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X-ray photoelectron spectra of the valence bands and core levels for electron binding energies ranging from
0 to 45 eV, are presented for the two perovskite-type compounds BaTiO; and KNbO;. Theoretical band
structures and densities of states are calculated using a parametrized tight-binding method. The validity of
the comparison between theoretical results and experimental valence-band spectra is discussed. The effects of
the various interatomic interaction matrix elements are analyzed and theoretical results are also presented for
SrTiO; in order to compare this work to earlier calculations. Photoionization cross sections are introduced in
the densities-of-states computations: their contribution in modulating the valence-band shape is much more
significant for KNbO; than for BaTiO;. The present densities of states seem to reproduce in an adequate way
the main structures of the experimental valence-band spectra.

I. INTRODUCTION

Among the various experimental methods pro-
viding information on the electronic levels in a
solid material, x-ray photoelectron spectroscopy
(XPS) seems to give the best insight in the energy
distribution p(E) of occupied electronic states.
Due to the final hole state, various effects such
as relaxation, multiplet splitting, or shake-up
excitations may induce perturbations compared
to the initial ground state, but it often occurs that
XPS spectra reflect the actual density of occupied
states, modulated by photoionization cross sec-
tions. In such cases, band-structure calculations
can be correlated in a direct way to experimental
valence-band spectra.

Earlier XPS measurements on perovskite type
compounds have been obtained by Board,' Kowal-
czyk,? and Battye et al.® for SrTiO, and BaTiO,
ceramic. Several band-structure computations
have also been performed on ABO, perovskites.
The pioneering work of Khan and Leyendecker*
on SrTiO, was followed by the complete APW tight-
binding calculation of Mattheiss®; Soules et al .
used a self-consistent tight-binding computation
with an extended basis set of 34 atomic orbitals
to determine the electronic levels of SrTiO;. The
BaTiO, band structures in cubic and tetragonal
phases have been given by Michel-Calendini and
Mesnard™® with a restricted basis set of 14 atomic
orbitals and semiempirical parameters for off-
diagonal integrals. Recently, Battye et al.® have
compared SrTiO, and BaTiO, valence-band spectra
with existing theoretical predictions and concluded
that the agreement was not satisfying.

The aim of the present work is to compare XPS
measurements on single crystals of BaTiO, and
KNbO, to the density-of-states histograms de-
duced from electronic levels, when the inner or-
bital interactions and the photoionization cross
sections are included in the computation.

Experimental valence-band spectra and core
level binding energies are given in Sec. II. The
outline of computations and band structures for
cubic BaTiO,, KNbO,, and SrTiO, are reported
in Sec. III. The influence of inner orbital inter-
actions and photoionization cross sections are
discussed in Sec. IV. The general discussion of
our results is presented in Sec. V.

II. XPS MEASUREMENTS

XPS spectra were obtained using a Hewlett-
Packard 5950A spectrometer. The incident x-ray
is the monochromatized Al Ka radiation. The total
instrumental resolution is estimated to be 0.55 eV
as measured on the Fermi level of gold. BaTiO,
and KNbO, samples are transparent colorless
single crystals: BaTiO, is cut from a commer-
cially available sample grown using the method
described by Linz,® while KNbO, is obtained by a
new method of growth by Metrat.'® At room tem-
perature, BaTiO, is in the tetragonal phase and
KNbO, in the orthorhombic phase. The various
spectra do not exhibit photopeaks of any impurity.
The valence bands (hereafter denoted VB) and
core levels for BaTiO, and KNbO, are reported
on Fig. 1 for binding energies from 0 to 45 eV
below the valence-band edge.

The main problem is to obtain clean sample
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FIG. 1. XPS spectra of KNbO; and BaTiO; for elec-
tron binding energies ranging from 0 to 45 eV.

surfaces. The treatment which gives the minimum
carbon pollution is scraping of the surface with a
diamond grinding tool followed by an ultrasonic
washing in ethanol or methanol for a few minutes.
The crystal is immediately introduced into the
spectrometer chamber after drying. This prepa-
ration makes evident the actual bulk properties.
On the contrary, if the scraping is made in the
preparation chamber (in vacuum without ultrasonic
washing), the core photopeaks of Ba (BaTiO,) and
K (KNbOS) reveal several chemical states for these
ions. By scraping the surface sample, we break
chemical bonds and a powder is created from the
crystal with a large specific surface. The dif-
ferent chemical states which appear for Ba and

K atoms are explained, we think, by the high re-
activity of these elements with oxygen even in the
10""-Torr pressure of the preparation chamber.
Ultrasonic cleaning eliminates this powder.
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FIG. 2. Ba-4d photopeaks in BaTiO;: (a) after the
cleaning process described in the text; (b) after Ar-ion
bombardment.
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The same phenomenon occurs when argon ion
bombardment is used for the cleaning: the effect
is even more drastic depending on the Ar* ion
energy and on the intensity of the beam. We then
notice changes instoichiometry and the destruction
mainly of cationic sites, as shown on Fig. 2 for the
Ba 4d levels. The same effect seems to appear
also in the work of Battye® where in situ scraping
without washing is used: the Ba-5p photopeak be-
comes larger and the 5p, ,,-5p,,, spin-orbit split-
ting does not appear clearly. In our case, these
problems are avoided and the carbon contamina-
tion is negligible. We observe a very weak C-1s
signal, but we do not distinguish any C-2s signal.
To make sure of this fact, samples were observed
with some more carbon and the C-2s peak ap-
pears at a higher binding energy than the O-2p
valence band, as we can see on Fig. 3. We notice
also a small shoulder on the high binding energy
side of the O-1s signal when the sample is not
scraped in sifu, denoting the presence of adsorbed
oxygen. The magnitude of this component is about
10% of the bulk O-1s signal and the percentage of
oxygen adsorbate does not induce observable vari-
tions, in the VB spectra.?

In short, it seems difficult to obtain at the same
time samples without oxygen adsorption or carbon
contamination which display only the bulk chemi-
cal states for Ba or K atoms. The best method
would be to cleave the crystals in sifu, but the
present preparation is believed to be sufficiently
indicative of the bulk properties to allow meaning-
ful comparison of XPS experiments with theory.

After cleaning, samples were introduced into the
spectrometer chamber where the pressure is about
6 X 10™° Torr at the beginning of scanning. The
pressure decreases then to 10=° Torr after some
hours and the C-1s signal does not increase dur-
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FIG. 3. XPS spectra of the KNbO; valence band: (a)
without carbon pollution; (b) the C-2s photopeak appe-
at a binding energy of 8 eV below the valence-band
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ing the experiment.
Both samples give charging effects under x-ray
irradiation. This effect was estimated to be about

1 eV for KNbO, and 10-15 eV for BaTiO, samples.

In our case, absolute electronic binding energies
are not necessary because the valence-band edge
is a suitable reference for comparison with theo-
retical densities of states. However, inhomoge-
neous charging often tends to broaden the photo-
peaks and affects the resolution, so we used a
flood gun with a low current of thermal energy
electrons to prevent the charging. The O-1s line
is fixed at 531.0 eV, and the relative core level
binding energies are reported in Table I.

III. BAND STRUCTURE OF ABO; CRYSTALS
IN THE CUBIC PHASE

The crystal unit cell and related Brillouin zone
of cubic ABO, perovskites are shown in Fig. 4.
Energy levels E,,(E) vs k wave vector are deter-
mined according to the tight-binding method al-
ready described for BaTiO,.””® The atomic basis
set includes the ms, mp, and md orbitals of the
B ion (m =3 for Ti, m =4 for Nb), the ns and np
orbitals of the A ion (=3, 4, and 5 for K, Sr,
and Ba), and the 2s and 2p orbitals of oxygen.
The linear combination of atomic orbitals (LCAO)
wave function &, relative to E,(k) is of the form

@,z =) Dy i X, ii(F) 1)
Bl
with

-> - -> * 2
X, ‘;(;) =N-1 /22 X (T - R,- r“)e"‘ s (Rg+ Fyp) ,
q

TABLE I. XPS determination of core level binding
energies relative to the O-1s level taken at 531.0 eV for
KNbO3 and BaTiOs.

KNbO; BaTiO;
Binding energy Binding energy
Level (eV) Level (eV)
O 1s 531.00 O 1s 531.00
Nb 3dy;,  210.9 (£0.1) Ti 2py 5 465.6 (+0.1)
Nb 3d;,,  208.1(0.1) Ti 2p3/, 459.8 (£0.1)
K 2py /s 295.6 (+0.1) Ba 4d3/, 92.5 (+0.1)
K 2p3/y 292.8 (£0.1) Ba 4ds;, 89.8 (+0.1)
Nb 4p4/, 38.0 (£0.1) Ti 3py/s
Nb 4p3/, 36.3 (£0.1) Ti 3p3/, } 38.6 (+0.1)
K 3s 33.4(+£0.1) Ba 5s 30.5 (+£0.1)
0 2s 22.8 (£0.1) 0O 2s 23.0 (+0.1)
K 3p1/2 Ba 5py/y 16.7 (£0.1)
17.3 (x0.1
K 3p3/2 } 3 0.1) Ba 5p3/, 14.9 (+0.1)
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FIG. 4. (a) First Brillouin zone for cubic ABOj struc-
ture; (b) Unit cell for cubic ABO; structure. The atomic
positions are the following: T53=0, fo(”=d50(l.)=§i , and
T,=%,+%,+34;, with |§;|=3a.

wherex,(F - R, - F,) is the atomic orbital of symme-
try ¢ localized at the p site in the ¢ unit cell.

Diatomic overlap S;; and kinetic energy terms
T,; are exactly computed for first and second
nearest neighbors of A-B, A-A;, A-O, B-B,
B-0O, and O-O interactions. Diagonal terms
of the Hamiltonian matrix H% are approximated
as a sum of a monoelectronic energy E% and a
Madelung energy Ej .4, which are functions of the
ionic charges g, at the p sites.

For the central atom B, the charge dependence
of E% is obtained by a quadratic interpolation of
the form

EY% = A4q’ +BYq, +C} (2)

where the A, B, and C coefficients are deter-
mined from the monoelectronic energies of Ti**
and Nb% given by Clementi'* and Richardson'?
with ¢ varying from 1 to 3. For oxygen, the E?
are obtained from an interpolated relation on elec-
tron affinities of O" and O?" and from Moore’s data
tables .t

The E and EX, are deduced from Basch’s
tables.!* We assume the charge is 2 on Sr and
Ba ions and take E};, EB2to be the experimental
ionization potentials of Sr** and Ba*. The ESI,
EB2 are obtained from the preceding values by

EA - Ef,=0e4, (3)

where Ae4 is the difference between the mono-
electronic energies €, and €, of neutral Ba and
Sr given by Herman’s and Skillman’s tables,®
whose results are in accord with Mann’s tables!®
for these atoms. The Madelung potentials V§
at A, B, and O sites are computed by the Van
Gool and Piken program.'” Off-diagonal diatomic
transfer integrals H’:,‘" can be approximated using
several semiempirical relations. The first one,
used for BaTiO,,’® was the Wolfsberg-Helmholz
method.'® The other, already described by Jac-
quier'® for cluster computations, is of the form



x (E‘; +E% L HY +HY 4 M) -
Ve

4

where F%}!’ is taken to be unity. The charges g,
and g, are deduced from a Mulliken population
analysis ?® T% is the kinetic energy term and
7. = |T, - T, |. Relation (4) receives more theo-
retical justification than the Wolfsberg-Helmholz
scheme. However, it appears difficult to obtain
results in agreement in the same time with band-
gap values, optical spectra, and XPS valence
bands when the self-consistency among the
charges is reached. So in the present computa-
tions for BaTiO, and KNbO,, instead of testing the
calculated ionic charges which are strongly de-
pendent on the spatial extension of the radial wave
functions, we adjusted the g, charges and varied
the F,; parameters from 0.4 to 1 to reliably fit the
2p-3d band gap, the calculated density of states
(hereafter denoted DOS), and the optical spectra to
experiment.?!

The SrTiO, band structure presented in this
work is based upon the adjusted APW tight-bind-
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ing computation of Mattheiss® with modified over-
lap matrix elements S;; determined as for BaTiO,.
To compare the inner states of Sr and Ti ions to
the €I} parameter of Mattheiss, we have first de-
termined H'T! and HS™ by relations (2) and (3) for
Sr2*Ti*0°%/37, including the Madelung terms. Then
the E4% and H% parameters used in our computa-
tions are related to €1} by

_eTH TH
Hy=€3, - H 33+ H'S
and
EY =H} — Ejy -

Off-diagonal terms Sr-Sr, Ti-Ti are estimated
by relation (4), and Sr-O, Sr-Ti interactions are
neglected.

Radial wave functions used in this work are taken
from Clementi’s tables' for Ti** and K*, from
Watson?? for O*", from Clementi, Raimondi, and
Reinhart® for Ba and Sr and from Richardson’s
data'? for Nb%*.

The values of $%" and HYY matrix elements are
given in Table II, under the label E,,(a,B,7),
where (aa, Ba, ya) stand for the coordinates of
?“ - ?u.. For convenience, general parameter
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TABLE II. Diatomic overlap Sp, (@, B,v) and transfer integrals H,, ,(a, 8,) (in eV) for BaTiO;, KNbO;, and SrTiO;.

Two-center approximation

BaTiO;(2 =4.000 &)

KNbO; (2 =3.997 &)

SrTiOz(a =3.900 A)

Interaction Dy Eyla, 8,7 Smyn(@s BY)  Hponles B,Y)  Smynlas B,Y) Hpnla, BsY)  Smynl@, 8,Y)  Hp,nle, 8,7)
B-B Dy Es40,0,0) 1.0 —75.1842 1.0 ~71.1430 1.0 —64.3791
Dy E;,(0,0,0) 1.0 —45.5022 1.0 —45.1067 1.0 -34.6318
D3 Ey4(1,0,0) -1.0 107 -0.0027 0
Dy Ej3g2-2,3.22(0,0,0) 1.0 —7.8652 1.0 —8.9950 1.0 2.9920
D5 Eyy4,(0,0,0) 1.0 —17.8652 1.0 —8.9950 1.0 2.9920
Dg  Ej3g2-2,352-,2(0,0,1)  0.0015 0.0193 0.0059 —0.2638
Dy Eg,x(1,0,0) 3.0 107 0.0082 0.0017 —0.0680
Dy Eyzyy(0,0,1) 0 ~0.0008 0.0001 —0.0054 0 —0.01632
0-0 Dy  Eq,(0,0,0 1.0 —30.0533 1.0 -31.8667 1.0 -15.8005
Dy Eg,s(~3,3,0) 0.0155 ~0.7099 0.0156 —0.7507 0.0175 -0.1251
Dy 1-:,t 5,(1,0,0) 0.0010 —0.0408 0.0010 —0.0435 0 0
Dy Eyyg,(0,0,0) 1.0 -12.1203 1.0 -13.9323 1.0 -0.8119
D3 E,t,,z(z, -1,0 —0.0373 0.5930 —0,0373 0.6746 —0.0405 0.1938
Dy Ey ,(1,0,0) ~0.0426 0.4542 —0.0426 0.5467 ~0.0467 0.0381
D5 Eyyy,(0,0,0 1.0 ~12.1203 1.0 -13.9323 1.0 —0.8119
Dig  Eyyy(,—4,0) 0.0848 —1.1424 0.0849 ~1.3246 0.0931 ~0.2319
Dy  Ey,,(1,0,0) 0.0113 —0.1115 0.0113 ~0.1361 0.0127 ~0.0218
Dy E,y,(3,—35,0) -0.0550 1.8330 ~0.0550 2.0387
Dy Eq,,(1,0,0) -0.0172 0.5440 —0.0172 0.5930
A-A Dyy  Eq40,0,0) 1.0 —36.1392 1.0 —36.7648 1.0 —33.7496
Dy Eg4(1,0,0) 0.0002 —0.0051 0.0012 —0.0649 0.0001 —0.0060
Dy Ey4(0,0,0) 1.0 ~19.4845 1.0 ~20.6499 1.0 ~13.4118
Dy Ey(1,0,0) —0.0028 0.0508 —0.0038 0.1318 ~0.0004 0.0081
Dy E,,(1,0,0) 0.0002 ~0.0015 0.0004 —0.0142 0.0003 ~0.0005
Das  Eg.(1,0,0) —0.0009 —0.0038 0 0 0 0
0-B Dyg  Egg,352-,2(0,0,3) 0.0966 -3.6176 0.1664 —5.4291 0.1051 —2.5582
Dy Epy342-7200,0,3) 0.1062 —3.7454 0.1557 —4.7203 0.1099 ~2.2522
Dyy  Ey,5(0,3,0) —0.0777 1.8795 ~0.1256 2.6330 -0.0845 1.1356
Dfy Esyp,s(0,0,3) 0.0413 ~3.0620 0.0491 —2.4944
Dfy  Ee,s0,0,3) 0.1547 —5.7020 0.1625 -5.7497
DY Es,.0,0, 2) —0.0610 3.4267
Df Eg0,0,3) —0.1208 5.0698 ~0.1404 5.1002
Diy  Ey\x(0,0,3) 0.0426 -1.5636 0.0486 ~1.4968
A-O D} Ess(3,3,0 0.0152 -0.2390 0.0091 -0.1524
D Egxy(2,2,0) —~0.0629 1.2934 —0.0432 0.9143
DI} Eys(5,3,0) 0.0226 -0.2737 0.0164 ~0.2480
D} Ex,3,3,0 —0.0417 0.6983 —0.0296 0.5205
DI Eyy,5:5,0) —0.0684 1.0331 —0. 0487 0.7854
A-B DY E..3,%2) —0.0008 0.0100 —0.0009 0.0200
D} Eyyz,3) -0.0010 0.0100 -0.0013 0.0242
Di* Eg (33,2 0.0021 —0.0055 0.0033 —0.0407
DL Eyyel3:3,3) 0.0039 —0.0168 0.0062 —0.0793
Dl Eys(:3.3) 0.0002 -0.0011 0.0003 —0.0050
Dl Esxlz22) ~0.0005 0.0061  —0.0004 0.0044
Df Eyszz2) 0.0006 —0.0096 0.0001 ~0.0372
Df¥ Erpe2r2z:2,2) -0.0010 0.0042 —0.0021 0.0201
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labels D,(i=1 to 46) are used in further discus-
sions. Overlap values less than 10~ are not re-
ported in this table. For SrTiO,, the Hamiltonian
D, to D,, parameters are the same as in Mat-
theiss’ work.5

The Hamiltonian and overlap Bloch matrix ele-
ments between X, ;; functions are evaluated by the
analytical relations given by Michel-Calendini®
for 0} and C}, space groups, complemented to
include A-A and A-B interactions.

The E,,(D energies are computed in 13 824
equivalent points in the first Brillouin zone. The
density of states and all related integrated func-
tions, such as the joint density of states and the
interband contribution of complex dielectric
function €(E), are deduced from electronic levels.
The values of E,,('l?) in the first Brillouin zone and
DOS histograms are given on Figs. 5-7 for SrTiO
BaTiO,;, and KNbO,, when the parameters denoted
D*(A-B and A-O interactions) and D** (part of
the B-O interactions) are taken to be zero in the
computations. The contribution of these addition-
al parameters to the VB shape is discussed in the

3
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next section.

IV. DENSITY OF STATES: THEORETICAL
DETERMINATION AND XPS SPECTRA

A. Influence of symmetry in the DOS

XPS measurements are obtained for tetragonal
BaTiO, (D!, space group) and orthorhombic
KNbO, (C;3 space group), while the band struc-
tures of Sec. III are given for the paraelectric
phase. The problem is to estimate how far the
cubic band schemes are distorted by the sym-
metry changes and if the comparison with the
XPS results remains valuable. Both diagonal and
off-diagonal matrix elements in Table II are af-
fected by symmetry lowering. In the framework
of our approximations, if the atomic ionic charges
are kept constant, the changes in diagonal terms
occur from Madelung potential variations reported
in Table III. Lattice parameters and atomic dis-
placements are taken from reference** for BaTiO,
and from Hewatt’s work®® for KNbO,. The Made-
lung shifts induced by symmetry changes are very
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TABLE III. Madelung potentials at the various sites

of ABOj; structure (in eV) for KNbO; and BaTiO;.

small compared to the variations upon the ionic
charges. So, the O} electronic levels are split or
shifted by the off-diagonal parameter changes in
the D}, or C;? symmetries. In short, however, if
the calculated differences between the two phases
are significant for the interpretation of transport
and optical properties in BaTiO, or KNbQ,, they
remain less than the spectrometer resolution
(0.55 eV) or perturbations induced by experimen-
tal conditions in XPS measurements. Indeed,
when we compare the core positions in XPS data,
we observe no significant changes in K and O
inner photopeak positions in cubic KTaO, (Ref.
29) and orthorhombic KNbO, and in Ti-3p and
0O-2s states in cubic SrTiO, (Ref. 3) and tetra-

KNbO, BaTiO,
Sites o} ci Sites o} Din
K* -11.28  -11.27 Ba% -18.60 -18.58
Nb# -42.03  —41.90 Ti®* -34.67 -34.72
08/ 20.54 20.60  O°/% 18.78 18.89
20.54 20.44 18.78 18.76
20.54 20.44 18.78 18.76
K* -12.07  -12.07 Ba? -19.39  -19.36
Nb®  _51.90 _51.73 Ti¢ —44.54 _44.59
o* 25.00 25.09 OF 23.23 23.35
25.00 24.87 23.23 23.23
25.00 24.87 23.23 23.23
gonal BaTiO,.
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FIG. 7. Band-structure
results and density of states
(on the right-hand side) for
KNbO;.
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B. Introduction of the photoionization cross sections in the DOS

Let 0% be the ith atomic subshell photoionization
cross section of the p atom and P%,(k) the gross
atomic population of the x4 orbital belonging to the

&,z orbital. According to Gelius,?® the total cross
section relative to E,,(B can be expressed by:

o, (&) =3 P4, (K)o (5)
[T

For a given k, the P (k) are computed by a
Mulliken population analysis® and the a"(ﬁ) are
determined for each E,,(E). Then the corrected
DOS is obtained according to the relation

N(B)= s ) fk d°E o (B)O(E,(K) - E) . (6)

(The usual DOS is obtained when 0,(kK)=1), where
@ stands for the volume of the unit cell. The
atomic photoionization cross sections o are
taken from calculated tables .2’

In Figs. 8 and 9, respectively, for BaTiO, and
KNbO,, the corrected DOS including photoioniza-
tion cross sections (curves c) are compared to
the theoretical DOS (curves b) and to XPS valence
bands (curves a). A background substraction is
applied on experimental spectra. This substrac-
tion is such that the number of inelastically scat-
tered electrons is taken to be proportional at any
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FIG. 8. Comparison between XPS valence-band
spectrum of BaTiO; (curve a) and theoretical densities
of states; (b) calculation corresponding to the band struc-
ture of Fig. 6; (c) introduction of photoionization cross-
section; (d) as a comparison, density of states of SrTiO;
corresponding to the band structure of Fig. 5.
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FIG. 9. Comparison between XPS valence-band spec-
trum of KNbOj (curve a) and theoretical densities of
states; (b) calculation corresponding to the band struc-
ture of Fig. 7; (c) introduction of photoionization cross
sections.

point to the integrated number of unscattered
electrons of higher kinetic energy. In Figs. 8
and 9, the smoothed curves (a) are obtained from
experimental points by a Fourier transform pro-
cedure which permits a better visualization of the
VB structures. The DOS histograms are convo-
luted with a Gaussian of 0.55-eV full width at half-
maximum (FWHM) taken to represent the spec-
trometer resolution function. In Fig. 8(d) the
DOS of SrTiO, deduced from the band scheme of
Fig. 6 is also reported.

The experimental VB of BaTiO, and KNbO, ap-
pear to be similar, with two well differentiated
structures denoted A and B. An additional
shoulder C can be distinguished at higher binding
energies. The peak A, located about 1.5 eV be-
low the VB edge can be related to nearly pure
oxygen states such as 'T',,, 'X,, R,,, while the
peaks B and C arise from 2p-md mixed states.
The energy difference between peaks A and B is
correctly reproduced in the theoretical DOS. In-
troduction of photoionization cross sections in-
duces very small changes in VB of BaTiO, since
034 and 09, are of the same order. For KNbQ,, the
intensity ratios of peak B to peak A and peak C to
peak A are increased since o} ~1009,. The ex-
perimental band width is about 0.5 eV larger in
KNbO, than in BaTiO,; this is related to the fact
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that B-O interactions are stronger for Nb than
for Ti.

The contribution of D,,(pdo) parameters is pre-
ponderant in the energies of R,,, M,, X,, and
M, type symmetry states, associated with peak C
in the VB of Figs. 8 and 9. The D,,(pdm) integrals
act on R, , M, and X, level energies, related to
peak B. Valence and conduction band widths vary
with D,, and D,, Hamiltonian integrals values, with
a stronger effect for the conduction band width.

In theoretical BaTiO, DOS of Fig. 8, the struc-
ture C is shifted towards higher binding energies
and the splitting between peak B and VB bottom
(R,, state) is about 0.6 eV stronger in convoluted
histogram (curve b) than in XPS data (curve a).
Reverse effects are observed for the SrTiO, DOS
(curve d). In a first approximation, the BaTiO,
(pdo) value appears to be rather strong, while
the SrTiO, one is probably too weak.

Moreover oxygen-oxygen interaction terms
contribute to the 2p diagonal elements in overlap
and Hamiltonian matrix relevant to 2p-md mixed
representations and modify the corresponding lev-
el energies. This fact is pictured by the DOS
histogram of Fig. 6 for SrTiO, and by the curve in
Fig. 8: in this case the only difference with Mat-
theiss’s computations® is the introduction of addi-
tional overlap elements, without variation of Ham-
iltonian matrix parameters. The intensity ratio
of peaks A and B is reversed with regard to the
adjusted DOS of reference.® We note that in this
computation, the choice of the zero of energies at
T',; level minimizes the effect of oxygen overlap
elements on the location of states. Furthermore,
if the oxygen-oxygen (spo) interactions given by
the D 4 and D, parameters are taken into account
in this computation, the VB edge is an X state
instead of I ;, and the slope of the DOS near the
VB edge becomes less important® than in curve d.

C. Extended band structure and VB of BaTiO;

The D* and D** parameters in Table II denote
the interactions of A and B inner orbitals neglected
in the band computations of part 3. The different
contributions of these parameters to the VB shape
are shown in Fig. 10 for BaTiO,. Below the XPS
density of states (curve 10a), the convoluted DOS
histograms are plotted when only D* (curve 10b),
D** (curve 10c), or both D* and D** parameters
(curve 10d) are introduced into the Hamiltonian
and overlap matrix in addition to the D, to D,
elements.

Since the additional orbitals do not belong to the
R,, representation, the bottom of the VB remains
unchanged. The DOS near the valence-band edge
located at X/ is modified. The introduction of A-O

L] 1 L] ) ] ] L] ]

Valence Band

T ) L ] v T 1 ¥
7 6 5 4 3 2 1 o
Relative Binding Energy (eV)

FIG. 10. Influence of different matrix elements inter-
actions on the calculated density of states of BaTiOj:
(a) experimental; (b) with D* parameters taken into ac-
count; (c) with D** parameters taken into account; (d)
with both D* and D** taken into account.

interactions (D}* to D}*) shift the X/ level upward
by 0.4 eV, while additional B-O parameters (D},
to D) increase by the X} position by only 0.05
eV. However, the direct gap 'T",,-T,; is de-
creased by 0.8 eV under the repulsive effect of
B(ms) and B(mp) orbitals at ", and the order

the T',; and T',; levels can be inverted under the
influence of (mp|2p) and (ms|2p) interactions

(D%, and D},). The A-B interactions (D}* to DX*)
remain always weak and do not induce notable
modifications of the whole band scheme. The total
VB width is increased by about 0.5 eV; the same
effect, but a little stronger, is observed for
KNbO,.

V. CONCLUSION

In the case of these perovskite compounds, XPS
measurements of the valence bands is represen-
tative of the real initial DOS and consequently
the comparison with theoretical band schemes
is significant. The reasons are the following.
First, the O-2p valence shell, in the classical
molecular -orbital description, is complete and
the electronic configuration is 3d° or 4d°, thus
insuring the absence of multiplet splitting phenom-
ena in the final hole state after the photoemission.
Second, charge transfer shake-up satellites are
observed, mainly on the transition-metal photo-
peaks of BaTiO,, and KNbO, in the same way as
in SrTiO,,% but the energy separation between the
main peak and the first satellite is always large
enough to eliminate any interference with the ob-
served valence band. Third, since the valence
band is mainly of oxygen 2p character, we do not
think that relaxation phenomena could distort the
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valence-band shape. The last point concerns the
mean life of the photoionized states giving rise

to the natural widths of the energy levels. These
natural widths are not well known. They are cer-
tainly small. However, they induce always a
broadening of the photopeaks. Thus, it seems rea-
sonable to obtain slightly narrower peaks in theo-
retical DOS than in XPS spectra, even when the
convolution by the spectrometer function is per-
formed.

XPS valence bands of BaTiO;, KNbO,, and SrTiO,

(Ref. 3, for example) reveal very similar struc-
tures: one main peak B, with one shoulder on
each side. From the calculated band schemes,
we can analyze the total valence band in the fol-
lowing way; the peak A, near the VB edge is
formed by nearly pure oxygen states I' ;, R,..,
X.., and M. The peak B is associated with X
and M, VB states, and the peak C, related to X,
and R, states, depends mainly on the value of
the pdo interaction. This analysis will be com-
plemented by calculations of the energy distribu-
tion of p and d states in the VB.?*® On the whole,
present theoretical results are in general agree-
ment with XPS measurements, especially when
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the inner orbitals of A and B cations are taken
into account in computation. The p-d mixing re-
mains small due to the large separation between
2p and 3d states, since the direct gap is about

3 eV in the three studied perovskites.

The tight-binding method is used here in a semi-
empirical way with a parametrization of off-dia-
gonal Hamiltonian matrix elements. The validity
of the results are tested in regard to XPS and
optical transition spectra and forbidden gap widths.

The intensity modulations induced by the photo-
ionization cross sections are not very important
in BaTiO, because 03, is of the same order as
o1i. For KNbO,, the intensity ratios of peak B
to peak A and peak C to peak A are increased
coming from the 4d states of the VB. The im-
provement goes in the right way by comparison
to the XPS results.
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