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The electronic structure of SrTiO; has attracted much attention due to its perovskite structure
and its surface chemical activity. Perovskite-type compounds are of special interest with regard to
the structure-related high-7, superconductors. We have focused our attention on the effective
charges of the cations and the anion, which are reduced relative to their formal ionic charges due to
the covalent bonding between O 2p and Ti 3d electrons. Using photoelectron (Av=100 eV) core-
level shifts observed on TiO,- and SrO-plane-terminated (001) surfaces and shifts due to oxygen va-
cancies ( V), we were able to identify Ti and Sr surface cations and reduced Ti cations in Ti-V,
complexes. Within a simple “localized-hole point-ion” model, the comparison of the experimental
binding energies with calculated ionization energies of free ions in different valence states modified
by the corresponding Madelung potentials enables us to deduce the effective charges on the Ti ions
to be about +2.5 (3d** orbital occupation) in the bulk and about +2.0 (3d?) on the surface, respec-
tively. This conclusion is drawn from the calculated variation of the point-ion energies with the
valence-orbital occupation numbers (Ti 3d", Sr 55", and O 2p6 ™). The free-ion ionization energies
have been obtained from self-consistent-field atomic-structure calculations. Our results for the de-
gree of covalency in the bulk and at the surface are in very good agreement with recent band calcu-
lations for the transition metal SrTiO;. This further shows that reliable information about the
ground state of a solid can be drawn from core-level spectroscopy.
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I. INTRODUCTION

Core-level electron binding energies (BE’s) as deduced
from photoelectron spectroscopy (PES) are sensitive to
local-charge environmernts and photoelectron (PE) peaks
shift as the chemical environment is altered.! Often,
however, these chemical shifts are small when the formal
valence state is changed (e.g., for Cu atoms in the high-T,
superconductors). One of the intentions of core-level
PES from solids is the determination of the effective
charge state of the atoms in the ground state of the solid.
It is questionable whether the integral ‘“formal valence”
closely approximates the actual ionic charge it is meant
to represent. In materials with largely covalent character
the concept of the formal valence loses its relevance, and
it is believed that in any real sense valences are not
measurable quantities. This question regarding the ioni-
city or covalency of bonding in solids is of special interest
for oxides. Studies referring to this have been performed
for iodines,? alkaline-earth fluorides,® and alkaline-earth
oxides.*~® Core-level shifts at surfaces and in solids have
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been reviewed recently.” In this paper we present a study
of core-electron BE’s in the transition-metal SrTiO;,
where surface and oxygen-vacancy induced cation BE
shifts have been observed.®’ In SrTiO; the formal
valences are clear: the alkaline-earth metal is dipositive,
the transition metal is fourfold positive, and oxygen is
doubly negative. In this picture the atoms (chemical
ions) have closed shells. Our study wants to contribute to
the understanding of the term ‘‘charge state’ (as seen by
core ionization) in an oxide with a considerable covalent
mixture between the transition-metal (TM) 3d states and
oxygen 2p states. It is highly questionable whether the
valences are fully ionic or even integral valued.

A crucial question, which we also address here, is the
applicability of state-of-the-art electronic band-structure
calculations, which treat the many-body Coulomb in-
teractions within the local-density approximation to
SrTiO;.' Band calculations yield nonintegral occupa-
tion numbers for valence orbitals within the cation and
anion spheres (which are not uniquely defined), and it is
interesting whether these “‘valence-band charges” act on
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core electrons as local valence charges in an atomic sense.
This seems to be quite natural as seen from the ‘“band-
structure perspective.” It is therefore astonishing that
core-electron binding energies in more or less ionic com-
pounds as oxides are usually ascribed to species in a
charge state as deduced from the formal valences.

It is also interesting whether core-level BE’s and their
shifts yield those ground-state charges predicted from
one-electron band calculations, if it is possible to deduce
ground-state properties from PES at all. It is well known
that core PE peaks, which correspond to the binding en-
ergies of occupied core-electron levels, do not directly
measure local ground-state charges, for the production of
a core hole is always accompanied with relaxations and
secondary excitations. In general a PE core spectrum
shows a main line with screening of the hole as well as
possible, and satellite lines due to excitations of the
remaining electron system (“shakeup” and loss satellites).
The screening mechanism behind early-transition-metal
main lines is under debate'"'? and will be discussed at the
appropriate place. The knowledge of the nature of the
final state behind the main line is, of course, of crucial
importance to answer the questions posed here.

In this paper we apply, we believe with considerable
success, the “localized-hole point-ion” (LHPI) model,2
where screening of the hole left behind occurs via polar-
ization of the surrounding. For bulk SrTiO,, for the
SrTi0,(001) surface (surface core-level shifts), and for ox-
ygen deficient SrTiO;_ , (defect-induced core-level shifts),
we deduce from the Ti 3p, Sr 3d, and O 1s binding ener-
gies the effective charges within the cation and anion
spheres and the occupation number n for Ti 3d states. In
SrTiO; there are band states due to Ti3d —O 2p hybridi-
zation, which have Ti 3d orbital character in the metal
sphere. This leads to fractional occupation numbers for
the Ti 3d states (3d") and the O 2p states (2p°~ ™). Cal-
culating atomic binding energies (ionization potentials)
for core levels in dependence upon the oxidation state of
the corresponding free atom (variation of the ground-
state occupation number of the valence orbitals) and tak-
ing into consideration the corresponding solid-state
Madelung potentials, we are able to explain rather con-
sistently the experimental binding energies of the various
Ti species observed and to deduce the degree of hybridi-
zation (covalency) in the bulk and on the surface in agree-
ment with existent theoretical predictions.!®!37 15

II. REVIEW OF EXPERIMENTAL RESULTS ON SrTiO;

A survey of the valence electronic structure of SrTiO,
and its surfaces as deduced from PES up to 1984 is found
in the review articles of Henrich!® and Tsukada, Satoko,
and Adachi.'* Figure 1 schematically shows characteris-
tic results of Ti 3p, Sr 3d, and O l1s core-level, valence-
band (VB), and band-gap photoelectron spectra obtained
recently from n-type SrTiO,(001) surfaces taken with syn-
chrotron radiation®° and which are relevant to our con-
siderations. The experimental binding energy is referred
to the Fermi level of n-type SrTiO;, which coincides with
the conduction-band minimum.'®

On stoichiometric and well-ordered surfaces of
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SrTiO;(001), which can be obtained by annealing a clean
surface in oxygen,8 a surface enhanced covalent mixing of
Ti 3d and O 2p states has been found recently!’” with the
use of Ti 3d resonant photoemission [quasiatomic Ti
3p —3d resonance at hv=47.5 eV (Refs. 18 and 19)]. It
was found that the surface partial density of Ti 3d states
extends over the whole valence band and that the low
binding-energy portion is of pure surface origin. Another
resonant PE investigation of SrTiO; (Ref. 20) has not
found this surface effect, but could only establish the bulk
Ti 3d contribution to the high-energy part of the valence
band. The occupation of the Ti 3d states contributing to
the bulk valence band has been experimentally estimated
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FIG. 1. Schematic representation of the experimental photo-
electron spectroscopy results from SrTiO;(001) for the Ti 3d
contribution to the mainly O 2p-derived valence band (VB) and
to the gap region, and for the Ti 3p, Sr 3d, and O 1s core levels.
Upper panels: Bulk and surface binding energies. The index s
indicates emission from the TiO, and SrO terminated surfaces,
respectively. Lower panels: Binding energies for species associ-
ated with oxygen vacancies (V) in the surface region. The
numbers below the surface and V-induced emissions give the
energy shifts relative to the bulk values. Energies are referred
to the Fermi level of the n-type sample used in experiment.



to n=1.4 (Ref. 17) in rather good agreement with
theory.!® The band-gap region is free from any substan-
tial emission in the case of stoichiometric sur-
faces,>101721.22 on  which surface core-level shifts
(SCLS) for the Ti 3p level® and the Sr 3d level® have been
observed, which arise for Ti atom sites in TiO,-plane ter-
races (Fig. 2) and for Sr atom sites in SrO-plane terraces,
respectively. The Ti 3p (Sr 3d) level is shifted to a lower
(higher) BE by 2.0 (0.8) eV, whereas the O 1s line does
not show any splitting due to a surface effect. We will
show in this paper that these observations can be under-
stood in terms of the surface-enhanced covalency (SEC),
whli3ch has been found experimentally!” and theoretical-
ly.

Oxygen-vacancy (V) -rich surfaces, prepared by
strong annealing in UHV or ion bombardment, show
Vo-induced Ti 3p core emissions 7, and T, at the low
binding-energy side of the main-line and band-gap emis-
sions D, and D, (Fig. 1). The well-known defect gap
state D, has been associated with Ti** (3d!) species in
the surface region.?"?> Henrich, Dresselhaus, and
Zeiger.?! and Lo and Somorjai?? have given an interpreta-
tion in terms of charge transfer from oxygen vacancies to
neighboring Ti atoms, so that Ti 3d-like states are occu-
pied with energies in the gap below the Fermi energy.
This interpretation is certainly correct because of the ob-
served resonant enhancement of PE from the gap state, !’
which gives evidence of its Ti 3d character. However, an
interpretation in terms of integral valence states is doubt-
ful (Henrich, Dresselhaus, and Zeiger and others use the
term “Ti"3-V, complexes”).

ATi03(001)
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The Ti 3p defect emission T} (AEg = —3.2 eV) is very
broad and may be the center of more than one overlap-
ping line (possibly three lines as judged from the
linewidth of the emission from the unperturbed surface).
A low binding-energy shoulder at about AE; =—3 eV to
the Ti 2p emission from ion-bombarded or otherwise re-
duced SrTiO; samples has been observed in more bulk-
sensitive x-ray photoelectron spectroscopy (XPS) mea-
surements, too, and ascribed to Tit? species adjacent to
oxygen vacancies.”>~ % In Vy-rich surfaces of the com-
parable compound TiO, three defect-induced Ti 2p emis-
sions have been found?® in XPS studies and have been in-
terpreted as representing Ti*3, Ti*2, and Ti*! atoms.?’

Because of the correlated occurrence of both the core
emission T, and the gap emission D,,® both represent the
same reduced Ti species. In a previous paper® we have
assumed that the line pairs (7';,D,) and (T,,D,) in Fig.
1 have their origin in bulk (including the subsurface lay-
er) and surface vacancies, respectively, although this in-
terpretation was not unambiguous. As judged from our
calculations presented in this paper, reduced Ti species
both in the bulk and in the surface are behind the broad
emissions (7T,D,), and (T,,D,) probably represent Ti
clusters on the surface. An understanding of the surface
core-level shift on the “perfect” surface is of crucial im-
portance for the interpretation of the defect-induced
shifts in terms of charge states.

Low binding-energy satellites accompany the main
lines in the core PE spectra of SrTiO;.!"'1%2® Especially
the Ti excitations show rather intense satellites at about
14 eV, which play a central part in the several models
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FIG. 2. ATiO; cubic perovskite structure and possible ideal surface terminations (TiO, and SrO plane, respectively). Oxygen va-

cancies are also indicated.
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developed for the screening in the final state. Because the
literature on this field is rather bewildering (references
dealing with the early transition metals can be found in
the papers of de Boer, Haas, and Sawatzky'' and Veal
and Paulikas'?), we have performed a reinvestigation of
the satellite structure of SrTiO;, which will be presented
at another place together with inverse photoemission and
electron-energy-loss-spectroscopy data.’® However, for
the purpose of the considerations presented in this paper
it is important to communicate that both cation and
anion satellite structures are so similar, and that an inter-
pretation in terms of energy losses of the photoelectron
passing through the sample (plasmon and interband exci-
tations) cannot simply be ruled out as is often done.'"!2
These results encouraged us to use the simple model to be
presented in the next chapter.

III. THE LOCALIZED-HOLE POINT-ION MODEL
AND CALCULATIONAL DETAILS

A. The model

In order to avoid confusion we call the valence-ionized
atoms in their ground state (chemical ions) “atoms” and
call the core-ionized atoms ‘“‘core-ions” or simply “ions.”
For the decomposition of core binding energies within
the ‘“localized-hole point-ion” (LHPI) model into core-
level ionization potentials V9 of the free atom (chemical
ion), Madelung potentials E,;, and repulsive (E,) and po-
larization (Ep) contributions, we refer the reader to dis-
cussions found elsewhere.>”® Within this model the
binding energy Ey of a core electron is given by the for-
mula

Eg=VW%—Ey—E,—E, . (3.1

The Madelung potential (energy) E,, is the one-electron
energy in the electrostatic field of the surrounding atoms
in their ground state, which acts on all levels of one spe-
cial atom in the same way. E,, is a positive quantity for
cations, but has a negative sign for anions. Thus anions
are stabilized and cations are destabilized in the electro-
static field. The ionization potentials V% include the
intra-atomic relaxation effects of the free atoms upon
core ionization and calculational details are given below.
Extra-atomic relaxation is included in the polarization
term E,, whereas the repulsive energy E, describes effects
due to the compressed atom in the solid as compared to
the free atom and also contains some final-state intra-
atomic relaxation. The strength of these correction terms
will be discussed below. No relaxation effects, such as,
e.g., charge transfer from neighboring atoms in the core-
ion state, are considered in this model. This may be
called into question, but we ask the reader for patience.
The results of this simple model presented below may
hopefully convince him that no more sophisticated final-
state model seems to be necessary to achieve a reliable in-
terpretation of the experimental binding energies of the
PE main lines.
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B. Atomic-structure calculations

The calculations of the ionization potentials are based
on a generalized Kohn-Sham theory which applies also to
excitations. We performed self-consistent-field (SCF) cal-
culations on various possible states of the respective
atoms, where the occupation numbers can be nonintegral
to mimic the valence-band charge densities. By taking
the differences of the total energies E,, for the initial
core hole state and the assume final state we get the
ASCEF values for the ionization potentials

Ve =E (C W'/ )—E,(C"), (3.2)

where C denotes the core level (C ~! is the core hole), v is
the valence orbital, and n, and n, are the final and initial
occupation numbers, respectively. Since we are only in-
terested in total-energy differences it is sufficient to do
atomic-structure calculations for the lighter elements ti-
tanium and oxygen within the scalar-relativistic approxi-
mation®®3 instead of solving the Dirac equation as for
strontium. Table I shows total energies for free ground-
state Ti atoms and it can be seen that the respective
values for the total energies differ constantly by about
6.481+0.1 eV and thus cancel in determining the ioniza-
tion energies. Ionization potentials VY, for titanium,
strontium, and oxygen are given in Tables II-IV. Also
given are the free-atom relaxation energies ER, which
are, for a given atom configuration, defined by

Eg =E{;?zen_Etot . (3.3)

Here E[T9%*" is the total energy of the core ion calculated
by using the self-consistent (frozen) potential for the
respective atom, and E,, is the self-consistently calculat-
ed total energy of the relaxed core ion.

For the exchange-correlation part V5. of the potential
we have used a nonlocal approximation. The exchange-
correlation energy is given by

E.=3 fps(r)sic(r)d3r , (3.4)

where the exchange energy per particle, €,.(7), depends
on the spin-dependent correlation factor f. (r,r’) by

ps(r’)fs’s(r’r’)

e(n=—[ P dr . (3.5)
We approximate f ., by

fo(r,r)=[1+A,(0)|r'—r?] %%, (3.6)
where A, (r) is determined by the sum rule

[p () fy(r,r)d’r =1 . (3.7)

This ansatz for the correlation factor has proven to pro-
vide satisfactory results for atomic properties.’’*> The
exchange-correlation potential V3, which is defined by

Xc?

8E,. =3 8p,(r) Vi (r)d’r, (3.8)

may then be formally written as
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Vie(r)=2g5.(r)

ps(r') 8f (1 T)

dr. (3.9
s 4T B

It —r
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C. Madelung potentials for SrTiO;

The Madelung potentials for the various lattice sites
have been calculated using the method of Tosi.* Charge
neutrality for the formula unit requires
q(Ti)+¢q(Sr)+3¢(0O)=0, where the g¢’s are the effective
charges on the Ti, Sr, and O atoms. In order to achieve
charge neutrality for the TiO, and SrO planes too, one
additionally has to require g(Ti)=2q(Sr)= —2¢(0). In
terms of the valence-orbital occupation numbers n(Ti)=n
(Ti 3d"), nS)=m=n/2 (Sr 5s™), and n(O)=6—m
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(O 2p° ™), one has

q(Ti)=4—n=4(1—n/4),

q(Sr)=2—m=2—n/2=2(1—n/4), (3.10)

g(O)=—24+m=—2+n/2=—21—n/4).

In this charge distribution model all oxygen sites in the
bulk are equivalent as is found in experiment. The bulk
Madelung potentials are then given by

Ey(n,i)=E(0,i)(1—n /4) (3.11)

where E,(0,i) are the Madelung potentials at sites i
(Ti,Sr,0) for all atoms (chemical ions) being in their max-
imum oxidation state (n =0). The values for E,,(0,i) at
the various sites are given in Table V. The Madelung po-
tentials Ey, at lattice sites in the surface of a semiinfinite

TABLE I. Total energies for free ground-state titanium atoms (chemical ions) from self-consistent-
field atomic-structure calculations (relativistic and scalar-relativistic, respectively). All values are given

in rydbergs.

E . (Ry)
Atom Ground-state Scalar-
(chemical ion) valence configuration Relativistic relativistic
Ti* 3d%s° —1699.510 —1699.987
Ti'" 3d'4s" d( %) —1702.562 —1703.037
d(3) —1702.557
3d%s' --1701.991 —1702.469
Ti* 3d* d(3) —1704.443 —1704.916
d( ;) —1704.436
3d'as! d(3) —1704.263 —1704.738
d( i) —1704.259
3d"4s* —1703.817 —1704.295
Ti' 3d* d(3) ~1705.381 —1705.853
d(3) —1705.373
3d4s! d(3) —1705.467 —1705.941
d(%) —1705.461
3d'4s? d(3) —1705.380 —1705.856
d(3) —1705.376
Ti’ 3d* d(3) —1705.660 —1706.132
d(3) —1705.643
3d4s! d(3) —1705.859 —1706.332
d(3) —1705.851
3d%4s’ d(3) —1705.992 —1706.466
di3) —1705.986
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crystal is calculated using the formula

Ej=1[Ey(n)—Ef(n)]+Ef(n®) , (3.12)

where Ef, represents the Madelung potential of a plane
parallel to the (001) surface layer. The first term gives the
contribution of the bulk (including the subsurface layer).
The second term gives the contribution of the surface
plane, which is allowed to have reduced charges. The

TABLE II. Ionization potentials, V{p

latter is equivalent with increased valence-orbital occupa-
tion numbers at the cations (for Ti, n —>n+An=n; for
Sr, m—m +Am =m,) and with a decreased occupation
number at the anion (for O, 6—m —>6—m —Am
=6—my,), thus representing a surface-enhanced covalent
mixing at the surface. An and Am, respectively, are the
surface-bulk differences of the valence-orbital occupation
numbers. This effect induces a Madelung shift at the sur-

=E,,(core ion)—E,, (atom), and relaxation energies E} for free titanium atoms (chemical

jons). The binding energies, Ez =V —E,,, for Ti atoms embedded in the electrostatic field of SrTiO; (Sr*>""Ti**~"0; 2™ with
n=2m, E,, is the Madelung potential at the corresponding lattice site) are also given. All values are given in eV.

Atom (chemical ion)/

ground-state valence Eg
configuration Ton/core hole Vo E} (SrTiO;)
Ti*" /3d%s® (n =0) Ti** /3d - — —
3p 97.31 1.21 51.70
3s 121.63 1.36 76.02
2p 527.89 12.56 482.28
Ti** /3d'4s° (n=1) Ti*" /3d 41.49 0.79 7.26
3p 78.22 1.43 43.99
3s 102.18 1.67 67.95
2p 504.84 14.02 470.61
Ti?3" /3d'54s° (n=1.5) Ti'3" /3d 33.19 0.78 4.66
3p 69.48 1.59 40.95
3s 93.27 1.88 64.74
2p 494.56 14.78 466.03
Ti?" /3d%4s° (n =2) Ti*" /3d 25.58 0.76 2.76
3p 61.36 1.79 38.56
3s 85.00 2.14 62.18
2p 485.18 15.55 462.36
Ti' °* /3d? '45° (n=2.1) Ti? " /3d 24.14 0.74 2.46
3p 59.82 1.83 38.14
3s 83.42 2.20 61.64
2p 483.42 15.71 461.74
Ti'"/3d* (n=3) Ti*t /3d 12.75 0.62 1.35
3p 47.42 2.34 36.02
3s 70.80 2.83 59.40
2p 469.55 17.08 458.15
Ti'* /3d%4s! Ti?* /3d 16.36 0.76 4.95
3p 51.92 1.97 40.51
3s 75.51 2.35 64.10
2p 475.39 15.86 463.98
Ti?/3d%s° (n =4) Ti'" /3d 3.79 0.34 3.79
3p 37.42 3.07 37.42
3s 60.66 3.65 60.66
2p 458.84 18.37 458.84
Ti%/3d%4s? Ti'" /3d 8.31 0.82 8.31
3p 43.68 2.23 43.68
3s 67.25 2.62 67.25
2p 466.93 16.22 466.93
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TABLE III. Ionization potentials V'}, and relaxation energies E3 for free Sr atoms (chemical ions) and corresponding binding en-
ergies, Eg = V{p —E,,, for Sr atoms embedded in the Madelung potential (E,,) of StTiO;. The ionization energies for 5s screening in
the core-hole ground-state, Vip (C5s”—C ~'55™ *!), are also given. All values are in eV. Relativistic (rel.) and scalar-relativistic (s.
rel.) values have been calculated.

Atom (chemical ion)/

ground-state valence Vo
configuration Core hole s. rel. rel. E} Ey=V%—Ey Vip
Sr?* /55° (m =0) 4p 41.08 0.90 21.21 21.84
4p(L) 41.99 22.12
4p( %) 40.68 20.81
4s 59.88 1.42 40.01 40.54
4s 59.74 39.87
3d 153.37 8.78 133.71 133.71
3d(3) 154.56 134.69
3d(3) 152.66 132.79
Sr!'* /55! (m=1) 4p 33.18 1.43 23.25 20.58
4s 51.89 1.99 41.96 39.22
3d 145.07 9.48 135.14 132.14
Sr’/5s% (m =2) 4p 26.31 2.14 26.31
4s 44.95 2.85 44.95
3d 137.91 10.37 137.91

TABLE 1V. V{’s, relaxation energies E3, and binding energies Ep =V — E,(StTiO,) for free-oxygen atoms. The values of
Broughton and Bagus (Refs. 6 and 7) are given for comparison (in parentheses). All values are given in eV.

Atom (chemical ion)/

ground-state valence Ion/valence
configuration or core hole Vi E} Eg
0°/2p*2p2t (m =2) O't/2p'sTopt s 15.63 2.86 15.63
2s! 29.55 3.78 29.55
E. = —149.6763 Ry Is' 545.13 21.42 545.13
Is' (545.04) (545.04)
0'"/2p?312p N (m=1) 0°/2p2p*! 3.01 3.67 14.92
2s! 16.75 5.63 28.66
E,..=—149.8813 Ry Is' 529.05 25.88 540.96
Is' (528.15) (540.05)
0'27/2p*012p2 0t (m =0.8) 002 y2p2tigp2 Mt 0.94 4.02 15.23
2s! 14.60 6.41 28.89
E., = —149.8498 Ry 2s! 526.53 41.64 540.82
0% (Ref. 6) (m =0) o' /2p° (—8.50) (15.31)
Is' (517.75) (541.56)

TABLE V. Madelung potential parameters in the bulk and in the TiO,- and SrO-plane terminated
surfaces of SrTiO;(001) as defined in Egs. (3.11) and (3.13). All values are given in eV.

Bulk Plane Surface
Site E,(0) E{(0) AE(0) Cy
Ti +45.64 +40.68 —2.48 —10.17
O(TiO, plane) —23.81 —23.83 0 +5.96
Sr +19.87 +16.85 —1.51 —4.21

O(SrO plane) —23.81 —16.85 +3.48 +4.21
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face given by

AEy,=E} —Ey=AEy(0)(1—n/4)+Cy An .  (3.13)

The values AE,,(0) and C,, for the various sites are given
in Table V.

Our Madelung potentials are in nearly perfect agree-
ment with those calculated by Wolfram, Kraut, and
Movin** for SrTiO;. According to their result the elec-
trostatic potential approaches its bulk value one layer in
from the surface, as has been found in a similar calcula-
tion performed for TiO,.% Thus, atoms in the second
layer are already indistinguishable from bulk atoms.
With the exception of the oxygen site in a TiO, surface
plane of SrTiO;, in all cases the Madelung potential at an
atomic site in the surface layer is smaller in magnitude
than in the bulk. Thus in the surface, electrons at cation
sites are more deeply bound and those at anion sites are
less bound than in the bulk. This effect is still increased if
the charge on surface atoms is decreased. Watson
et al.® have already pointed out, that the elucidation of
information about the chemical state of surface atoms re-
quires the consideration of Madelung effects.

We have neglected surface reconstructions found in a
recent low-energy electron diffraction (LEED) analysis of
SrTi0;.%® According to this study the oxygen ions are
pulled out of both possible surfaces (see Fig. 1) by
s(Ti0,)=0.08 A and s(Sr0)=0.16 A, combined with
a relaxation of the first two layer distances,
d,(TiO,)/d,=(+2£2)% and d,(SrO0)/d,=(—10
+2)%, respectively. The vertical oxygen displacements
produce a reduction of the Madelung energies for surface
ions by about 1% per nearest neighbor and can be
neglected. The layer relaxations cause shifts of about
+0.2 eV for the ions in the TiO, surface which does not
affect the conclusions drawn below. For the oxygen ions
in the SrO surface there is no shift because both effects
cancel each other. The Sr surface ions are shifted by at
most 0.5 eV to lower BE’s which also will be neglected
because other correction terms discussed below are more
severe.

D. Correction terms in the electrostatic model

The polarization correction (extra-atomic screening) to
the binding energies in the simple electrostatis model [Eq.
(3.1)] is an important one to include.? Polarization is a
final-state effect, since before ionization takes place each
ion is in a symmetric environment. After core-electron
ejection, the electrons on neighbor atoms relax in the
direction of the core ion, thereby lowering the total ener-
gy. The binding energies are shifted to lower values. For
TiO, de Boer, Haas, and Sawatzky'! have estimated a po-
larization energy E, =4 eV for Ti 2p core holes, a value
which we use here as a guide.

The repulsion correction E, includes both initial- and
final-state effects.””’ When the chemical ion is placed
into a point-charge field, the valence orbitals are
compressed and the core levels are shifted up in energy.
The final-state contribution is an increase of the binding
energy because due to the smaller size of the core ion the
valence orbitals has a place to expand. Mahan*® has
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shown that these repulsive energies for alkaline-earth cat-
ions in chalcogenide crystals can be neglected, whereas
for anions repulsive corrections of about some eV have to
be taken into account. The latter results has also been
found by Broughton and Bagus.®

E. Binding energies in a local screening model

Transition-metal (TM) final-state screening by a 3d
electron that locally resides at the cation site has been
proposed for the main lines of early TM’s in insulators by
Veal and Paulikas.!? In their relaxation model with local
screening (a behavior which is well known from metals),
the presence of a core hole pulls down unfilled eigenlevels
which then become populated due to charge transfer
from neighboring ligands to locally charge compensate
the core hole. This process decreases the binding energy
of the PE main line. Thus, Veal and Paulikas'? interpret
the TM main line as arising from a 3d-screened final
state, C 3d"—C~'3d" 'L ~"+e,, where the screen-
ing electron is supplied by the ligands L. The effect of
such a process on the ligands energetics has not been con-
sidered by these authors. In order to test this model we
have calculated these ‘‘screened” ionization energies
(Vip) given by

Eg=Vp=E (C Lolwl)—E(C,oh}), (3.14)
where v, represents the atomic valence orbitals occupied
with n electrons in the ground state (Ti 3d”", Ti
3d%4s',...), and v, represents the screening orbital
(3d,4s,4p,4d) occupied with one electron after core ion-
ization. The final--state occupation of the outer 4s, 4p,
and 4d orbitals simulates less locally screened core-hole
states.’’

IV. COMPARISON OF EXPERIMENTAL
AND THEORETICAL BULK BINDING ENERGIES

In Figs. 3—7 calculated binding energies are compared
with the experimental ones which are referred to the Fer-
mi energy being the position of the least bound electron.
A discussion of the reference-level problem in metallic
and insulating systems is found in Refs. 2, 3, 6, 7, and 38
and there seems to be no unanimous opinion about the
appropriate reference level. Recently Eckardt and
Fritsche®® have shown that the Fermi level is the built-in
reference level in calculations of our type for local excita-
tions in metals. n-type SrTiO; behaves as a metal because
a low density of oxygen vacancies is always present and
no charging effects have been observed.

Figure 3 shows free atom Ti 3p-level binding energies
for “atomic” Ti’*(3d?) in comparison with the experi-
mental value in SrTiO;. This oxidation state has been
chosen because the free-atom BE just agrees with the ex-
perimental one for SrTiO; after correction for the corre-
sponding  Madelung  potential [Eq. (3.1)] for
Sr'*Ti>* 0! ™. The figure also shows that a locally 3d-
screened final state [V{p(3d*)] gives a too low BE,
whereas a less local screening via Ti 4s, p, or d states may
explain the experimental BE, too. One already recog-
nizes that within the electrostatic model the comparison
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FIG. 3. Calculated ionization potentials at the Ti 3p level for
the chemical ion (‘‘atom”) Ti** (3d?). The energy marked “un-
screened” results for core ionization of the isolated atom,
Vi =E(3p°3d*)—E(3p®3d?). This energy falls approxi-
mately midway between the calculated single-electron 3p eigen-
value €3, for the ground state (“eigen-atom”) and the core-hole
state (“‘eigen-ion”), respectively. The energies marked ‘“locally
screened” represent ionization energies for a screened hole state
(simulating the ‘“‘core ion” in a bulk supplying screening
charges) with the singly occupied screening orbitals v indicated,
Vip=E(3p°3d*')—E,(3p°3d?). The effect of the
Madelung potential E,, in Sr'*Ti>* 0%~ on the electron remo-
val energy is indicated by the arrow. The dashed line gives the
experimental Ti 3p bulk binding energy.

between theory and experiment leads to a rather high co-
valency in SrTiO; with much lower oxidation states than
the formal ones (Ti*", etc.), irrespective of which kind of
screening is behind the main line. Figure 3 also shows ei-
genvalues at the Ti 3p core level for the ground state of
the Ti** atom (called eigen-atom in Fig. 3) and for the
bare core-ionized atom (eigen-ion). The binding energy
V{p is approximately midway between the two eigenval-
ues, demonstrating that local-density eigenvalues are
very different from ionization energies.*

Figure 4 shows bare (V{p) and screened (Vip) Ti 3p
binding energies for atomic titanium with the valence-
electron configurations 3d" and 3d"4s" ~% (n =3,4 in the
latter case), respectively. The occupation number » simu-
lates the degree of chemical ionization in the ground state
(+4—n is the charge state). As expected, the V’s for
reasonable charge states between +4 and +2 are far
away from experiment. A locally 3d-screened final state
gives too low binding energies for all ground-state
configurations 3d". Furthermore, the Vip’s have to be
decreased by some eV due to the compressional effects,
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FIG. 4. Left: Dependence of the unscreened ionization ener-
gies V' (electron removal energies, unfilled circles) of the Ti 3p
level on the ground-state valence-electron occupation number n
[3d" and 3d%4s" ~? (n=3,4), respectively] of the free titanium
atom (chemical ion). The occupation number simulates chemi-
cal ionization. The binding energies E; =V, —E,, for a single
electron in the “bare” atom in the electrostatic field of SrTiO;
(Ey is the Madelung potential) are also shown as solid circles.
Right: Dependence of the screened Ti 3p ionization potentials

ip on n. The values labeled 3d 4s, 4p, and 4d are total-energy
differences between the ground state (3p®3d" or 3p°®3d24s" %)
and the final state containing a 3p core hole (3p°) and an addi-
tional occupied 3d, 4s, 4p, or 4d screening electron orbital
(3p33d?3d ', etc.)

which act irrespective of which model is used for the final
state. So we have the first hint that the 3d-screening
model does not properly describe the experiment. How-
ever, less locally screened states (via 4s or 4p occupation)
may describe the experimental values rather well for
ground-state configurations between 3d! and 3d%. Such
values for the ground-state 3d-orbital occupation are also
predicted in the electrostatic model, which is in perfect
agreement with experiment for the Ti**(3d?) ground-
state atom if one neglects polarization and compression
corrections. Due to the latter contributions to the bind-
ing energy, our results for the Ti 3p, 3s, and 2p levels
(Figs. 4 and 5) strongly point to an effective ground state
of about Ti 3d'>, with 3d? and 3d' as upper and lower
limits, respectively.

If the reader prefers referring a binding energy to the
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FIG. 5. Ionization energies V{p for the Ti 3s and Ti 3p levels
and corresponding binding energies E; =V% —E,, in SrTiO;.
Compare with Fig. 4.

vacuum level of a sample, defined as the energy for an
electron at the Fermi level to escape from the solid, the
work function of about 4 eV (Refs. 21, 22, and 28) has to
be added to the experimental values shown in Figs. 4-7.
This would give somewhat higher effective charges by
about +0.5 for the titanium atoms. However, the main
conclusions about the effective valences are drawn from
binding-energy differences and shifts presented below,
where the reference-level problem is minimized.

In case of outer orbital screening, presumably some
kind of Madelung-potential correction must be per-
formed too, because 4s, 4p, and 4d screening only per-
form partial charge compensation of the core hole. Such
kind of correction would shift the calculated binding en-
ergies Vip to lower values, such that the Ti 3d ground-
state occupation as derived from the experiment-theory
comparison would be lower than that derived from un-
corrected Vip's.

According to de Boer, Haas, and Sawatzky'! the titani-
um main lines correspond to nonlocal screened core
holes, where screening is achieved by ligand polarization
towards the anion, if hybridization between metal d states
and anion p states is neglected. In this simple case, their
screening mechanism is identical with that in the LHPI
model. However, de Boer, Haas, and Sawatzky show
that inclusion of covalent bonding complicates the situa-
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FIG. 6. Left: Dependence of the unscreened ionization ener-
gies V9, for the Sr 4p, 4s, and 3d levels on the ground-state
valence-electron occupation number of the free Sr atom (chemi-
cal ion, Sr 5s™) and the corresponding binding energies
Ey=V{% —E, (E, is the Madelung potentials in SrTiO;).
Right: Same for the oxygen 1s and 2s levels. The O?” energy
V% (open square) is taken from Broughton and Bagus (Refs. 6
and 7). The experimental values for SrTiO; are indicated by ar-
rOws.

tion. In their extended model, the Ti core hole is partial-
ly screened with 3d electrons in its final ground state, in
contrast to the LHPI model.

The validity of the simple electrostatic model is further
supported by results of recent band-structure calcula-
tions,!® from which a Ti 3d contribution to the valence
band of about 1.7 electrons has been derived. This Ti 3d
valence configuration is in excellent agreement with the
estimate drawn from Fig. 4 within the framework of the
simple LHPI model.

The situation is not so favorable for oxygen and stron-
tium (Fig. 6). In the case of Sr(5s™), the binding energies
in the point-ion model are again near to the experiment.
However, because of the weak dependence on the occupa-
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tion number m, and taking into account the BE decreas-
ing correction terms, no precise statement about the
effective oxidation state can be given. It has to be no-
ticed, too, that the BE’s in the screening model (¥ip in
Table III) are also close to experiment. Because the
point-ion BE’s for Sr’*(55%) are too near to the experi-
mental values, one might conclude from Fig. 6 that at
least one valence electron occupies the Sr 5s orbital. This
estimate is supported by a comparison of the Sr 3d BE’s
(average) in SrTiO; (the binding energy is 134.4 eV, Fig.
1) with those in SrO [the binding energy is 135.7 eV (Ref.
40)] and Sr metal [the binding energy is 134.9 eV (Ref.
40)], which shows that the former are much closer to the
metal than to the oxide (within an experimental error of
about 0.5 eV).

The oxygen O 1s binding energy in oxides represents a
well-known mystery.® most O 1s BE’s exist near 530 eV
and are apparently independent of the Madelung poten-
tial.®* Even oxides with two different oxygen sites exhibit
only one O ls peak. But this is only in contradiction to
Madelung arguments if one assumes the same valence
states (e.g., the formal one —2) and if compressmnal
corrections are neglected. Broughton and Bagus® have
shown that compressional shifts act in the opposite direc-
tion to Madelung shifts, and that a large Madelung po-
tential does indeed produce a large compression of the
anion’s valence shell. Figure 6 shows that the “point-
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ion” O 1s BE is about 10 eV higher than the experimental
value and is apparently independent of the 2p occupation.
This result must be taken with some caution because the
O ? value, which is taken from Ref. 6, is in doubt since
the free atom O~ ? is not stable in theory or in experi-
ment. The situation is likewise uncertain for the O 2s lev-
el. Thus we cannot determine the effective oxygen charge
from absolute binding energies.

For completeness, Fig. 7 shows corresponding results
for the Ti 3d and O 2p levels, although it is questionable
to compare binding energies of delocalized valence levels
with theoretical energies for the free atoms. The SrTiO;
valence band (VB) extends from 3.2 to 9.0 eV (Fig. 1), and
the theoretical point-ion O 2p BE’s are too low in energy,
as are those for O 2s and O 1s. For all three oxygen lev-
els an increase of the calculated energies by about 9 eV
would fit the experiment independent from the valence
configuration. The experimental Ti 3d contribution to
the bulk VB is found in the high BE part at about 6-9
eV.!"” The point-ion BE’s, if applicable to VB states for Ti
3d ground-state occupation with about 1.5 electrons, are
a bit too low as compared to experiment.

Citrin and Thomas® have already pointed out that a
reasonable way to minimize deviations between theory
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indicated by arrows.
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and experiment is to compare BE differences for different
core electrons in a particular type of ion and for cation
and anion electrons, respectively. This procedure avoids
the reference-level problem. One might also hope that
these checks reduce experiment-theory disagreements
due to the not well-known correction terms. Figures 8
and 9 show differences V% for Ti, Sr, and O levels as a
function of the valence-orbital occupation numbers. In
the first case one is free from Madelung potentials, be-
cause in an electrostatic field the different electrons of
one type of atom should be shifted by the same amount
from their free-atom values. For titanium the (3s)-(3p)
separation is nearly constant, whereas the (2p)-(3p) dis-
tance shows a steep gradient allowing an approximate
determination of the Ti 3d occupation number. Accept-
ing a maximum deviation between experiment and theory
of about +2 eV, a Ti 3d!? state (Ti*") or an even
higher 3d occupation is determined for the ground state
in agreement with the conclusions drawn above. The Sr
ground state cannot be found out becuase of the flatness
of the theoretical ¥ (m) curve. Due to the lack of 0>~
data, no reliable conclusion can be drawn from the O
1s—O 2s distance for the oxygen valence state in SrTiO;.
However, the theoretical O 1s-0O 2p difference for O!2~
(525.6 eV, see Table 1V) agrees rather well with the ex-
perimental value of 525.0 eV (the center of gravity of the
VB is at 6 eV).!” A 2p occupation with only about five
electrons is therefore a reasonable value.

In Fig. 9 we compare the theoretical and experimental
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FIG. 9. Calculated binding-energy differences

AEg=AV{, —AE,, in different atoms (chemical ions) as a func-
tion of the ground-state charges. Compare with Fig. 8. The
values connected with dashed lines represent the Ti 3d?%4s’
ground state. The corresponding experimental values in SrTiO;
are indicated by arrows.
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binding-energy differences of core electrons on different
atoms. As is evident, the pure ionic picture is far away
from experiment. It follows again that the Ti 3d occupa-
tion is about n=1.5 [n =1 from BE(O 1s, Ti 2p) and
n =2 from BE(Sr 3d, Ti 3p)], and that the oxygen and
strontium charges are strongly reduced as compared to
their formal values.

V. SURFACE CORE-LEVEL SHIFTS

In the surface plane the electronic structure is modified
because of the reduced coordination. Additional charge
may concentrate at the Ti sites due to the missing elec-
tronegative oxygen neighbor (Fig. 2). This effect may be
described in terms of a surface-enhanced covalency
(SEC).!* SEC decreases the effective atomic charges be-
cause of an increase (decrease) of the Ti 3d (O 2p) orbital
occupation in the surface layer (3d"—3d"*%" and
2p8T M5 2pO (mHAm respectively). SEC of course pro-
duces a surface core-level shift. Within the LHPI model
the theoretical surface core-level shift (SCLS) is given by
the formula

AE,=AV) —AE,, ,

(5.1)
AV =V(n+An)—V(n) .

AVY% accounts for bulk-surface differences in the free-
atom contribution to the binding energy and AE,,
represents the Madelung shift from Eq. (3.13). We
neglect any surface structure relaxations as have been ob-
served in a recent LEED study®® and assume ideally ter-
minated surfaces (Fig. 2). We further neglect bulk-
surface differences in the compression and screening
terms, which presumably cancel in taking BE differences.
For nonintegral An, AV, is taken from a parabolic fit to
the V9, values shown in Figs. 4 and 6. Figure 10 shows
the SEC effect on the Ti 3p BE for values of An varying
between 0 and 1 in dependence on the bulk 3d occupation
n. Neglecting SEC (An =0), this model predicts higher
surface binding energies due to the pure Madelung shift,
and this is in contradiction to experiment (Fig. 1). In-
clusion of SEC lowers the theoretical BE'’s, and for realis-
tic values of n between 0 (Ti**) and 2 (Ti’") one has to
assume a considerable surface enhancement of An =0.5.
As is seen from Figs. 10 and 5 the values n=1.5 and
An=0.6 are in good agreement with both the bulk BE
and the surface shift. We point to that An can be deter-
mined very accurately within our simple model because
An =0.47 already corresponds to n =0 in order to give
the correct shift, and the latter value is far away from ex-
periment as concerns the bulk BE (see Fig. 5).

Ellialtioglu and Wolfram'® have predicted SEC for
SrTiO;(001) using a linear combination of atomic orbitals
(LCAO) model for the description of the bands with =
character (dt,, orbitals). According to their model, an
additional electron can reside on each surface Ti cation,
even though band-gap surface states, which are not found
in PE experiments,'® are unoccupied. For n-type SrTiO;
with the Fermi level at the bottom of the conduction
band (as in our experiments) they found an increase of Ti
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FIG. 10. Calculated surface core-level shifts (SCLS) in the
binding energies, AE; =AV{, —AE,,, of Ti 3p and O s for the
TiO, plane terminated surface of SrTi0O;(001) as a function of
the ground-state valence-orbital occupation numbers in the bulk
[Ti 3d" and O 2p® ™ (2m =n), respectively]. As a parameter,
the surface-bulk difference in occupation number (effect of the
surface enhanced covalency) An is varied. The experimental
shifts (compare with Fig. 1) are indicated.

3d level occupation from n =1.1 in the bulk to n,=1.55
(An=0.45) in the surface, which is in excellent agree-
ment with our finding. Cluster calculations!* have
confirmed SEC (An =0.16), but this effect is not seen in
other tight-binding calculations.'’

The question arises whether the lowering of the Ti 3p
BE by 2.0 eV at the surface can be understood in the lo-
cal 3d-screening model, too. In our opinion, an inspec-
tion of the results presented in Fig. 4 shows that this is
not possible because of the flatness of the corresponding

v curve. However, less local 4sp screening behind the
main line would be compatible with that experiment.

As concerns the unshifted experimental O 1s BE (Fig.
1) for TiO, termination, a small positive shift of some
tenth eV is predicted for the maximum SEC effect of
An =0.6, which corresponds to a reduction of O 2p occu-
pation in the surface by Am = +0.3 (Fig. 10). In view of
the simplicity of our model, this small deviation to exper-
iment seems to be acceptable. It is further seen that O 2p
bulk occupations m =0.5-0.75, corresponding to
q(0)=—1.5 and ¢(O)= —1.25, respectively, compare
best with experiment.

A similar examination is performed for the Sr 3d and
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FIG. 11. Same as in Fig. 10 for the Sr 3d and O Is levels in
the SrO-plane terminated SrTiO;(001) surface.

O 1s BE’s on a SrO-terminated surface (Fig. 11). In order
to explain the experimental Sr 3d SCLS of +0.8 eV, no
SEC has to be assumed for this surface, if Sr'"?>* exists in
the bulk. This charge is in excellent agreement with the
Ti charge 2.5+ deduced above. However, SEC must be
concluded from the O s energies. An unshifted O 1s
line, as seen experimentally, requires an oxygen surface
decrease Am =0.5 for a bulk charge g(O)= —3. This in
turn would result in a slightly too high Sr 3d shift. Hav-
ing in mind the unresolved problem of oxygen BE’s, this
result should not be taken too seriously. In any case, we
deduce from the results of Fig. 11 that a full O 2p valence
shell (O?7) is not compatible with experiment, which
favors the bulk Sr and O charges as deduced from Ti 3p
energies, g(Sr)= —¢q(0)=1.25.

VI. DEFECT-INDUCED CORE-LEVEL SHIFTS

Finally we examine the defect-induced core-level shifts
(Fig. 1) in a very rough model. The main defects created
by ion-bombardment or heavy anneal in UHV are oxygen
vacancies (V). In creating a bulk ¥V, is assumed that
the charge of the missing lattice oxygen,
qg(O)=—2(1—n/4), is equally shared by the two Ti
neighbors [Ti(1)], which then increase their 3d level occu-
pation, n —n +An | with An, =(1—n /4). These 3d elec-
trons occupy states in the gap, which are seen in experi-
ment as emission D,.'"?"22 This charge redistribution in
turn  decreases both the ionization potential
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[V3p(n)—V%(n+An,)] and the Madelung potential
[AE,,=—3(e?/2a)An,] of the corresponding two re-
duced Ti atoms. Again both shifts act oppositely and the
combined effect is shown in the left panel of Fig. 12 as a
function of the ground-state Ti 3d occupation number.
The covalency shift dominates the Madelung shift and a
lowering of the Ti 3p binding energy is calculated as is
observed in experiment (lines T, and 7T, in Fig. 1).
Agreement with the experimental shift is achieved for
n =1.4, whereas the pure ionic picture (n =0) is far away
from experiment. Although this Ti 3d ground-state occu-
pation is perfectly within the limits for » estimated above,
this value should not be overestimated because of the
roughness of the charge redistribution model used,
which, however, yields the right tendency. Furthermore,
the detailed line structure behind the broad Ti 3p defect
emission T, is unresolved and the very surface-sensitive
study represented in Fig. 1 requires a supplementary bulk
investigation with XPS, which is in progress.’* Disre-
garding these restrictions, one may say that the reduced
Ti atoms represent the Ti’" (n=1.4) or Ti'** (n =2)
species and not the Ti’" species of the formal-valence
picture.

Just above we have assumed a bulk origin (including
the second layer) of the Vg-induced Ti 3p emission T,.
Ti-V complexes may also occur in the surface plane.

Ground-State Charge
+4 +3 42 +1 0 +4 +3 +2 +1‘ 0
T T T T T

-10F- Ti:3p level T Ti:3p level
+ SrTiO3 4 Ti0p surface A
ground-state. | ground-state .|
Ti3d" TizgN*An
= 4 _
)
— _ 40 ]
- 5
U’ | = -
T Expt
c =XPLL | . i
(NU] T1 T1
o L 4 L J
c
o L 4 L d
£ a c
@ Op—+—+— —
< L 4 L A
Bulk Vy | Surface Vo |
TiVy Ti
0 i B a:0
A Andb047
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d:1
5 1 1 ! 1 ! Il
012 34 012 3 4
n n

FIG. 12. Calculated oxygen-vacancy induced shift of the Ti
3p core-level binding energy, AEy =AV{, —AE,,. Left: Oxy-
gen vacancy in the bulk (including the second layer). Right:
Oxygen vacancy in the TiO, surface. Compare with Fig. 10. T,
and T, represent the experimentally observed shifts (see Fig. 1).
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The corresponding theoretical shift for the TiO, surface
of SrTiO; is given in the right panel of Fig. 12. The cal-
culation is as above, but SEC is taken into account. An
enhancement of the Ti 3d occupation from n=1.3 to
n=1.3+0.5=1.8 in the surface is compatible with the
experiment, but a much stronger SEC by about An=1
cannot be excluded from this experiment. However, the
latter value is very unlikely as judged from the surface
core-level shift. It is not completely clear from experi-
ment whether T'| represents pure bulk or surface vacan-
cies, respectively, because oxygen adsorption does not
completely suppress the defect emissions.® From the re-
sults of Fig. 12 one might imagine that both bulk and sur-
face oxygen vacancies are behind the Ti 3p emission T,
and the Ti 3d gap emission D,.

An inspection of Fig. 12 shows that emission T,
(AEg=—5.5 ¢V, Fig. 1) may also arise from Ti-V, com-
plexes. However, this would require a much higher ioni-
city in contradiction to the results from the binding ener-
gies in the stoichiometric compound. Furthermore, this
interpretation would let the defect emission 7'} go unex-
plained. We ascribe T, and D, (Fig. 1) to metallic Ti
clusters on the surface because these emissions only occur
after a very heavy anneal® and its BE shift just corre-
sponds to the shift in going from SrTiO; bulk to Ti metal.
Here a comparison with experimental results from defec-
tive TiO, is instructive. Rocker and Gopel®’ have found
five effective oxidation states for Ti on TiO,(110) covered
with two monolayers of Ti metal and have ascribed them
to Ti*™, Ti**, Ti**, Ti'" (this labeling does not give the
effective valences) and Ti’ (metal). Their “Ti*"-Ti*" shift
of 5.1 eV is in good agreement with the T, shift in SrTiO,
and thus supports our assumption of metallic Ti clusters
behind the emission T,. Furthermore, the filling of the
band gap of TiO, with Ti 3d states after evaporation of
two monolayers of Ti has just the shape of our band-gap
emission D,.

VII. SUMMARY

We compare our results for the effective charges in
SrTiO; with existing theories for the electronic structure
of this compound (Table VI). Weyrich and Siems'® have
performed calculations based on the density-functional
theory and the LMTO method and have found a Ti 3d
contribution of about 1.7 electrons to the bulk valence
band. Our finding that the core-level binding energies are
best explained with a Ti 3d occupation between 1.5 and
2.0 electrons is in excellent agreement with this result
from band theory. Furthermore, Weyrich and Siems'
also found a high Sr 5p contribution of 0.8 electrons.
This again is in astonishing agreement with our study, al-
though we have assumed an occupation of the 5s level in
comparing our calculations with experiment. This agree-
ment between band theory and photoemission results for
a transition-metal oxide answers some questions posed in
the Introduction: core-level photoemission is able to
deduce ground-staté properties such as effective charges
and the results are in agreement with band calculations.
Table VI gathers electronic valence charges as derived
from different electronic structure calculations.!®'¥713
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TABLE VI. Electronic valence charges of bulk and surface titanium, oxygen, and strontium atoms

in SrTiO; as derived from theory.

Bulk (001)TiO, surface (001) SrO surface

Ti(3d") 1.7¢

1.58° 1.48° 1.61°

1.65¢ 1.81°¢ (subsurface)

1.19 (3dt,,) 1.55¢ (3dty,)
Oo2p™) 5.2%

5.47° 5.43° 5.7°

5.73¢ 5.66°
Sr(5s™) 0.8*

“Reference 10.
"Reference 15.

‘Reference 14. (Ti,0, cluster, results depend on cluster type).

dReference 13.

For the bulk charges we consider the values of Weyrich
and Siems'® as the most reliable ones because of the ad-
vanced method used by these authors. Surface-enhanced
covalency has been predicted by Ellialtioglu and Wol-
fram'® and confirmed to a lesser extent in the cluster
study of Tsukada, Satoko, and Adachi,'* but has not been
found by Toussaint, Selme, and Pecheur.”” Our core-
level study here and our results from Ti 3d resonant pho-
toemission'” prove the existence of SEC and even quanti-
tatively confirm the calculation of Ref. 13 (An =0.5).

On the one hand our results are not so surprising: An
inspection of Ti 2p binding energies including the metal
(containing effectively Ti® species) and ionic compounds
as Ni,TiF,, where the assumption of Ti*" species is a

good approximation, as given in Ref. 1 on page 68, re-
veals a chemical shift of about 2 eV per oxidation state.
The SrTiO; to Ti-metal shift is about 5 eV and thus leads
to an effective Ti charge of +2.5 in SrTiO;. This is just
the value as deduced from our study. On the other hand,
it is astonishing that our rough point-ion model works so
well for SrTiO,;, where covalency is found to be rather
high.
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