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Model for the x-ray photoelectron distributions of d-band perovskites
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An analytical model for the photoelectron energy distribution function for cubic d-band perovskites is
presented, which includes the effects of differences in the p and d electron cross sections and plasmon
excitation due to many-body interactions. The model provides a simple method for interpreting x-ray-
photoemission data in terms of band structure. Excellent agreement between experiment and theory is
demonstrated for both SrTi03 and Naos%03.

Recently a number of XPS (x-ray photoelectron
spectroscopy) investigations have been reported
for the transition-metal oxides having the cubic
perovskite structure. These studies include
SrTi0„' ReO„' H„%03,' and Na„WO." Both XPS
and UPS (ultraviolet photoelectron spectroscopy)
spectra have been reported for SrTiO, ."'

A central objective of these studies is to relate
the photoelectron spectra to the electronic struc-
ture of the perovskites. However, direct compari-
son of XPS spectra with the energy bands or the
total filled DOS (density of states) is unsatisfactory
because the photoelectron cross section c(p) for
electrons in oxygen p orbitals is substantially
smaller than c(d) for the transition-metal d-orbital
electrons. In addition, for metallic perovskites
such as the alkali tungsten bronzes or ReO„XPS
valence-band spectra are significantly modifit. d
by very strong many-body effects including plas-
mon excitation due to hole-electron interactions. "

In order to interpret XPS data for the perov-
skites it is necessary to have the PDOS (partial
density of state) functions for the p and d electrons
separately and to include the many-body plasmon
effect. The EDC (energy distribution curve)
can then be analyzed in terms of a weighted sum
of PDOS functions, where a(p) and o'(d) are the
weighting factors. Unfortunately, except for a
recent calculation by Kopp et al. , the PDGS func-
tions for perovskites are not known.

In this article we present simple analytical
expressions for the PDOS functions for an arbi-
trary cubic d', -band perovskite. Using the results
we than obtained a formula for the EDC which
includes cross-section and plasmon effects. Ex-
cellent agreement between the theoretical EDC's
and XPS spectra of SrTiO, and Nap 8%'03 is demon-
strated. As a product of these analyses we find
that o(p)/a(d) = —,

' for SrTiO, and ' for Na, WO,
for 1486.6-eV photons. Furthermore we find that
the probability of plasmon excitation due to

shg/logy hole relaxation is 0.2, which is the same
for coze-hole relaxation' in Nao, WO, .

In a previous paper' we presented analytical
formulas for the total DOS of the perovskites and
demonstrated excellent agreement with energy-
band calculations for SrTiG„KTaO„ReO„' and
NaWO, .' In this article we present analytical
results for the PDOS functions and the EDC of a
perovskite. The linear combination of atomic
orbitals (LCAO) model from which we derive these
results has been described in detail elsewheree
arid need not be reviewed here.

The results for the PDOS functions are
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where p~ and p„are the p- and tf-orbital PDOS
functions, respectively. The band-edge energies
E„E,~, E„E,+, E... and E;, the universal
density functions p, (E) and p, (E), as well as the
LCAO parameters pdn and pdo are defined in our
previous payer. ' The parameters X,.and X,.
determined the widths of the oxygen nonbonding
bands and theoretically these are X,.= 1n2/Qpv
—ppz)' and X,.=-,'X... where ppo and ppv are the
LCAO oxygen-oxygen interactions matrix ele-
ments. "

The photoelectron EDC N(E) is the rate of emis-
sion of electrons from initial states of energy E
into final states of energy E+ hv, where hv is the
incident photon energy. For XPS, assuming a
constant final-state density of states and no dif-
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ferential relaxation, N(E) is approximately

N(E) =&(p„(E)+[ (P)/ (d)] p,(E)]f(E), (3)

where f(E) is the Fermi distribution function and
A is a scaling constant.

For metallic perovskites, hole relaxation has a
very high probability of creating a plasmon of
energy E~. When this occurs an electron emitted
from an initial state of energy E mill appear to
have originated frorp an initial state of energy
E —E . This effect can be included by using the
"apparent" distribution function, N'(E) defined as

N'(E) = (1 P)N(E)+ P (I/rW&)

&& dE' exp — N(E'+ E~), (4)
«00 r

2

(Ã'(E)) =
~l

dE' exp — N'(E'),
«00 R

(5)

where 2~ln2R is the FWHM experimental resolu-
tion.

Equations (1)—(5) provide a, prescription for
calculating the XPS spectrum of any cubic perov-
skite in terms of electronic structure and width
parameters. Conversely, the model can be used
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FIG. 1, Comparison of the theoretical EDC (this work)
with the XPS data (dots) of Ref. 4 for Nap 8WO3. The
dashed curve is the N'(E) from Eq. (4) with parameters
(in eV); Efy+=1.8, E~*=-1.05& E,p=-4.6, Eg ——-4 6s Egp=-5.0, E~=-7.0 PCh=1, 73, Pdo=-2.4, PP7t =-0,20, PPO
= 0.46, E~ = 2.0, I' = 0.76, and P = 0.2, a (P)/a(d) =$. The
solid curve is & N'(8) & from Eq. (5) with R = 0.42 eV,

where P is the probability of plasmon creation
and 2v'ln2 I' is the FWHM (full width at half maxi-
mum) of the lifetime-broadened plasmon band.

To compare theory directly with experiments
N'(E) must be broadened to account for the experi-
mental resolution. The resulting distribution,
(N'(E)), is given by

to infer the electronic structure by fitting the XPS
spectrum.

To demonstrate the utility of the model we have
applied it to the analysis of an insulating (SrTiO, )
and a, metallic (Na, ,WO, ) perovskite XPS spec-
trum.

The results for Na, ,WO, are shown in Fig. 1.
The dashed curve is N'(E) [Eq. (4)], the solid curve
is (Ã'(E)) [Eq. (5)] and the dotted curve is the XPS
data of Chazalviel et al.' As a result of the analy-
sis, the spectrum may be interpreted as follows:
the peak near the Fermi level E~ is from the elec-
trons of the partially filled m* conduction band;
the small peak in the band-gap region (--1 to -3
eV) is due to conduction electrons shifted down
in energy by E~= 2.0 eV due to plasmon creation
associated with hole relaxation; the peak (should-
er) near -4.5 eV is due to emission from the non-
bonding bands (w and cr ); the large central peak
arises from the logrithmic singularity in the m-

valence-band DOS; the lowest peak, near -9 eV,
is produced by the jump discontinuity in the DOS
at the bottom of the 0 band; and the tail from -10
to -12 eV is due to 0-band electrons shifted down

by E~.
In calculating (N'(E)), the I CAO parameters

pdm, pdo, pp~, and ppo. were determined from
availab)e energy-band calculations. ' E, and E,*
are then uniquely determined by the requirement
that 0.8 electrons are in the m* band. The values
E = 2 eV, I" = 0.76 eV, P = 0.2, and B= 0.42 eV are
those determined by Chazalviel et al. ' from analy-
sis of coze-level emission. The shoulder in the
XPS data at about -10 eV fixes E, and the shoulder
near -4 eV locates E,.and E,.within about +-,' eV.
Thus the only truly adjustable parameter was
o(P)/o(d). It was determined by requiring that
the ratio of the conduction- to valence-band emis-
sion areas be equal to that observed experimental-
ly, ' namely, 0.21. This gives cr(P)/a(d) = ', which
is somewhat larger than that found by Wertheim
et al.' for HeO, .

The agreement between (N'(E)) and the XPS data,
is remarkably good; the bandwidths, and locations
of all of the characteristic structure agrees with
experiment including the plasmon effects. The
(N'(E)) in the region 0 to -3 eV, due to conduction
electrons and the plasmon effect, fits the data
nearly exactly and this region is essentially inde-
pendent of the varied parameters. The theory
agrees well with the valence-band emission as
well, however, there does appear to be broadening
of the data relative to the predicted emission.

As a second application of the model we have
analyzed the XPS data of Battye, HOchst, and
Goldman' for SrTiO, . The results are shown in
Fig. 2(a)-2(c). In Fig. 2(b) the data (dots) and
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FIG. 2. Comparison of the theor'etical EDC with the
XPS and UPS data for SrTiO3. (a) Total DOS histogram
of Mattheiss, Ref. 10, is compared with N(E)/A from
Eq. (3) with o(p)/o'(d) =1 in units of states/ {spin cell
eV) with parameters (in eV): E,+=5.0, E,~=3.25, E~
=1.6, E,o

——-1.9, E~=-2.3, E,=-2.9, pd~=1.3, pdo
= -2.3, ppvr = -0.107, ppo = 0.426 (solid line). The dashed
curve is the same as solid curve except for o{p)/o{d)

3 (b) The dashed curve is & X{E)& from Eg. (5) with
p=0, o(p)/o(d)=3, and R=0.33 eV and the full curve
with R =0.8 eV is compared with the XPS data of Ref,
1 (in dots). (c) Full curve is the & Nt{E)& from Kq. (5)
with p =0, o(p)/o. (d)=1 and R=0.8 eV compared with
the UPS data of Ref. 5 (in circles).

(N'(E)) for two different experimental resolutions
(dashed and solid curves) are shown. The dashed
(N'(E)) curve is for the quoted instrumental
resolution of 0,55 eV (fr =0.33 eV) and the solid
curve is for an effective resolution of 1.35 eV
(R = 0.8 eV). The agreement between experiment
and theory for the latter resolution is remarkably
good.

The parameters for SrTiO, were determined in
a manner similar tothatused for Na ~%0,. The
parameters pdo, pdm, ppo, and pp m were deter-
mined from energy-band calculations" "and P
= 0 (no plasmon effect). The known band gap"
gives E,~ —E~= 3.25 eV. The band edges E„E,~,E„E;,and E; were chosen to fit the locations
of the two peaks in the data. The ratio a(p)/o(d)
was varied to fit the relative peak heights and was
found to be 3.

Figure 2(a} shows the function N(E) for SrTiO,
for cr(p)/o(d) = 1 (solid curve) and for cr(p)/c(d) = —',
(dashed curve) and the DOS histogram derived by
Mattheiss. "Since N(E) for a'(p)/o(d) = 1 is the DOS it
may be compared directly with the histogram. The
major differences are that the w -band peak ofN(E) is
shifted about —,

' eV to lower energy and the total width
of the nonbonding bands is about 30%wider than for the
histogram. The 'individual nonbonding bands (s' and
cr') have widths that are comparable to those
represented by the histogram but they are more
widely separated resulting in the appearance of a
single broader band.

As a further use of the model the UPS spectrum
of Henrich et al. ' was compared with (N'(E)).
Figure 2(c) shows (N'(E)) with o'(p)/o'(d) = 1 (solid
curve) compared with the UPS data (open circles}.
All of the parameters are the same as used for
(N'(E)) in Fig. 2(b) [except o(p)/o(d) =1]. The
agreement between the UPS data and theory is
essentially exact. This analysis suggests that
the UPS spectrum (at 21.2 eV) closely resembles
the total DOS while for XPS (at 1486 eV) e(p) is
about —,

' of o(d).
In conclusion, we believe that the model pre-

sented here will be of great value for the analysis
and interpretation of XPS data for the oxide perov-
skite systems; many of which are currently being
studied.
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