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Photoelectron energy-loss functions of SrTiQ, BaTiO3, and TiO,: Theory and experiment
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We compare experimental OsZ lectron energy-loss structures below 30 eV of single crystalline StTiO
BaTiO;, and TiG, with their theoretical electron energy-loss functions. The photoelectron energy-loss struc-
tures ofin situ fractured surface in ultrahigh vacuum can be approximated by a sum of four components for
SrTiO; and BaTiQ, and of three components for TjOElectronic structures were calculated from first prin-
ciples using the full-potential linearized augmented plane-wave method in the local-density approximation. The
momentum matrix elements between Bloch functions were evaluated to determine the electron energy-loss
functions. The theoretical electron energy-loss functions agree well with experimental spectra except a struc-
ture at around 20 eV of SrTiQand that at around 18 eV of BaTjOThe difference of high binding energy
peaks is explained from the positions of semicore states.
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I. INTRODUCTION Reported fundamental absorption edges of SgfiO
BaTiO;,®> and TiO, (Ref. 6 at room temperature are 3.22,
Perovskite-type oxides have been a great interest in botB.15, and 4.0 eV, respectively. The closeness of the absorp-
the field of basic research and thin-film applications for sution edge of SrTiQ, BaTiO;, and TiQ, suggests that the
perconductivity and ferroelectricity. The electronic structureedge is predominantly due to transitions between theo@2
of SrTiO; is of interest since stoichiometric SrT{@ highly  Ti 3d states with admixture of Sr or Ba wave functions.
insulating, but slightly reduced one shows the superconducAlthough the similarity in the crystal field among these ma-
tivity. SrTiO5 crystallizes in the simple cubic perovskite terials, there are great discrepancies in superconducting and
structurer3m(Oﬁ) at room temperaturea=3.9051 A)!  ferroelectric characteristics. For these materials the differ-
Above the ferroelectric Curie point BaTiChas the same €nces in detail of electronic structure and dielectric functions
structure while below the temperature a slight tetragonal dis@"e still of fundamental interest. Simple cubic Sr7icffers
tortion C3, modifies the perovskite structure. For tetragonal® natural starting point for the study of the electronic struc-
phase BaTi@the difference between the lattice constants Ofture and dielectric functions. The crystal-field ;plltt|ng of t.he
the ¢ and a axes is 1% &=3.9920, b/a=1.000, andc O 2p states occurs because the oxygen resides at a site of

=4.0361 A)? The difference in electronic structure be- tetragonalDyy (4/mmm) point symmetry in SrTiQ. The

. . . : structure of the empty conduction bag@B) could play a
tween the ferroelectric and paraelectric BaJi® also inter- bty (ae) pay

. : " decisive role as well as that of the filled valence baviB)
esting since the deviation of crystal structure below anqn the electronic properties of SITiO

above the Curie point is so small, thom_Jgh the_die!ectric ProP- x_ray photoelectron spectroscofi¥PS) is suitable to ex-
erty changes largely. In these materials a titanium atom igmine the electronic structure of the filled levels and dielec-
surrounded by six oxygen atoms. In spite of difference fromyic response of a solid. The XPS satellite structures are gen-
the cubic crystal structure, TiO of rutile structure erated by intrinsic and extrinsic processes. The intrinsic
P4,/mnm(Dy;) has the same Ti-O coordination as SrTiO satellites are caused by several mechanisms under the influ-
and BaTiQ. The lattice constants are=4.5936 andc  ence of a core hole. On the other hand, the extrinsic satellites
=2.9587 A, and the internal coordinateis 0.3048% In the  are caused by the dielectric response to the photoexcited
unit cell of rutile including two TiQ molecules, Ti atoms are electrons. During the approach of an excited electron to the
positioning at the sites of (0,0,0) and (1/2,1/2,1/2), and foussolid surface, the Coulomb field accompanied with the mov-
coordinated O atoms occupy at the siteszofu,u,0) and ing electron interacts with the electrons of the solid via long-
+(u+1/2,1/2-u,1/2). range dipole fields. The long-range Coulomb interactions
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bring about interband transitions and plasma excitations.
Thus the electron energy-loss structure observed in high:
resolution XPS can probe unoccupied electronic states o
insulators’

In the previous papérwe examined the XPS satellites for 2
SrTiO; by comparing with theoretical electron energy-loss 2
functions and experimental electron energy-loss spectros<
copy (EELS) spectra. It was found that the Os,1Sr 3d,
and Ti 2p satellites have common features which can be
ascribed to extrinsic energy-loss structures. The ©afd
Sr 3d spectra agree well with theoretical energy-loss func-
tions while the Ti 2 spectra show more complicated struc-

units)

Intensity (Al

. . . . 1 | 1 | 1 L | 1 | ) | !
ture due to intrinsic satellites. . _ 30 o5 20 15 10 5 0 5
In this paper, we extend the analysis to the experimental Energy loss (eV)

O 1s photoelectron energy-loss functions of Sr7jO

BaTiO;, and TiG,. We discuss their similarities and differ- FIG. 1. Experimental electron energy-loss spectra for theD 1
ences from the viewpoint of the electronic structures. Weelectrons ofa) SrTiO;, (b) BaTiO;, and(c) TiO, in situfractured in
show that all compounds have similar peaks in the electrotVHV.

energy-loss functions because they have a common Ti-O co-

ordination as a local structure unit. We also show that the Using a PHI Model 500 spectrometer with LaBlectron
energy-loss functions have differences which are attributegun EELS of the samples prepared in the same way was also
to the positions of semicore statesArsite cation atoms. carried out in a pressure ob&10™1° Torr for comparison.

In Ses. Il and lll, we present the experimental and Core electrons in the orbitals shallower than $ican be
theoretical results. The experimental spectra are discusseskcited by AlK « radiation. The core lines are followed by
by using the theoretical ones in Sec. IV. Section V is a sumenergy-loss structure ranging from 3 to 30 eV relative to the
mary. zero loss line. The most intense and best resolved line is the
O 1s. The Ti 2p spectra showed similar energy-loss struc-
ture to that observed for the Oslspectra, though they are
more complicated due tp spin doublet and intrinsic satel-

For XPS at room temperature we used a Surface Sciendies. Since no prominent emission from the region of bulk
Laboratories Model SSX-100 spectrometer with monochroband gap Ey) was observed in the valence-ba(\B) ex-
matized AIK @ source having a diameter of 30@m spot on  periment, there are no clear intrinsic surface states, and then
the sample surface. The pass energy of the spectrometer walteration to the electron energy-loss function is scarcely ex-
set to 50 eV. The solid angle of the input lens of the energypected from the empty surface states. The experimental
analyzer was 30°. The spectrometer was calibrated utilizingnergy-loss structures af situ fractured SrTiQ, BaTiO;,
the Au 4f, electrons(83.79 eV} and the full width at half and TiQ, are different from each other as shown in Fig. 1.
maximum(FWHM) of the Au 4f,, peak was 1.03 eV. The energy-loss structure of Srj@nd BaTiQ can be ap-

Fracturing of single crystals situ in ultrahigh vacuum  proximated by a sum of four components, though that of
(UHV) is the only reliable way to prepare almost perfect andTiO, was approximated by a sum of three components.
stoichiometric surfaces indispensable for studying intrinsicStructuresA and B at around 5.5 and 12.5 eV, respectively,
surface properties of oxides. The gross electronic structure afere commonly observed for SrTiQ BaTiO;, and TiG.
the fractured surfaces reflects that of perfect surfaces. Afor SrTiO; and BaTiQ an additional structur€ was posi-
first, single crystals of SrTiQ BaTiO;, and TiG, from K&R tioned at around 20 and 18 eV, respectively. The center of
Creation Inc. (Japan have been cut to smaller pieces structureD varied from at around 29 eV for SrTiQo 26 eV
(=~0.5x0.5x3 mn?) for the measurements. Then, the barfor BaTiO,, and to 25 eV for TiQ. The perovskite-type crys-
of crystals were attached to Cu sample holders and introtals are accompanied with the additive electron energy-loss
duced into a measurement chamber. The samples were frastructureC on the three-components structure based on the
tured in a vacuum of % 10~ *° Torr at the analyzing position TiO4 octahedron crystal field of rutile. It means thasite
of the measurement chamber, and then we immediatelgations of the perovskites affect significantly to the origin of
started the measurement of as-fractured spectra. No contamiese peaks.
nation signals could be detected for 20 min after the fractur-
ing. The binding energies of the measured spectra were cor-
rected with C & of 284.7 eV of the contaminated carbon on
the surfaces after a long exposure to the vacuum. Since the We calculated the bulk electronic structures of SghiO
samples are nonconductive, conditions for a neutralizer werBaTiO;, and TiG, within the local-density approximation
optimized to obtain XPS spectra. Although the peak posi{LDA),° using thewieNg7 packagd® which is based on the
tions changed from sample to sample, the ® spectra had full potential linearized augmented plane-wave method. The
symmetrical single Gaussian profile and excellent reproductDA succeeded to describe the valence and conduction
ibility. bands of various compounddjowever, the LDA failed to

Il. EXPERIMENT

IIl. CALCULATIONS
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FIG. 2. Calculated density of statd309) for SrTiO;. The low- FIG. 3. Calculated density of statéBOS) for BaTiO;. The

est panel shows total DOS in units of state¥/ cell). Other panels lowest panel shows total DOS in unit of state cell). Other
show orbital decomposed partial DQBDOS in units of stategeV panels show orbital decomposed partial DO®OS in unit of
atom). The PDOS labeled by>{10) and (<1/2) are plotted by statesfeV atom). The PDOS labeled by>10) and (<1/2) are
scaling with corresponding values. plotted by scaling with corresponding values.

reproduce the band gaps of semiconductors and insulatorgrise from the threefold degenerate T 8,4 orbitals which
Typically, the band gap obtained by the LDA is only half of are lower in energy than the twofold degenerate @i &
the experimental values. Thus the transition energies begrbitals. In higher energy regiof6—12 e\j for SrTiO; and
tween valence and conduction bands are also underestimatgg-nc%’ the bands are predominantly formed by S48l
more or less. _ _ and Ba &,5d orbitals partially overlapping with the TiBe,
We used cubic structures for SryGnd BaTiQ. The  pands, but for TiQ suchA-site cation contribution does not
TiO, has a tetragonal structure. The Muffin-tin sphere rRdii  exist. As a result, the Ti @ e, bands distribute a wider en-
were chosen aln a.u): Sr and Ba, 2.5; Ti, 1.9; O, 1.5. The ergy region for BaTiQ and SrTiQ than for Ti0,. The con-

cutoff K for basis functions is set B8Knq,=7.0 whereR  qyction bands above 14 eV are mainly composed of i 4
is minimum sphere radius, i.e., 1.5 for oxygen. The self-3nq 45 orbitals.

consistent calculations were performed by using<20 The extrinsic energy-loss structures are generated by the
X 20 k-point sampling for SrTi@ and BaTiQ, and 13<13  jnelastic scattering of photoexcited electrons. Within the
%21 for TiG,. Born approximation, the cross section of the inelastic scat-

The calculated densities of StatGBOS) shown in FIgS tering is related to dielectric functiorBaslg
2—4 are consistent with the previous calculatibng® As

common characteristics to all compounds, the band gaps ap- _1
pear between the O2valence bands and the Td&onduc- K(Eq,)= — Im[e(w) "] n VEo+ VEp—fo L
tion bands. As shown in the partial densities of states, the O ' magEg VEo— VEo— o

2p orbitals and Ti & orbitals are hybridized. Below the O

2p bands, the semicore states by ©adbitals appear from whereE, is the kinetic energy of the electron ang is the

—16 to —18 eV. For SITiQ and BaTiQ, additional semi- Bohr radius. Here the Im( 1) is assumed to be independent

core states originate fror-site cation orbitals: Sr @ from of wave vector. Thus the electron energy-loss structure can

—14to—15 eV and Ba p from —9 to —10 eV. be approximated by the-Im(e™?) if we ignore multiple-
The states at the bottom of the empty conduction bandscattering effects. To obtain the theoretical electron energy-
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panel shows total DOS in units of stai@y/ cell). Other panels tf;]an 'T) Ba;—'q' an SITQ. C/iAt 152630Ve\'|{’ha” compourjt()jsd
show orbital decomposed partial DQBDOS in units of stategeV show broad peaks centered at eV. They are ascribed to

atom). The PDOS labeled byX10) and (<1/2) are plotted by WO types of tran_sitions which are from & 8emicore states
scaling with corresponding values. to Ti 3d conduction bands and from Qp2valence bands to

high-energy conduction band3i 4s and 4p). Additional
loss functions, the imaginary part le) of dielectric func- ~ Structures appear around 22—-24 eV for SgTiéhd 18-20
tions was calculated from the momentum matrix element§V for BaTiO;. They are caused by the transition from Sr

between the occupied and unoccupied wave funcbiihe 4P (Ba 5p) semicore states to Srdy(Ba 6d) conduction
real part Re€) was evaluated from the Ire] by the Pands. Since the momentum matrix elements betwegn

Kramers-Kronig(K-K ) transformation. The electron energy- and (h+1)d orbitals can be large, these peaks are larger than
loss functions of bulk—Im(e ) and surface —Im[(e those from O 3 semicore states.

+1)~1] were derived from the Rej and Im(e) of the cal- The theoretical energy-loss fungt|0%lm(e*1). show
culated dielectric functions. The I, —Im(e 1), and Several peaks corresponding to various features ire)mi¢
—Im[(e+1)~1] are shown in Fig. 5-7. Since TiChas te- Was shown that Fheoretlcal energy-loss functions for S§TiO
tragonal symmetry, the dielectric functions depend on polarhave three prominent _featur%:{hese three features also ap-
ization directions. We present the direction averaged funcPear for BaTiQ and TiC,. Feature | is caused by the split-

tions in Figs. 5-7. The peaks in thelm[(e+1) ] tend to  ting of the Ti 3d bands intat,, andey subbands. Feature ||
shift to the lower energy side than in thelm(e ™ 1). arises from the resonance of the @ alence electrons.

Feature Ill at 20—30 eV is most dominant and corresponds to
the plasmonlike collective excitation of the valence and
semicore electrons. Feature Il of BaLiGppears to be

In Fig. 5, calculated dielectric functions le) show sev- lower energy than that of SrTiO Feature Ill of TiQ has
eral broad peaks which can be ascribed to various interbaridwest energy among three compounds and becomes wide.
transitions. At 0—15 eV, all compounds have two broad peak3hese differences can be explained by the positions of semi-
which is caused by the transition from (» 2alence bands to

FIG. 4. Calculated density of statd8OS) for TiO,. The lowest

IV. DISCUSSION
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FIG. 7. Calculated surface electron energy-loss functions. Solid

FIG. 5. Calculated dielectric functions. Solid line indicates theline indicates the function for SrTi) dotted line for BaTiQ,
function for SrTiG, dotted line for BaTiQ, dashed line for Ti@. dashed line for TiQ.
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FIG. 8. O 1s spectrum(solid line) with Al Ka radiation and FIG. 9. O 1s spectrum(solid line) with Al Ka radiation and
EELS spectrun(dotted ling with Ej, of 1000 eV for SrTiqQ frac- EELS spectrunidotted ling with Ep of 1000 eV for BaTiQ frac-
turedin situin UHV. turedin situin UHV.

core states. For BaTiQthe broad peaks by Bapbstates in  spectively, corresponding to structuteof XPS are so small
Im(e) appear at about 5 eV lower energy than that by $r 4 and in agreement with the calculated energy-loss function in
in SrTiO;. Thus feature Il which is resonance of valence andFig. 6. At present, for SrTi@ and BaTiQ origins of the
semicore electrons appears at lower energy for BaTiBe  disagreement between XPS and EELS, and between XPS
A-site cation semicore state is absent for Ji@éhd O X is  and theory, have not yet become clear.

the only semicore state. Therefore feature Ill of Jias Figure 10 shows the O slenergy-loss and EELS spectra
lowest energy. It is broad because the peak bys@émicore of TiO, in situ fractured in UHV. The electrons in EELS
state in Img) is weak. twice travel in the sample surface but photoelectrons do

The theoretical electron energy-loss functions for all com-once. So EELS spectrum having the same kinetic energy as
pounds agree with experimental spectra except the structughotoelectrons has more information about the surface than
C in SrTiO; and BaTiQ. The positions of structur® shift ~ photoelectron spectrum. The shift byl eV of EELS spec-
to lower energy in the order of SrTi) BaTiO;, and TiQ,.  trum reflects the effect of surface loss function. The photo-
This trend is reproduced by Feature Ill in theoretical spectraelectron energy loss at around 5.5, 12.5, and 25 eV of the
It means that the positions of structubeare affected by the O 1s structures coincided essentially with those of present
semicore states iA-site cation atoms. Such semicore statesEELS and those by theoretical calculation.
are ignored for the discussion of physical properties of these
compounds. For low-energy phenomena, it is justified be- V. SUMMARY
cause their positions are far below the valence-band maxi-
mum and the excitation from these states are unlikely. How- We have presented the experimental and theoretical re-
ever, they would influence the high-energy spectra as showsults on the electron energy-loss functions of SgliO
for electron energy-loss functions. BaTiO;, and TiG,. No intrinsic surface states in the energy

As described above, for the perovskites the structure of
photoelectron energy-loss spectra differs from that of the cal-
culated energy-loss functions, though for Jithe energy-
loss structures by experiment and theory agreed with eacl
other. The O % energy-loss and EELS spectra of SrjO
BaTiO;, and TiG, are shown in Figs. 8—10, respectively. The
intensities of the spectra are normalized with the zero-los<2
peaks. In the EELS the kinetic energy of primary electrons<
(Ep) was set to be 1000 eV, which was nearly equal to 950%’
eV for that of the O % photoelectrons. In EELS the angle §
between the incident and measured electron beams is a rig@
angle. Then the directly reflected electrons were not includec
in the EELS spectrum. However, the intensity ratio of inelas-
tic scattering to elastic scattering peaks in EELS was smallel  ,o= 22" a0~ 25 20 15 10 5 0 5 10

O1s

. units)

than that of the O 4 photoelectrons for the perovskites. The Energy loss (eV)
energy-loss structures by EELS and XPS agree with each
other except for the intensity of structu@zat around 20 eV FIG. 10. O I spectrum(solid line) with Al K« radiation and

for SITiO; and 18 eV for BaTiQ. In the EELS for SrTiQ  EELS spectrunidotted ling with Ep of 1000 eV for TiQ, fractured
and BaTiQ relative intensities at around 20 and 18 eV, re-in situ in UHV.
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gaps forin situ fractured samples brought about an agree-bridization. It is found that the positions of structubeare
ment between the results of a first-principles calculation an@ffected by the semicore statesArsite cation atoms.

the energy-loss structure in the core-level spectra. The XPS
with first-principles band calculation can reveal the DOS of
unoccupied states since the energy-loss structure of the core-
level spectra resulted from the single-particle excitation and S.K. is grateful for the support of the Izumi Foundation
collective excitations of valence electrons. For thefor Science and Technology in this work. S.K and M.O. ex-
perovskite-type structure SrTiGnd BaTiQ there remained press thanks to T. Sato of the Institute for Advanced Materi-
apparent disagreement in the energy-loss structures betweats, Tohoku University, for EELS measurement. The authors
XPS and theory. Both theory and EELS could not predictthank P. Blaha, K. Schwarz, and J. Luiz for providing us
additional structureC by XPS of the perovskites. The ap- their WiEN97 programs. A part of this work was performed
pearance and energy change of the struc@irfer the per- under the interuniversity cooperate research program of
ovskites suggests thatsite cation affects their origins and Laboratory for Advanced Materials, the Institute for Materi-
the lower energy excitation reflects only the @O p hy-  als Research, Tohoku University.
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