and contains eight electrons. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1415766#
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I. INTRODUCTION

Materials crystallizing in perovskite structures are im
portant for a wide range of applications. These include us
dielectric materials in capacitors, as oxygen ion conduc
in sensors, as substrates for highTc superconductors, or a
piezoelectric materials in actuators.1–6 A thorough under-
standing of most of these properties requires the knowle
of the electronic structure of the bulk material. A combin
theoretical and experimental approach towards this is
sented in this work for the simplest perovskite structure,
bic SrTiO3 . For the analysis of the electronic band structu
and the interband transitions we performed valence elec
energy-loss spectroscopy~VEELS! in a dedicated scannin
transmission electron microscope.7–12 We also performed
vacuum ultraviolet~VUV ! spectroscopy8–10,13 and spectro-
scopic ellipsometry,8–10 andab initio band structure calcula
tions in the local density approximation14,15 to determine the
electronic structure and optical properties of bulk SrTiO3 .
Assignments of the interband transitions were determi
quantitatively by comparison of VEELS spectra with VU
spectra and with theab initio calculated densities of state
Furthermore, the results of the optical spectroscopy meth
are compared to results of the VEELS. By this combinat
of different methods a rather complete understanding of

a!Author to whom correspondence should be addressed; electronic
benthem@hrem.mpi-stuttgart.mpg.de
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electronic structure of SrTiO3 in the valence electron regim
becomes achievable. In the future, this will help us to int
pret quantitatively the electronic structure of defects
SrTiO3 , e.g., grain boundaries16 and metal/SrTiO3 interfaces.

II. METHODS

A. Vacuum ultraviolet spectroscopy and
spectroscopic ellipsometry

1. Sample preparation

The optical spectroscopy measurements were perfor
on undoped and 0.14 wt % Fe-doped SrTiO3 single crystals,
which were grown by the Verneuil method.17 The crystals of
1031030.5 mm3 size were heat treated for 2.5 h at 950 °
in an oxygen atmosphere in order to anneal oxygen vac
cies, and then were diamond polished in a~100! surface ori-
entation.

2. Spectroscopic ellipsometry

Spectroscopic ellipsometry was performed with a Wo
lam 193/DUV instrument, which covers an energy ran
from 1.13 to 6.67 eV~1100–186 nm wavelengths!, and em-
ploys MgF2 polarizers and analyzers instead of the mo
common calcite optics. The spot diameter at the sample
mm. The instrument measures the ellipsometric parame
C andD, defined by Eq.~1!
il:
6 © 2001 American Institute of Physics
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tan~C!eD• i5
RP

RS
, ~1!

whereRP /RS is the complex ratio of thep- ands-polarized
components of the reflected amplitudes.

Ellipsometric measurements were conducted using l
incident on the front surface of the film. This sample co
figuration requires the back surface of the quartz substra
be roughened mechanically to eliminate the depolarizing
fects of back-surface reflections in the substrate. Front
ellipsometric measurements on samples in this configura
were obtained with light incident at angles of 60°, 70°, a
80° relative to the sample’s surface normal directions.

3. Vacuum ultraviolet spectroscopy
Data acquisition. The VUV spectrophotometer, whos

details have been discussed previously,18,19 utilizes a laser
plasma light source and iridium reference mirrors. The
ergy range of the instrument is from 1.7 to 44 eV, or fro
wavelengths of 700–28 nm, which extends beyond the
cutoff of 6 eV and the window cutoff of 10 eV. The wave
length resolution of the instrument is 0.2–0.6 nm, which c
responds to energy resolutions of 16 meV at 10 eV and
meV at 35 eV.

Data analysis. VUV reflectivity measurements wer
performed in order to determine the complex dielectric fu
tion e5e11 i e2 , which is accessible after a fast Fouri
transform-based Kramers–Kronig dispersion analysis20–22of
the reflectivity data. From the dielectric function, the inte
band transition strengthJcv is calculated according to

Jcv5Jcv11 iJcv25
m0

2

e2\2

E2

8p2 i ~e2~E!1 i e1~E!!, ~2!

wherem0 is the electron mass,e its charge, andE the energy.
Jcv15Re@Jcv# corresponds to the joint densities of states.

The effective number of electronsneff contributing to
transitions up to the energyE can be calculated using th
oscillator strength, orf-sum rule,23,24 evaluated forJcv1:

neff~E!uJcv15
4v f

m0
E

0

E Jcv1~E8!

E8
dE8, ~3!

wherev f is a characteristic volume of material, correspon
ing in the present work to one chemical formula unit
SrTiO3 which has a volume of 59.55 Å3.

B. Transmission electron microscopy „TEM…

1. Sample preparation

As starting material 0.14 wt % Fe-doped SrTiO3 single
crystals were used, which were grown by the Verne
method. The TEM specimen preparation was similar to
procedure described by Streckeret al.25 Ion beam thinning
was performed using a Gatan Pips at 3.5 kV accelera
voltage for Ar1 ions and a tilt angle of 6° of the incomin
beam with respect to the specimen surface. After perfora
the specimen was further ion milled at 2.0 kV with the sa
tilt angle to remove most of the damage of the specim
surfaces. In order to decrease contamination effects du
electron beam illumination the specimens were heat tre
Downloaded 21 Dec 2001 to 52.128.30.10. Redistribution subject to AI
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inside the microscope’s airlock for 20 min prior to insertio
into the microscope. This procedure considerably redu
the growth of carbon contamination layers on electron ir
diated areas. The specimen thickness ranged from 2.0 to
times the value of the inelastic mean free pathL to minimize
influences of surface plasmons and effects by contamina
or beam damage due to specimen preparation.

2. Data acquisition

The VEELS measurements were performed with a Ga
parallel electron energy-loss spectrometer~PEELS766! at-
tached to a VG HB501 UX dedicated scanning transmiss
electron microscope operating at 100 kV. The beam curr
was reduced to less than 1 nA in order to improve the ene
resolution to 0.6 eV full width half maximum of the zero
loss peak. The electron probe size was smaller than 1
Spectra were acquired using a dispersion of 0.095
channel in order to record spectra up to an energy-loss o
eV. The convergence semiangle was chosen to be equ
the collection semiangle, which was given to be 6.5 mrad
the PEELS aperture of 2 mm. Therefore the energy-l
functions had to be corrected because of the large con
gence angle, which was done by theCONCORprogram.23

All spectra were corrected for dark currents of the ph
todiode array. Significant influences of detector gain var
tions on the analyzed data were not observed. Data acq
tion with the PEELS detector was performed with the Ga
DigitalMicrograph 3.3 Spectrum Imaging software using
Macintosh PowerPC. Since the dynamic range of the de
tor is 16 bits, the simultaneous acquisition of the zero-lo
peak and the plasmon-loss peaks with good signal to n
ratio became possible.

3. Data analysis

For each energy-loss spectrum the center of the zero-
peak was fitted by a Lorentzian for the zero energy calib
tion. Subsequently, the spectra were corrected for mult
scattering events by Fourier-log deconvolution23 ~see Fig. 1!.

FIG. 1. Valence electron energy-loss spectrum of bulk SrTiO3 , the extracted
zero-loss peak, and the corresponding single-scattering spectrum
Fourier-log deconvolution~SSD!. The specimen thickness wast/L
52.475.L denotes the inelastic mean free path.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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During this procedure the wings of the zero-loss peak w
fitted separately with an asymmetric Pearson VII line shap8

The fitting was performed over the intensity range up to 5
of the height of the zero-loss peak. For energies lower t
3.4 eV, i.e., close to the optical band gap energy of SrT3

~3.2 eV,26 3.1 eV!,27–29no transitions are expected and the
fore the intensity of the single scattering deconvoluted sp
trum below this value is set to zero12 ~cf. Fig. 1!. Cerenkov
radiation apparently does not play an important role si
VUV and VEELS exhibit the same line shape. Influences
a variation of the cutoff energies within60.3 eV were found
to be negligible. The energy loss function~ELF!, which is
given by the double differential cross sectiond2s/dE dV of
inelastic electron scattering, is proportional to Im~21/e!,23

where e5e11 i e2 is the complex dielectric function. Th
real part of the dielectric function Re@21/e# was obtained by
a Kramers–Kronig transformation. Therefore the spec
were extrapolated up to 1000 eV on the high-energy side.
a correct scaling ofJcv determined from VEELS, thef-sum
rule was used with the refractive indexn52.37 for Fe doped
SrTiO3 as determined by spectroscopic ellipsometry.16 The
analysis of the spectra was done with electronic struc
tools,30 including theVEELS, CONCOR, andKKEELS programs.

C. Band structure calculations

Self-consistentab initio band structure calculation
based on the density functional theory14,15were performed in
the local density approximation~LDA !,31,32 using normcon-
serving pseudopotentials for core-valence states and a m
basis of localized wave functions and plane waves for
representation of valence states.33–36 We used the cubic uni
cell of the perovskite structure, containing one strontiu
one titanium, and three oxygen atoms. Site projected de
ties of states~PDOS! were obtained from the Kohn–Sha
eigenstates on a cubic mesh of 83838 k points in the first
Brillouin zone by projection onto partial waves in spher
centered at the atomic sites of Sr, Ti, and O. The energyEF

~Fermi energy! of the highest occupied one-electron state
the valence band edge is taken as the energy zero. Proje
radii were chosen as 2.607 bohr~1 bohr50.529 Å! for Sr,
1.525 bohr for Ti, and 2.840 bohr for O. With these radii, t
atomic spheres contain the formal ionic charges, i.e.,12 for
Sr, 14 for Ti, and22 for O, respectively. The results of th
calculations will be discussed in Sec. III C.

III. RESULTS

In the following subsections the results of optical spe
troscopies~VUV and ellipsometry! and VEELS are pre-
sented and compared to each other. Subsequently theab ini-
tio calculated densities of states are discussed.

A. VUV spectroscopy and spectroscopic ellipsometry

The optical functions of SrTiO3 were first determined
from spectroscopic ellipsometry by solving the Fresnel eq
tions for an adjustable parameter optical model represen
the bulk crystal.37 Figure 2 shows the complex index of re
fraction (n̂5n1 ik) determined by spectroscopic ellipsom
etry in comparison to data from Palik’sHandbook of Optical
Downloaded 21 Dec 2001 to 52.128.30.10. Redistribution subject to AI
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Constants.38 The real part of the index of refraction of thes
samples of SrTiO3 in the range of visible light isn52.37. In
the literature values are reported to vary from 2.20 to 2
due to variations in the composition or lattice strains of t
SrTiO3 specimens.12

Direct and indirect band gap energies~cf. Table I! were
determined by linear fits to the optical absorption coefficie
(a54pkl21), which was calculated from the ellipsometr
cally determined extinction coefficient. Here,k denotes the
wave vector andl the wavelength. These band gap energ
can vary depending on the range of absorption coefficie
used in the linear fit.39 The direct band gap of SrTiO3 of 3.75
eV was determined as the intercept of a linear fit line to
plot of a2E2 versus energyE for the absorption coefficient in
the range of 120 000 cm21,a,300 000 cm21. The indirect
band gap of SrTiO3 of 3.25 eV was determined as th
intercept of the linear fit line to a plot ofa21/2 versus
energy for the absorption coefficient in the range
2000 cm21,a,45 000 cm21.

In Fig. 3 the reflectance measured by VUV spectrosco
is plotted versus energy. In Figs. 3–8 the results of two
dependent measurements are plotted to show the reliabi
of the spectral shapes with respect to both the experime
data acquisition and the numerical Kramers–Kronig trans
mations. By the Kramers–Kronig dispersion analysis the
terband transition strengthJcv is determined and the real pa

FIG. 2. Complex index of refractionn̂5n1 ik, for bulk SrTiO3 extracted
from spectroscopic ellipsometry. For comparison, data from Palik’sHand-
book of Optical Constants~Ref. 38! are included~dashed line shapes!.

TABLE I. Indirect and direct band gap energies~in eV! determined from
spectroscopic ellipsometry and from the LDA band structure calculation

Band gap Ellipsometry LDA band structure

indirect 3.75 1.89(R→G)
direct 3.25 2.22(G→G)
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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extracted from two independent measurements is plotte
Fig. 4 for energies up to 15 eV. The interband transit
strength calculated from the complex index of refraction
termined from ellipsometry is also included in Fig. 4. T
ellipsometry spectra as well as the VUV spectra show w
resolved peaks labeledA2 ~4.9/4.8 eV! andA4 ~6.3 eV! and
two corresponding shoulders labeledA1 ~4.2 eV! and A3

~5.4/5.3 eV!. At energies between 7 and 15 eV, beyond
energy range of ellipsometry, the VUV data show thr
clearly resolved peaks at 9.1, 9.9, and 11.9 eV, labeledB1 ,
B2 , and C, respectively. In addition, two weaker featur
labeledD1 ~12.9 eV! andD2 ~13.7 eV! are visible. Although
absolute intensities can vary in different experimental spe
determined by one technique~cf. peaksAi andBi!, the over-

FIG. 3. Reflectance from VUV spectroscopy and from VEELS.

FIG. 4. Re@Jcv# from VUV spectroscopy and spectroscopic ellipsome
~dashed curves extending to 7 eV! in comparison to Re@Jcv# from VEELS.
Downloaded 21 Dec 2001 to 52.128.30.10. Redistribution subject to AI
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all line shapes are the same, reflecting identical sets of in
band transitions. At higher energies~cf. Fig. 5! the VUV
spectra exhibit transitions at 16.4 eV (E1), 19.7 eV (E2),
21.7 eV (E3), 24.2 eV (E4), 26.4 eV (F1), and 27.4 eV
(F2). Above 32 eV the signal to noise ratio in the VU
measurement is diminishing due to low absolute levels of
reflected signal, which makes peak identifications unrelia
in this energy range. All peak energies from the differe
experimental techniques are listed in Table II. From the VU
data we have calculated the oscillator strengthf-sum rule,
which gives information about how many valence electro
are involved into transitions up to a specific energy. T
results of these calculations for the same independent ex
ments are given in Fig. 6.

FIG. 5. Re@Jcv# from EELS in comparison to Re@Jcv# from VUV
spectroscopy.

FIG. 6. f-sum rule from EELS and VUV spectroscopy.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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B. VEELS

In Fig. 7 the two ELFs from two independent measu
ments at different specimen areas are plotted. The zero
peak is already subtracted. The interband transition stren
Re@Jcv# obtained from the ELF by Kramers–Kronig transfo
mations are shown in Figs. 4 and 5. In the low energy reg
~,15 eV! only the peaks labeledA2 , A4 , B2 , C, and two
weak shoulders at the positions of peaksD1 and D2 are
observable. This is due to the limited energy resolution a
relatively low signal to noise ratio in the VEEL spectra
this energy range. At higher energies the shouldersE1 , E2 ,
E3 , E4 , F1 , andF2 , were resolved at similar energies as
the VUV spectra~cf. Table II!. Two additional features la
beledG andH can be observed at 37.5 and 45.5 eV, resp
tively, which were not detectable by VUV spectroscopy.

FIG. 7. Energy-loss function from VEELS in comparison to VUV spectro
copy up to an energy loss of 85 eV.

FIG. 8. Reflectance from VEELS in comparison to VUV spectroscopy up
an energy of 85 eV.
Downloaded 21 Dec 2001 to 52.128.30.10. Redistribution subject to AI
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Once any of the complex optical functions is determin
from Kramers–Kronig dispersion analysis, any other opti
property can be calculated numerically. Therefore, we ca
late the reflectance from the VEELS results for comparis
The result of VEELS and VUV reflectance data is given
Fig. 8. The index of refraction and thef-sum rule, both cal-
culated from the VEELS data, are included in Figs. 9 and
respectively.

C. Band structure

The interband transition strength Re@Jcv# corresponds to
transitions from occupied valence states of the material
the unoccupied conduction states. By a comparison of
transition energies extracted from Re@Jcv# to the band struc-
ture and to the density of states, assignments of the orb
origins of these interband transitions can be made. Fo
quantitative comparison of the band structure calculati
with the experimentally determined interband transiti
strength, transition matrix elements would have to be
cluded in the theoretical ELF, which has not been done
this work. Band structure calculations for SrTiO3 have been
performed by several authors~see e.g., Refs. 39–44!.

Figure 10 shows the calculated band structure
SrTiO3 . By a projection of this band structure onto th
atomic sites of O, Ti, and Sr, site PDOSs are derived, wh
are plotted in Fig. 11. In the band structure and the dens
of states, all energies are referred relative to a zero of en
at the top of the valence band. The occupied bands fr
which interband transitions originate are the Ti 3s levels at
256 eV, Ti 3p, and Sr 4s levels at233 eV, the Sr 4p levels
at 214.7 eV, and the O 2s and O 2p levels at216.6 eV and
25.0 to 20.5 eV. The most prominent unoccupied ener
bands in the conduction band are composed of Ti 3d t2g

~11.0–14.5 eV!, Ti eg ~14.5–9.0 eV!, and Sr 4d ~15–112
eV! levels as well as various empty O 2p levels.

The indirect and the direct band gap energies of SrT3

determined from the band structure calculations are 1.89
2.22 eV, respectively, which underestimates the experim
tally determined indirect gap energy of 3.2 eV and the dir
gap energy of 3.75 eV by about 1.5 eV. This is well know
for calculations in the LDA.44 These results are in goo
agreement with theoretical LDA results from Cappel
et al.44 who calculated values of 1.90 and 2.24 eV for t
indirect and the direct band gap, respectively. In the follo
ing discussion the unoccupied density of states is shiftedad
hoc by 1.5 eV toward higher energies~by a ‘‘scissors’’ op-
eration! to compensate for this systematic error of the LD

IV. DISCUSSION

In this section the experimentally observed interba
transitions are discussed in detail. Assignments of the sp
tral features of the interband transition strength, which
tabulated in Table II, are developed in the context of disti
interband transitions from occupied valence bands and s
low core levels to the unoccupied conduction bands, us
atomic-orbital and symmetry characters in the correspond
energy bands plotted in Fig. 10. On this basis, a schem
energy level diagram will be developed, which is plotted

-

o
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Downloaded 21 D
TABLE II. Interband transition energies~in eV! for bulk SrTiO3 as determined from spectroscopic ellipsomet
VUV spectroscopy, VEELS, and local density functional theory~LDFT!. Transitions are labeled as in Figs.
and 5, withp denoting a peak ands a shoulder. Transition energies reported by Ba¨uerleet al.13 are also given.

Transition Assignment Type Ellipsometry VUV spectroscopy VEELS LDFT Experimea

Transitions from the O 2p UVB
A1 O 2p⇒Ti 3d t2g s 4.2 4.2 ¯ ¯ 4.0
A2 O 2p⇒Ti 3d t2g p 4.9 4.8 5.0 5.1 4.86
A3 O 2p⇒Ti 3d t2g s 5.4 5.3 ¯ ¯ 5.5
A4 O 2p⇒Ti 3d t2g p 6.3 6.3 6.4 6.7 6.52
B1 O 2p⇒Ti 3d eg p ¯ 9.1 9.2
B2 O 2p⇒Ti 3d eg p ¯ 9.9 9.7 9.7 10.2~9.9!
C O 2p⇒,Ti 3d eg , Sr 4d p ¯ 11.9 11.8 11.8 12.0

t2g

D1 O 2p⇒Sr 4d t2g s ¯ 12.9 12.7 ¯ 13.0–13.8
D2 O 2p⇒Sr 4d eg s ¯ 13.7 13.2 13.1 13.0–13.8

Transitions predominantly from the O 2s, Sr 4p lower valence band
E1 Sr 4p⇒Ti 3d t2g s ¯ 16.4 16.1 16.7 16.4
E2 Sr 4p⇒Ti 3d eg s ¯ 19.7 18.7 20.0 19.6
E3 Sr 4p⇒Sr 4d t2g s ¯ 21.7 21.7 ¯ ¯

E4 Sr 4p⇒Sr 4d eg s ¯ 24.2 23.6
F1 O 2s⇒Ti 3d, Sr 4d s ¯ 26.4 26.1
F2 O 2s⇒Ti 3d, Sr 4d s ¯ 27.4 27.3

Transitions predominantly from the Sr 4s, Ti 3p shallow core level
G SrN1 edge, s ¯ ¯ 37.5

Sr 4s⇒O 2p
H Ti M2,3 edge, p ¯ ¯ 45.5

Ti 3p⇒
Ti 3d, Ti 4s, Sr 4d

aSee Ref. 13.
e
gi
v-
ro
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Fig. 12. Subsequently, the results of the different experim
tal techniques will be compared. Since the transition ener
extracted from VUV spectroscopy and VEELS differ in se
eral spectral features, the transition energies extracted f
the optical results are used whenever possible for the ass
ments since the energy resolution of the VUV spectra
higher than that of the VEELS data. Finally a comparison
previous data from the literature will be made.

FIG. 9. Index of refractionn and extinction coefficientk from VEELS ~data
extending to 85 eV! and VUV spectroscopy~data ending at 45 eV!.
ec 2001 to 52.128.30.10. Redistribution subject to AI
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FIG. 10. Band structure of SrTiO3 calculatedab initio in the local density
approximation.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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A. UV optical constants and band gaps

The UV optical constants reported in Fig. 2 show fe
tures comparable to those reported in Palik’sHandbook of
Optical Constants of Solids,38 but the transition energie
found here exhibit a shift to higher energies. Fryeet al.45,46

have observed a similar shift of features in the UV opti
constants toward higher energies due to prior thermal tr
ments and changes in the oxidation or reduction of SrTiO3 .
The band gaps fitted by Fryeet al. to Palik’s data give direct
and indirect band gap energies of 3.52 and 3.28 eV, w
their results show direct band gap energies ranging from 3
to 3.90 and indirect band gap energies of 3.00–3.77 eV.
direct and indirect band gap values found in this work
3.75 and 3.25 eV, respectively, fall within the range of va
ability seen by Fryeet al.45,46 for SrTiO3 .

B. Valence electron counts in SrTiO 3

When utilizing the oscillator-strength orf-sum rule to
count the electrons involved in interband transitions, it
important to understand the expected number of electron
the material. For SrTiO3 the upper valence band~UVB! has
18 electrons in total originating from three oxygen atoms
unit cell each with six 2p electrons. The lower valence ban
~LVB ! is filled with 12 electrons in total, composed of thre
oxygen atoms with six oxygen 2s and six 4p electrons of
one Sr atom. The highest core level contains eight electr
arising from two Sr 4s and six Ti 3p electrons. The nex
lower core level consists of two electrons arising from Tis
electrons. Altogether, this adds up to 40 electrons, wh
might be expected to result as well from thef-sum rule
evaluated to 85 eV. This has been done in the current w
from the VEELS data and the result is given in Fig. 6. W

FIG. 11. Calculated total density of states~DOS! for SrTiO3 and site pro-
jected DOS for oxygen, titanium, and strontium, respectively.
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observe that according to thef-sum rule only 30 electrons
have undergone interband transitions with transition ener
up to 85 eV.

C. Transitions from the upper valence band „A, B, C,
and D…

In Fig. 4, theJcv peaks labeledA1–A4 below 7 eV origi-
nate from transitions of O 2p electrons into Ti 3d t2g con-
duction bands, while transitionsB1 and B2 correspond to
O 2p to Ti 3d eg excitations. PeakC at 11.9 eV has a mixed
character of O 2p→Ti 3d eg and O 2p→Sr 4d t2g transi-
tions, whereas the two shouldersD1 andD2 at 12.9 and 13.7
eV are due to O 2p→Sr 4d t2g and eg transitions, respec-
tively. Further transitions can be extracted from the cal
lated densities of states than those visible in the experime
spectra plotted in Fig. 4, since the effect of the experimen
energy resolution causes some broadening of the trans
peaks.

D. Transitions from the lower valence band „E,F…

In Fig. 5, at transition energies of 16.4 eV (E1) and 19.7
eV (E2) the interband transition strengths determined
VEELS and VUV spectroscopy exhibit two shoulders whi
are due to Sr 4p to Ti 3d t2g andeg transitions, respectively
A spin-orbit splitting of the Sr 4p levels by 0.6 eV, which
would occur as a splitting ofE1 and E2, could not be re-
solved with any of the applied experimental techniques d
to the limited energy resolution. Since the occupied Op
and Sr 4p levels are separated by 10–13 eV and peaksC and
E3 differ by approximately 10 eV, we can assign the we
features observable in theJcv spectra at 21.7 eV (E3) and at
24.2 eV (E4) to Sr 4p to Ti 3d t2g and eg , transitions, re-
spectively. PeaksF1 andF2 energetically correspond to O 2s
to Ti 3d and Sr 4d levels. Since the initial states of thes
transitions are at different atomic sites than the final sta
such transitions do not violate selection rules for dipole tr
sitions.

E. Shallow core level transitions „G,H…

PeaksG andH appearing in theJcv spectra from VEELS
data in Fig. 5 at 37.5 and 45.5 eV, respectively, which co
not be resolved by VUV, are due to shallow core-level ex
tations. Although peakG at 37.5 eV is a weak spectral fea
ture, which is not clearly resolved, it is most likely due to
Sr 4s→O 2p transition~cf. Fig. 11! and can be assigned t
the SrN1 absorption edge.23,47Also a Ti 3p→O 2p transition
is possible since the initial and the final state of this tran
tion belong to different atomic sites. PeakH can be identified
with the TiM2,3 edge,47 and arises from transitions from
Ti 3p→Ti 4s, Ti 3d and Sr 4d conduction bands. The ene
getic shift of 1.5 eV toward lower energy losses in compa
son to the metallic Ti edge47 is due to the oxidation state o
Ti in SrTiO3 , which was also observed in bulk TiO2 .47

F. Schematic energy level description

From the assignments the different transition energ
~cf. Table II! extracted from theJcv spectra~cf. Figs. 4 and 5!
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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to distinct transition processes, a schematic energy level
gram is constructed, which is plotted in Fig. 12.

G. Comparison of the different experimental
approaches

Spectroscopic ellipsometry as well as vacuum ultravio
and valence electron energy-loss spectroscopy are ab
measure the interband transition strength of the investig
material through either Fresnel analysis~for ellipsometry! or
Kramers–Kronig dispersion analysis on the experimen
data. By the Kramers–Kronig analysis, all VEELS data c
be used to determine any of the complex optical propert
In the same way, the single scattering energy-loss funct
can be calculated from the optical spectra. The peak ene
in theJcv spectra obtained by VEELS and VUV spectrosco
are the same within uncertainties of60.2 eV and reproduce
results from previous VUV spectroscopy investigations.13

The optical spectroscopy methods are very sensitive
the low energy region below 15 eV since the optical refl
tivity provides high intensities in this regime. The EELS da
are susceptible to artifacts due to fitting and subtraction
the zero-loss peak. Above 15 eV where the optical sign
become weak, VEELS is superior, provided that the sin
scattering deconvolution is done appropriately. T
Kramers–Kronig analysis performed on VEELS data
much more reliable than for the optical spectra because
energy data region can be much larger for EELS. This
comes important if core edges appear at transition ener
that are higher than those accessible in the optical spec
copy.

As mentioned earlier, the transition energies extrac
from the VUV spectra and VEELS data differ in sever
peaks. Averaging the differences in peak energies give

FIG. 12. Schematic energy level diagram for bulk SrTiO3 . The transitions
from the valence band into the conduction band assigned in this work
plotted according to Table II. Energies are taken from the band structure
DOS calculations and are calibrated with respect to the energy zero a
top of the valence band.
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Table II, the transition energies are reproduced by both
perimental methods within an accuracy of60.15 and60.4
eV for peaks and shoulders, respectively.

However, the energy resolution in the VUV spectrosco
is better by a factor of 3 than in the energy-loss spectrosco
Here, the appearance of new electron sources in elec
microscopy and the development of monochromators w
provide better energy resolutions.

H. Comparison to results from the literature

In a previous study Ba¨uerle and co-workers13 examined
the band structure of SrTiO3 by VUV spectroscopy experi-
ments and compared these results to band-structure cal
tions by Mattheiss.39 Bäuerle also provided a schematic e
ergy level diagram,13 but only assigned transitions from th
O 2p to Ti 3d levels. The results of Ba¨uerleet al.13 are given
in Table II and correspond to the transitions labelsA9 to E
found in this work within tolerances of60.3 eV. Ryen
et al.12 showed that the interband transition strength de
mined by valence electron energy-loss spectroscopy is se
tive to local stresses in SrTiO3 . In a previous article we have
investigated the electronic structure of a nearS13 grain
boundary in SrTiO3 .16 LDA calculations of SrTiO3 band
structures and dielectric properties have been done by se
authors39–44and are in good agreement with our LDA calc
lations.

V. CONCLUSIONS

Electronic structure investigations of Fe-doped SrTi3

were performed by VEELS and optical VUV spectrosco
and spectroscopic ellipsometry. The experimentally de
mined interband transition energies were assigned to dis
interband transitions by comparison to calculated band st
tures and densities of states, which were obtained in
LDA. By this combination of two different experimenta
techniques with first-principles electronic structure calcu
tions a schematic energy level diagram for bulk SrTiO3 was
constructed. The conduction bands in SrTiO3 correspond to
the bands composed mainly of Ti 3d t2g and eg bands, fol-
lowed at higher energies by the bands of Sr 4d t2g and eg

states, and free electron like bands dominating at ener
from 15 eV above the valence band maximum on.

The upper valence band~UVB! consists of 18 electrons
in dominantly O 2p states, hybridized with Ti and Sr state
and has a bandwidth of 5 eV. The interband transitions fr
the UVB to the Ti 3d t2g andeg bands and to the Sr 4d t2g

andeg bands give rise to the transitionsA throughD, which
span from the indirect band gap top energy of 3.25 up to
eV. At 15 eV thef-sum rule yields that eight of the valenc
electrons have undergone interband transitions.

The lower valence band~LVB ! consists of 12 electrons
in Sr 4p and O 2s states, which are separated by 2 eV, a
the bandwidth is 5 eV. The interband transitions from t
Sr 4p to the Ti 3d and Sr 4d bands give rise to the transition
E, which span from 15 to 24 eV. Interband transitions fro
the O 2s band to the conduction bandsF appear at 26 eV.
According to thef-sum rule, at 30 eV 10–12 electrons fro

re
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the LVB have undergone interband transitions, bringing
f-sum rule to 18–20 electrons for both LVB and UVB.

The very narrow band at233 eV below the top of the
valence band is composed of Sr 4s and Ti 3p states and con
tains eight electrons. It can be considered as shallow c
levels, and gives rise to transitionsG and H, a SrN1 and a
Ti M2,3 edge, with a transition energy of 45 eV. At 60 eV a
additional six electrons have undergone interband transiti
bringing thef-sum rule to 26 electrons.

Our results are in good agreement with available d
from previous studies in the literature. In the energy ran
below 15 eV the optical spectroscopy is superior to VEE
because in spectroscopic ellipsometry high intensities co
be recorded, whereas the VEELS data are susceptible t
tifacts due to fitting of the zero-loss peak in this regim
Above 15 eV VEELS is superior because high counting s
tistics could be achieved by this technique. Moreover, ab
32 eV the detector used for measurements of VUV spectr
this work provides low signal to noise ratios in the optic
spectroscopy. In particular VEELS data were acquired up
energies of 90 eV, which makes the Kramers–Kronig ana
sis much more reliable, especially when core absorp
edges like the TiM2,3 and SrN1 edges occur in the energ
range, which is not accessible by VUV.

VUV spectroscopy and measurements of 0.14 wt %
doped and undoped SrTiO3 showed exactly the same resu
in the ELFs and theJcv spectra due to the small doping leve
Therefore the electronic structure of SrTiO3 seems to be un
changed by this amount of Fe doping.
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