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Bulk electronic structure of SrTiO 5: Experiment and theory

K. van Benthem? and C. Elsasser
Max-Planck-Institut fu Metallforschung, Seestrasse 92, D-70174 Stuttgart, Germany

R. H. French
DuPont Corporation Central Research, E356-384, Exp. Street, Wilmington, Delaware 19880-0356

(Received 5 April 2001; accepted for publication 10 September)2001

Valence electron-energy loss spectroscOpEELS) in a dedicated scanning transmission electron
microscope, vacuum ultraviolet spectroscopy and spectroscopic ellipsometrgbaindio band
structure calculations in the local density approximation have been used to determine the optical
properties and the electronic structure of Sri@ssignments of the interband transitions in the
electronic structure of bulk SrTiChave been determined quantitatively by comparison of VEELS
spectra with vacuum ultraviolet spectra and with #ieinitio 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 SrEiCorrespond to the bands composed of mainlydig, and

€y states, followed at higher energies by the bands ofdSp4 andey states, and free electron like
states dominating at energies above 15 eV. The upper valencg B¥J contains 18 electrons in
dominantly O % states, hybridized with Ti and Sr states, and has a bandwidth of 5 eV. The
interband transitions from the UVB to the Ti3bands and to the Siddbands 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 Sy4nd O Z states which are separated by 2 eV, while having a
bandwidth of 5 eV. The interband transitions from the grtd the Ti3d and Sr 4l bands give rise

to transition energies spanning from 15 to 24 eV. Interband transitions from tlseb@rl to the
conduction bands appear at 26 eV. A very narrow band38 eV below the top of the valence band

is composed of Srgland Ti 3p states and contains eight electrons. 28601 American Institute of
Physics. [DOI: 10.1063/1.1415766

I. INTRODUCTION electronic structure of SrTiQin the valence electron regime
. o . _ becomes achievable. In the future, this will help us to inter-
Materials crystallizing in perovskite structures are im-pret quantitatively the electronic structure of defects in

portant for a wide range of applications. These include use agyTiQ,, e.g., grain boundariéand metal/SrTiQinterfaces.
dielectric materials in capacitors, as oxygen ion conductors

in sensors, as substrates for high superconductors, or as

piezoelectric materials in actuatdi® A thorough under- Il. METHODS

standing of most of these properties requires the knowledg®. Vacuum ultraviolet spectroscopy and
of the electronic structure of the bulk material. A combinedspectroscopic ellipsometry

theoretical and experimental approach towards this is pre-

sented in this work for the simplest perovskite structure, cul. Sample preparation

bic SrTiO;. For the analysis of the electronic band structure  The optical spectroscopy measurements were performed
and the interband transitions we performed valence electrogn undoped and 0.14 wt% Fe-doped SrFEngle crystals,
energy-loss spectroscoyEELS) in a dedicated scanning which were grown by the Verneuil methd8The crystals of
transmission electron microscofié? We also performed 10x10x0.5 mn? size were heat treated for 2.5 h at 950 °C
vacuum ultraviolet(VUV) spectroscoy ‘***and spectro- in an oxygen atmosphere in order to anneal oxygen vacan-

scopic ellipsometr§;*®andab initio band structure calcula- cjes, and then were diamond polished ifL80) surface ori-
tions in the local density approximatitit®to determine the  antation.

electronic structure and optical properties of bulk SgliO

Assignments of the interband transitions were determined

quantitatively by comparison of VEELS spectra with VUV 2. Spectroscopic ellipsometry

spectra and with thab initio calculated densities of states. Spectroscopic ellipsometry was performed with a Wool-
Furthermore, the results of the optical spectroscopy methodam 193/DUV instrument, which covers an energy range
are compared to results of the VEELS. By this combinationfrom 1.13 to 6.67 eM1100—186 nm wavelengthsand em-

of different methods a rather complete understanding of th@loys MgF, polarizers and analyzers instead of the more
common calcite optics. The spot diameter at the sample is 2
Author to whom correspondence should be addressed; electronic maiMM- The instrument measures the ellipsometric parameters
benthem@hrem.mpi-stuttgart. npg.de ¥ andA, defined by Eq(1)
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tan¥)et '=—, )
RS 100 zero-loss
whereRp /Rg is the complex ratio of th@- and s-polarized
components of the reflected amplitudes. 80
Ellipsometric measurements were conducted using light
incident on the front surface of the film. This sample con-
figuration requires the back surface of the quartz substrate t¢ as measured
be roughened mechanically to eliminate the depolarizing ef- 4 |-
fects of back-surface reflections in the substrate. Front side | »
ellipsometric measurements on samples in this configuratior |
were obtained with light incident at angles of 60°, 70°, and ] after deconvolution

. . ] (SSD)
80° relative to the sample’s surface normal directions. h )

tensity
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3. Vacuum ultraviolet spectroscopy Energy Loss (eV)

[.)ata vaUISItlon'. The VUV Spe.cggphmp.meter’ whose FIG. 1. Valence electron energy-loss spectrum of bulk SsTiBe extracted
details h_ave been dlSCUSS_G(_i previo &2 Ut'“Z_es a laser zero-loss peak, and the corresponding single-scattering spectrum after
plasma light source and iridium reference mirrors. The enfourier-log deconvolution(SSD. The specimen thickness waliA
ergy range of the instrument is from 1.7 to 44 eV, or from =2.475.A denotes the inelastic mean free path.
wavelengths of 700—-28 nm, which extends beyond the air
cutoff of 6 eV and the window cutoff of 10 eV. The wave- . . . L L . :

inside the microscope’s airlock for 20 min prior to insertion

length resolution of the instrument is 0.2—0.6 nm, which cor-, o th : Thi d ‘derabl duced
responds to energy resolutions of 16 meV at 10 eV and 20&1‘1 0 the microscope. This procedure considerably reduce
the growth of carbon contamination layers on electron irra-
mev at 35 ev. diated Th imen thick d from 2.0 to 2.5
Data analysis. VUV reflectivity measurements were lated areas. The specimen thickness ranged from 2.U 10 2.
times the value of the inelastic mean free pAtto minimize

performed in order to determine the complex dielectric func- f £ surf | d effects b taminati
tion e=e€;,+iey, Which is accessible after a fast Fourier Influences of surface plasmons and eliects by contamination

transform-based Kramers—Kronig dispersion anaf§siof beam damage due to specimen preparation.

the reflectivity data. From the dielectric function, the inter-
band transition strengthy, is calculated according to
m g2 The VEELS measurements were performed with a Gatan
JCV:JCV1+iJCV2:2—02 —i(e(E)+iey(E)), (2)  parallel electron energy-loss spectrometREELS766 at-

e“h” 8w tached to a VG HB501 UX dedicated scanning transmission
wherem, is the electron massiits charge, and the energy. ~ €lectron microscope operating.at 100 kV.. The beam current
Joi=RdJ.,] corresponds to the joint densities of states. Was reduced to less than 1 nAin order to improve the energy

The effective number of e|ectron$eﬁ Contributing to resolution to 0.6 eV full width half maximum of the zero-

transitions up to the energl can be calculated using the 0SS peak. The electron probe size was smaller than 1 nm.

2. Data acquisition

oscillator strength, of-sum rule?®?* evaluated ford, Spectra were acquired using a dispersion of 0.095 eV/
, channel in order to record spectra up to an energy-loss of 90
Nert(E) | seu1 = ﬂJEval(E )dE' 3) eV. The convergence semiangle was chosen to be equal to

et =/l ™ my E’' ’ the collection semiangle, which was given to be 6.5 mrad by

the PEELS aperture of 2 mm. Therefore the energy-loss
functions had to be corrected because of the large conver-
gence angle, which was done by thencor program?®
All spectra were corrected for dark currents of the pho-
todiode array. Significant influences of detector gain varia-
tions on the analyzed data were not observed. Data acquisi-
1. Sample preparation tion with the PEELS detector was performed with the Gatan
As starting material 0.14 wt% Fe-doped SriiSingle Digit_aIMicrograph 33 S_pectrum 'mag"ﬁg software using a
crystals were used, which were grown by the VerneuiIMa(_:IntOSh _PowerP(_:. Since the dynar_m_c_ range of the detec-
method. The TEM specimen preparation was similar to the®' 'S 16 bits, the simultaneous acqglsmon of t.he zero-lqss
procedure described by Strecketral?® lon beam thinning pegk and the plasmon—loss peaks with good signal to noise
was performed using a Gatan Pips at 3.5 kV acceleratior[l"’ltIo became possible.
voltage for Ar" ions and a tilt angle of 6° of the incoming )
beam with respect to the specimen surface. After perforatio: Data analysis
the specimen was further ion milled at 2.0 kV with the same  For each energy-loss spectrum the center of the zero-loss
tilt angle to remove most of the damage of the specimempeak was fitted by a Lorentzian for the zero energy calibra-
surfaces. In order to decrease contamination effects durinion. Subsequently, the spectra were corrected for multiple
electron beam illumination the specimens were heat treatestattering events by Fourier-log deconvolufib(see Fig. 1

wherev; is a characteristic volume of material, correspond-
ing in the present work to one chemical formula unit of
SrTiO; which has a volume of 59.55%A

B. Transmission electron microscopy (TEM)
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During this procedure the wings of the zero-loss peak were
fitted separately with an asymmetric Pearson VII line sfape.
The fitting was performed over the intensity range up to 50%
of the height of the zero-loss peak. For energies lower than
3.4 eV, i.e., close to the optical band gap energy of S§TiO
(3.2 eV?®3.1 e\),2~?°no transitions are expected and there-
fore the intensity of the single scattering deconvoluted spec-
trum below this value is set to zéfo(cf. Fig. 1). Cerenkov
radiation apparently does not play an important role since
VUV and VEELS exhibit the same line shape. Influences of
a variation of the cutoff energies within0.3 eV were found
to be negligible. The energy loss functioBELF), which is
given by the double differential cross sectidtu/dE d() of
inelastic electron scattering, is proportional to(tai/e),?®
where e=€;+ie, is the complex dielectric function. The
real part of the dielectric function IRe 1/e] was obtained by
a Kramers—Kronig transformation. Therefore the spectra .
were extrapolated up to 1000 eV on the high-energy side. For
a correct scaling o, determined from VEELS, th&ésum
rule was used with the refractive indax 2.37 for Fe doped
SrTiO; as determined by spectroscopic ellipsométryhe Energy (eV)
anal%%'is of the spectra was done with electronic Stl’UCtur%IG. 2. Complex index of refraction=n+ik, for bulk SrTiO; extracted
tools; including thevEELS, CONCOR andKKEELS programs.  from spectroscopic ellipsometry. For comparison, data from Patiiad-
book of Optical ConstantRef. 3§ are includeddashed line shapgs

index of refraction

tion coefficient

extinc

C. Band structure calculations

Self-consistentab initio band structure calculations Constants® The real part of the index of refraction of these
based on the density functional thetty°were performed in  samples of SrTiQin the range of visible light is=2.37. In
the local density approximatiof.DA),332using normcon- the literature values are reported to vary from 2.20 to 2.66
serving pseudopotentials for core-valence states and a mixdtye to variations in the composition or lattice strains of the
basis of localized wave functions and plane waves for théSrTiO; specimens?
representation of valence stafés*®We used the cubic unit Direct and indirect band gap energi@s. Table ) were
cell of the perovskite structure, containing one strontiumdetermined by linear fits to the optical absorption coefficient
one titanium, and three oxygen atoms. Site projected densfe=4mk\ 1), which was calculated from the ellipsometri-
ties of stategPDOS were obtained from the Kohn—Sham cally determined extinction coefficient. Herle denotes the
eigenstates on a cubic mesh 0£8x8 k points in the first wave vector and the wavelength. These band gap energies
Brillouin zone by projection onto partial waves in spherescan vary depending on the range of absorption coefficients
centered at the atomic sites of Sr, Ti, and O. The engrgy Used in the linear fit? The direct band gap of SrTibf 3.75
(Fermi energy of the highest occupied one-electron state attV was determined as the intercept of a linear fit line to a
the valence band edge is taken as the energy zero. Projecti#pt of «’E® versus energf for the absorption coefficient in
radii were chosen as 2.607 boflr bohr=0.529 ,3) for Sr, the range of 120000 cm<a<300000 cm?. The indirect
1.525 bohr for Ti, and 2.840 bohr for O. With these radii, theband gap of SrTi@ of 3.25 eV was determined as the
atomic spheres contain the formal ionic charges, i@ for  intercept of the linear fit line to a plot of:~*2 versus
Sr, +4 for Ti, and —2 for O, respectively. The results of the energy for the absorption coefficient in the range of

calculations will be discussed in Sec. Il C. 2000 cn '<a<45000 cm .
In Fig. 3 the reflectance measured by VUV spectroscopy
IIl. RESULTS is plotted versus energy. In Figs. 3—8 the results of two in-

dependent measurements are plotted to show the reliabilities
In the following subsections the results of optical spec-of the spectral shapes with respect to both the experimental
troscopies(VUV and ellipsometry and VEELS are pre- data acquisition and the numerical Kramers—Kronig transfor-
sented and compared to each other. Subsequentgtifie-  mations. By the Kramers—Kronig dispersion analysis the in-
tio calculated densities of states are discussed. terband transition strength, is determined and the real part

A. VUV spectroscopy and spectroscopic ellipsometry

The optical functions of SrTig)were first determined TABLE 1. In@req and direct band gap energiés eV) determined from
. . . spectroscopic ellipsometry and from the LDA band structure calculations.
from spectroscopic ellipsometry by solving the Fresnel equaz

tions for an adjustable parameter optical model representingand gap Ellipsometry LDA band structure
7 . . _

the pulk crysta?.. Figure 2 ;hows the complex |'ndex' of re indirect 375 L8R T)

fraction (N=n+ik) determined by spectroscopic ellipsom- g ec 395 2.200—T)

etry in comparison to data from Palikiéandbook of Optical
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0 5 10 15 20 25 30 35 40 FIG. 5. RéJ,] from EELS in comparison to R&,] from VUV
Energy (eV) spectroscopy.

FIG. 3. Reflectance from VUV spectroscopy and from VEELS.
all line shapes are the same, reflecting identical sets of inter-
band transitions. At higher energiésf. Fig. 5 the VUV

extracted from two independent measurements is plotted ifiPectra exhibit transitions at 16.4 ¥y, 19.7 eV €),

Fig. 4 for energies up to 15 eV. The interband transition?1.7 €V €s), 24.2 eV €4), 26.4 eV 1), and 27.4 eV
strength calculated from the complex index of refraction de{F2). Above 32 eV the signal to noise ratio in the VUV
termined from ellipsometry is also included in Fig. 4. The Measurement is diminishing due to low absolute levels of the
ellipsometry spectra as well as the VUV spectra show We”_.reﬂe(.:ted signal, which makes peak id_entifications un.reliable
resolved peaks labeledl, (4.9/4.8 e\f andA, (6.3 eV) and N th|s_ energy range. All pea}k energies from the different
two corresponding shoulders labeléd (4.2 eV) and A;  €xperimental techniques are listed in Table Il. From the VUV
(5.4/5.3 eV. At energies between 7 and 15 eV, beyond thedata we have calculated the oscillator strenfgtum rule,
energy range of ellipsometry, the VUV data show thregWhich gives information about how many valence electrons
clearly resolved peaks at 9.1, 9.9, and 11.9 eV, labBlgd @re involved into transitions up to a specific energy. The
B,, and C, respectively. In addition, two weaker features results of these calculations for the same independent experi-
labeledD; (12.9 e\ andD,, (13.7 e\ are visible. Although ~Ments are given in Fig. 6.

absolute intensities can vary in different experimental spectra
determined by one techniquef. peaksA; andB;), the over-
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FIG. 4. R¢J,] from VUV spectroscopy and spectroscopic ellipsometry
(dashed curves extending to 7 e comparison to Rd,,] from VEELS. FIG. 6. f-sum rule from EELS and VUV spectroscopy.
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Once any of the complex optical functions is determined
from Kramers—Kronig dispersion analysis, any other optical
property can be calculated numerically. Therefore, we calcu-
late the reflectance from the VEELS results for comparison.

@ The result of VEELS and VUV reflectance data is given in
= Fig. 8. The index of refraction and tHesum rule, both cal-
é culated from the VEELS data, are included in Figs. 9 and 6,
§ M : respectively.
2 VUVspectroscopy ]
‘E ] C. Band structure
—i ] The interband transition strength [Rg] corresponds to
o6 ] transitions from occupied valence states of the material into
;_]ff ] the unoccupied conduction states. By a comparison of the
1 transition energies extracted from[Bg] to the band struc-
. . ture and to the density of states, assignments of the orbital
0 20 40 60 80 origins of these interband transitions can be made. For a
Energy-loss (eV) quantitative comparison of the band structure calculations
FIG. 7. Energy-loss function from VEELS in comparison to VUV spectros- with the expe_r!mentally_ determined interband tranSItK_)n
copy up to an energy loss of 85 eV. strength, transition matrix elements would have to be in-

cluded in the theoretical ELF, which has not been done in
this work. Band structure calculations for SrEi@ave been
B. VEELS performed by several authofsee e.g., Refs. 39-44
. ) Figure 10 shows the calculated band structure for
In Fig. 7 the two ELFs from two independent measure-g Tio,. By a projection of this band structure onto the
ments at different specimen areas are plotted. The zero-l0ggomic sites of O, Ti, and Sr, site PDOSs are derived, which
peak is already subtracted. The interband transition strengthige piotted in Fig. 11. In the band structure and the densities
RelJy] obtained from the ELF by Kramers—Kronig transfor- of states, all energies are referred relative to a zero of energy
mations are shown in Figs. 4 and 5. In the low energy regionyt the top of the valence band. The occupied bands from
(<15 eV) only the peaks labeledl;, A4, By, C, and two  which interband transitions originate are the Fitvels at
weak shoulders at the positions of peds and D, are  _5g ey, Ti3p, and Sr4 levels at—33 eV, the Sr 4 levels
observable. This is due to the limited energy resolution angyt 14 7 ev, and the Ofand O 2 levels at—16.6 eV and
relatively low signal to noise ratio in the VEEL spectra in _g5 g tg —0.5 eV. The most prominent unoccupied energy
this energy range. At higher energies the shoul@rsE;,  pands in the conduction band are composed ofdTi3
Es, E4, F1, andF;, were resolved at similar energies as in (1, 0—+4.5 e\), Ti ey (+4.5-9.0 eV, and Sr4f (+5—+12
the VUV spectra(cf. Table I). Two additional features la- gy |evels as well as various empty @ 2evels.
beledG andH can be observed at 37.5 and 45.5 eV, respec-  The indirect and the direct band gap energies of S§TiO

tively, which were not detectable by VUV spectroscopy.  determined from the band structure calculations are 1.89 and
2.22 eV, respectively, which underestimates the experimen-
tally determined indirect gap energy of 3.2 eV and the direct
gap energy of 3.75 eV by about 1.5 eV. This is well known
for calculations in the LDA? These results are in good
agreement with theoretical LDA results from Cappelini
et al* who calculated values of 1.90 and 2.24 eV for the
indirect and the direct band gap, respectively. In the follow-
ing discussion the unoccupied density of states is shdted
hoc by 1.5 eV toward higher energigby a “scissors” op-
eratior) to compensate for this systematic error of the LDA.

VUVspectroscopy -
3 IV. DISCUSSION

Reflectance (%)

3 In this section the experimentally observed interband
3 transitions are discussed in detail. Assignments of the spec-
E tral features of the interband transition strength, which are
3 tabulated in Table I, are developed in the context of distinct
3 interband transitions from occupied valence bands and shal-
low core levels to the unoccupied conduction bands, using
atomic-orbital and symmetry characters in the corresponding

FIG. 8. Reflectance from VEELS in comparison to VUV spectroscopy up to€Nergy bands _plotted in_ Fig. 10. On this ba_sis,_ a SChem'fmC
an energy of 85 eV. energy level diagram will be developed, which is plotted in

0 20 20 60 30
Energy (eV)
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TABLE II. Interband transition energidm eV) for bulk SrTiO; as determined from spectroscopic ellipsometry,
VUV spectroscopy, VEELS, and local density functional the@FT). Transitions are labeled as in Figs. 4
and 5, withp denoting a peak ansla shoulder. Transition energies reported by@&eet all® are also given.

Transition Assignment Type Ellipsometry VUV spectroscopy VEELS LDFT Experifnent
Transitions from the Og UVB
Ay O 2p=Ti 3d ty, s 4.2 4.2 4.0
A, O 2p=Ti3d ty p 4.9 4.8 5.0 5.1 4.86
As O 2p=Ti 3d tyg S 5.4 5.3 55
Ay 0O 2p=Ti3d ty p 6.3 6.3 6.4 6.7 6.52
B, O 2p=Ti3d g p 9.1 9.2
B, O 2p=Ti3d g p 9.9 9.7 9.7 10.8.9
C O2p=,Ti3dey, Srad p 11.9 11.8 11.8 12.0
t,
D, e} 2p:>Sgr 4d tyg s 12.9 127 .- 13.0-13.8
D, O 2p=Sr4d g, s - 13.7 13.2 13.1 13.0-13.8
Transmons predommantly from the G2Sr 4p lower valence band
E, Sr4p=Ti3d ty, s 16.4 16.1 16.7 16.4
E, Sr4p=Ti3d g, s 19.7 18.7  20.0 19.6
E; Sr4p=Sr4d tzg S 21.7 21.7
E, Srdp=Sr4d g, S 24.2 23.6
Fi 0 2s=Ti3d, Sr4d S 26.4 26.1
Fy 0 2s=Ti3d, Sr4d S 27.4 27.3
Transitions predominantly from the Ss4Ti 3p shallow core level
G SrN; edge, S - 375
Sr4s=0 2p
H Ti M, ; edge, p B B 45.5
Ti3p=

Ti3d, Ti4s, Sr4d

aSee Ref. 13.

Fig. 12. Subsequently, the results of the different experimen-
tal techniques will be compared. Since the transition energies

extracted from VUV spectroscopy and VEELS differ in sev- 12
eral spectral features, the transition energies extracted from 74/
the optical results are used whenever possible for the assign: / A\ A
ments since the energy resolution of the VUV spectra is 9L .
higher than that of the VEELS data. Finally a comparison to
previous data from the literature will be made.
6 —/ i
e /
5 . . r . 3 . L : |
g=] 3 >
3 E Q
& E N~ O :
& 3 [
° 1w
5 3 "
= -3
= - -
x L6 E /_——
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g F E 12
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0 20 40 60 80 — ; t :
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FIG. 9. Index of refractiom and extinction coefficierit from VEELS (data FIG. 10. Band structure of SrTiCcalculatedab initio in the local density
extending to 85 eYand VUV spectroscopydata ending at 45 eV approximation.
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| observe that according to tfesum rule only 30 electrons
have undergone interband transitions with transition energies
up to 85 eV.

C. Transitions from the upper valence band (A, B, C,
and D)

In Fig. 4, thed,, peaks labeled\;—A, below 7 eV origi-
nate from transitions of O electrons into Ti 8l t,q con-
duction bands, while transitionB; and B, correspond to
O 2p to Ti3d e, excitations. Peake at 11.9 eV has a mixed
character of Op—Ti3de; and O2—Srd4dty, transi-
tions, whereas the two shoulddds andD, at 12.9 and 13.7
eV are due to OR—Sr4dt,y and ey transitions, respec-
tively. Further transitions can be extracted from the calcu-
lated densities of states than those visible in the experimental
spectra plotted in Fig. 4, since the effect of the experimental
energy resolution causes some broadening of the transition
peaks.

Ti 3p

Srds

DOS(E) (1/eV per atom)
»n
T

D. Transitions from the lower valence band (E,F)

In Fig. 5, at transition energies of 16.4 e¥,) and 19.7
eV (E,) the interband transition strengths determined by
VEELS and VUV spectroscopy exhibit two shoulders which
are due to Srg to Ti3d t,4 andey transitions, respectively.
A spin-orbit splitting of the Srg levels by 0.6 eV, which
would occur as a splitting oE; and E,, could not be re-

The UV optical constants reported in Fig. 2 show fea-solved with any of the applied experimental techniques due
tures comparable to those reported in Palidandbook of  to the limited energy resolution. Since the occupiedpO 2
Optical Constants of Solig® but the transition energies and Sr 4 levels are separated by 10-13 eV and peaksd
found here exhibit a shift to higher energies. FQIGB.|.45‘46 E, differ by approximately 10 eV, we can assign the weak
have observed a similar shift of features in the UV opticalfeatures observable in thk, spectra at 21.7 eVH;) and at
constants toward higher energies due to prior thermal treaR4.2 eV E,) to Sr4p to Ti3d t,g and ey, transitions, re-
ments and changes in the oxidation or reduction of S§TiO spectively. PeakE, andF, energetically correspond to G2
The band gaps fitted by Fryat al.to Palik’'s data give direct to Ti3d and Sr4l levels. Since the initial states of these
and indirect band gap energies of 3.52 and 3.28 eV, whilgransitions are at different atomic sites than the final states,
their results show direct band gap energies ranging from 3.58uch transitions do not violate selection rules for dipole tran-
to 3.90 and indirect band gap energies of 3.00—3.77 eV. Theitions.
direct and indirect band gap values found in this work of
3.75 and 3.25 eV, respectively, fall within the range of vari-g shaliow core level transitions (G, H)
ability seen by Fryeet al***®for SrTiO;.

FIG. 11. Calculated total density of statd30S) for SrTiO; and site pro-
jected DOS for oxygen, titanium, and strontium, respectively.

A. UV optical constants and band gaps

PeaksG andH appearing in thd, spectra from VEELS
data in Fig. 5 at 37.5 and 45.5 eV, respectively, which could
B. Valence electron counts in SrTiO 5 not be resolved by VUV, are due to shallow core-level exci-
- . tations. Although peals at 37.5 eV is a weak spectral fea-
When utilizing the oscillator-strength drsum rule to ture, which is not clearly resolved, it is most likely due to a

count the electrons involved in interband transitions, it isSr4s—>02p transition (cf. Fig. 11 and can be assigned to
important to understand the expected number of electrons iﬂwe SN, absorption edgéé"”A.lso a Ti 3p— O 2p transition

the material. .For SrT'Qt,he upper valence barihVB) has is possible since the initial and the final state of this transi-
18 electrons in total originating from three oxygen atoms P€tion belong to different atomic sites. Peldikcan be identified
unit cell each with six P electrons. The lower valence band . the Tim edge?” and arises from transitions from
(LVB) is filled with 12 electrons in total, composed of three Ti3p—Tids gfi33d an’d Sr 4 conduction bands. The ener-
oxygen atoms with SIX oxygens2and six 40 eIe_ctrons of etic shift of 1.5 eV toward lower energy losses in compari-
one Sr atom. The highest core level contains eight electrongOn to the metallic Ti eddéis due to the oxidation state of

arising from two Sr4 and six Ti3 electrons. The next Ti in SrTiOs, which was also observed in bulk TiOY |
lower core level consists of two electrons arising from §i 3

electrons. Altogether, this adds up to 40 electrons, whic
might be expected to result as well from tifisum rule
evaluated to 85 eV. This has been done in the current work From the assignments the different transition energies
from the VEELS data and the result is given in Fig. 6. We(cf. Table 1)) extracted from thd,, spectracf. Figs. 4 and b

q:. Schematic energy level description
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4 Energy Table II, the transition energies are reproduced by both ex-
perimental methods within an accuracy ©0.15 and+0.4

DD E i
L ; = ‘4 3% S srad eV for peaks and shoulders, respectively.
7 7 } g However, the energy resolution in the VUV spectroscopy
B, B, A B E . ’ .
= ; A;‘ = ; ‘= & A 7y Yegs is better by a factor of 3 than in the energy-loss spectroscopy.
A2 ! t RA Here, the appearance of new electron sources in electron
] 3 % microscopy and the development of monochromators will
TVB provide better energy resolutions.
I I }oz
A3hg ¢ H. Comparison to results from the literature
In a previous study Bzerle and co-worketd examined
Srdp the band structure of SrTiCby VUV spectroscopy experi-
02 ments and compared these results to band-structure calcula-
F| Fy tions by Mattheiss® Bauerle also provided a schematic en-
ergy level diagrant® but only assigned transitions from the
O 2p to Ti3d levels. The results of Beerleet al® are given
in Table Il and correspond to the transitions lab&lsto E

G H CraeTid found in this work within tolerances of-0.3 eV. Ryen

et al1? showed that the interband transition strength deter-

FIG. 12. Schematic energy level diagram for bulk SriiQhe transitions ; _ ; i
from the valence band into the conduction band assigned in this work arg.mned by valence electron energy loss Spectroscopy Is sensi

plotted according to Table II. Energies are taken from the band structure andV€ 0 local stresses in Sr_TgO In a previous article we have
DOS calculations and are calibrated with respect to the energy zero at th@vestigated the electronic structure of a né&#3 grain

top of the valence band. boundary in SrTiQ.'® LDA calculations of SrTiQ band
structures and dielectric properties have been done by several

- - _ _author$®~**and are in good agreement with our LDA calcu-
to distinct transition processes, a schematic energy level d'Efétions

gram is constructed, which is plotted in Fig. 12.

G. Comparison of the different experimental V. CONCLUSIONS

approaches Electronic structure investigations of Fe-doped SgTiO

Spectroscopic ellipsometry as well as vacuum ultravioletvere performed by VEELS and optical VUV spectroscopy
and valence electron energy-loss spectroscopy are able smd spectroscopic ellipsometry. The experimentally deter-
measure the interband transition strength of the investigatechined interband transition energies were assigned to distinct
material through either Fresnel analy&isr ellipsometry or  interband transitions by comparison to calculated band struc-
Kramers—Kronig dispersion analysis on the experimentatures and densities of states, which were obtained in the
data. By the Kramers—Kronig analysis, all VEELS data canLDA. By this combination of two different experimental
be used to determine any of the complex optical propertiegechniques with first-principles electronic structure calcula-
In the same way, the single scattering energy-loss functionions a schematic energy level diagram for bulk Sili@as
can be calculated from the optical spectra. The peak energiednstructed. The conduction bands in Sri€rrespond to
in the J.,, spectra obtained by VEELS and VUV spectroscopythe bands composed mainly of Td3,, and ey bands, fol-
are the same within uncertainties ©0.2 eV and reproduce lowed at higher energies by the bands of 8it4, and e,
results from previous VUV spectroscopy investigatibhs. states, and free electron like bands dominating at energies

The optical spectroscopy methods are very sensitive ifirom 15 eV above the valence band maximum on.
the low energy region below 15 eV since the optical reflec-  The upper valence barfitlVB) consists of 18 electrons
tivity provides high intensities in this regime. The EELS datain dominantly O 2 states, hybridized with Ti and Sr states,
are susceptible to artifacts due to fitting and subtraction ofind has a bandwidth of 5 eV. The interband transitions from
the zero-loss peak. Above 15 eV where the optical signalshe UVB to the Ti3l t,q ande, bands and to the Sidit,,
become weak, VEELS is superior, provided that the singleande, bands give rise to the transitiodsthroughD, which
scattering deconvolution is done appropriately. Thespan from the indirect band gap top energy of 3.25 up to 15
Kramers—Kronig analysis performed on VEELS data iseV. At 15 eV thef-sum rule yields that eight of the valence
much more reliable than for the optical spectra because thelectrons have undergone interband transitions.
energy data region can be much larger for EELS. This be- The lower valence banfLVB) consists of 12 electrons
comes important if core edges appear at transition energiés Sr4p and O Z states, which are separated by 2 eV, and
that are higher than those accessible in the optical spectrothe bandwidth is 5 eV. The interband transitions from the
copy. Sr4p to the Ti3d and Sr 4l bands give rise to the transitions

As mentioned earlier, the transition energies extracted, which span from 15 to 24 eV. Interband transitions from
from the VUV spectra and VEELS data differ in severalthe O % band to the conduction bandsappear at 26 eV.
peaks. Averaging the differences in peak energies given iccording to thef-sum rule, at 30 eV 10—12 electrons from
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The very narrow band at33 eV below the top of the R. H. French, H. Milejans, and D. J. Jones, J. Am. Ceram. $31;.2549

. ) (1998.

Va}'encé band is composed of Srand T' 3p states and con- 11 Normand and A. Thorel, Proceedings of thé"1aternational Congress
tains eight electrons. It can be considered as shallow coreon Electron MicroscopyICEM-14), Cancun, Mexico, 1998, p. 625.
levels, and gives rise to transitio®andH, a SfN; and a  *’L. Ryen, X. Wang, U. Helmersson, and E. Olsson, J. Appl. P8§s2828
Ti M, 3 edge, with a transition energy of 45 eV. At 60 eV an ,,19%9

.= . . s D. Bauerle, W. Braun, V. Saile, G. Spssel, and E. E. Koch, Z. Phys. B
additional six electrons have undergone interband transitions, ,q 1791975, " Y

bringing thef-sum rule to 26 electrons. 14p Hohenberg and W. Kohn, Phys. R&@6, 864 (1964.

Our results are in good agreement with available datél(ZW- Kohn and L. J. Sham, Phys. ReM(Q, 1133(1963. .
from previous studies in the literature. In the energy range Eit;ﬁic?sgégs;gé %ogl(z';ge];mh' W. Sigle, C. Edser, and M. Rule,
tbjglc?a\_ltljsles|ﬁVS[t)Z((a:tlc‘)(?Stf:[:l)Iipeellc:gssr(‘:n%?’/yli]IZ]%pI?IrtI(Sr:StEI(;/SEEOLU?SO Kienzle, Doctoral thesis, Universit&tuttgart, Stuttgart 199@n Ger-

man).
be recorded, whereas the VEELS data are susceptible to a%iZR. H. French, Phys. Sca1, 404 (1990.
tifacts due to fitting of the zero-loss peak in this regime., M- L. Bortz and R. H. French, Appl. Phys. Le85, 1955(1989.

20 H H
Above 15 eV VEELS is superior because high counting stamg' ﬁ'mﬁrizmje%gmscozngwg SFE'(%’%‘Q’ 545(1927.

tistics could be achieved by this technique. Moreover, aboverr . French, D. J. Jones, H. Meians, S. Loughin, A. D. Dorneich, and
32 eV the detector used for measurements of VUV spectra inP. F. Carcia, J. Mater. Re&4, 4337(1999.
this work provides low signal to noise ratios in the optical ZR. F.,, EgertonElectron Energy-Loss Spectroscopy in the Electron Micro-

. . scope 2nd ed.(Plenum, New York, 1996
spectroscopy. In pamCUIar VEELS data were vaUIred up tQ“D. \? Smith, inHandbook of Optical Constants of Soljaslited by E. D.

e_nergies of 90 eV, vyhich makes .the Kramers—Kronig ana_ly— Palik (Academic, New York, 1986 p. 35.
sis much more reliable, especially when core absorptiof®A. Strecker, U. Salzberger, and J. Mayer, Prakt. Metall8gr482(1993.
edges like the TM, 5 and SIN; edges occur in the energy >°M. Cardona, Phys. Reil40, 651 (1965.

. . . 7 i H
range, which is not accessible by VUV. R. Waser, T. Baiatu, and K.-H. a4 J. Am. Ceram. SocZ3, 1645(1990.

28R. Waser, T. Baiatu, and K.-H. h J. Am. Ceram. Soc73, 1654(1990.
VUV spectroscopy and measurements of 0.14 wt % Fessg Waser. T. Baiatu, and K.-H. I J. Am. Ceram. SocZ3, 1663(1990.

doped and undoped SrTiGhowed exactly the same results 3The Electronic Structure Tools(EST) consist of a number of
in the ELFs and thé, spectra due to the small doping level. programs for the quantitative analysis of optical, VUV, and
Therefore the electronic structure of Srgi€eems to be un- VEELS spectra. It has been developed under Grams, a PC based spectros-

h d by thi f Ee dobi copy environment. EST is available from Deconvolution and
changed by this amount of Fe doping. Entropy Consulting, 755 Snyder Hill Road, Ithaca NY 14850 Phone:

607-272-0645,  http://www.deconvolution.com,  electronic  mail:
ACKNOWLEDGMENTS lin.denoyer@deconvolution.com; Grams is available from Galactic Indus-
tries, 325 Main St. Salem NH 03079, http://www.galactic.com
The authors acknowledge L. DeNoyer for the develop-=!p. M. Ceperly and B. J. Alder, Phys. Rev. Let6, 566 (1980.

ment and her constant improvement of the electronic strucz-zi'- P. Perdew and A. Zunger, Phys. Rev28 5048(1981.

ture tools in the experimental analysis. W. Sigle is gratefully,,S- G- Louie, K- M. Ho, and M. L. Cohen, Phys. Rev.1B, 1974(1979.
knowledged for many helpful discussions and a criticabse =, and K. M. Ho, Phys. Rev. 88, 5480(1983. v

ac n_OW edg _y p . SC. Els@ser, N. Takeuchi, K. M. Ho, C. T. Chan, P. Braun, and Nhrifa,

reading of the manuscript. Thanks are also due to ffn€a J. Phys.: Condens. Mattér 4371(1990.

for the specimen preparation for the VUV spectroscopy ex-sz. Meyer, Doctoral thesis, Universtt&tuttgart, 1998in German.

periments and to M. Fhle for his constant support and his ~ B: Johs. R. H. French, F. D. Kalk, W. A. McGahan, and J. A. Woollam,

. in the forth . . Proc. SPIE2253 1098(1994.
Interest in the forthcoming project. %8Handbook of Optical Constants of Solids #dited by E. D. PaliKAca-

demic, San Diego, CA, 1991

1T, K. Gupta, J. Am. Ceram. So@3, 1817(1990. *L. F. Mattheis, Phys. Rev. B, 4718(1972.
2y, Ravikumar, R. P. Rodrigues, and V. P. Dravid, J. Phys2® 1799  “°S. G. Louie, J. R. Chelikowski, and M. L. Cohen, Phys. Rev. 13155
(1996. (1975.

3N. D. Browning, J. P. Buban, H. O. Moltaji, S. J. Pennycook, G. Duscher,**Y.-N. Xu, W. Y. Ching, and R. F. French, Ferroelectrith, 23 (1990.

U. D. Johnson, P. R. Rodrigues, and V. P. Dravid, Appl. Phys. Zdt.  “’F. M. F. de Groot, J. Faber, J. J. M. Michiels, M. T. Czyzyk, M. Abbate,
2638(1999. and J. C. Fuggle, Phys. Rev.4B, 2074(1993.
4F. Ernst, O. Kienzle, and M. Rue, J. Eur. Ceram. Sod9, 665 (1999. #3S.-D. Mo, W. Y. Ching, M. F. Chisholm, and G. Duscher, Phys. Re§0B
5D. A. Crandles, B. Nicholas, C. Dreher, C. C. Homes, A. W. McConnell, 2416(1990.

B. P. Clayman, W. H. Gong, and J. F. Greedan, Phys. Red9,B.2842 4G. Cappellini, S. Bouette-Russo, B. Amadon, C. Noguera, and F. Finocchi,

(1999. J. Phys.: Condens. Matté2, 3671(2000.
SM. Leonhardt, J. Jamnik, and J. Maier, Electrochem. Solid State 2ett. “°A., Frye, Ph. D. thesis, University of Pennsylvania 1999.
333(1999. 46A., Frye, R. H. French, and D. A., Bonndlinpublished, 2001
7Z. L. Wang, Micron27, 265 (1996. 47C. C. Ahn and O. L. KrivanekEELS Atlas A reference collection of
8A. D. Dorneich, R. H. French, H. Migjans, S. Loughin, and M. Rile, J. electron energy-loss spectra covering all stable elemé&tgan Inc.,
Microsc. 191, 286 (1998. Pleasanton, CA, 1983

Downloaded 21 Dec 2001 to 52.128.30.10. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



