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Effect of charge transfer on EELS integrated cross sections in Mn and Ti oxides
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The influence of the charge transfer between metal and oxygen atoms on the EELS integrated cross sections
has been studied experimentally and theoretically in titanium and manganese oxides of different valence. It is
demonstrated that the behavior of the metak integrated cross section can be connected with the formal
valence of the compound. The charge depletion is most noticeable in the energy-loss region 10—20 eV above
the threshold while, at greater energy windows, the increasing contribution of continuum states masks the
effect of the charge transfer. This contribution of continuum states is independent of the local chemical
environment and can be calculated in a free atom model. Complementary, the integrated cross section near the
threshold can be reliably calculated by the LAPW method provided that the simulation of EELS accounts for
the matrix elements and angular dependence of the scattering. The LAPW method is successful near the
threshold, however, at higher energy-losses, the standard LAPW basis set is insufficient with respect to the
continuum states. Extending the basis set with extra localized orbitals allows one to account partially for the
contribution of the continuum states and therefore to enlarge the applicability range of the LAPW calculations.
The created core hole might noticeably affect the intensity scale of integrated cross sections but this can be
modeled by introducing a core-hole in calculations also. Finally it is demonstrated that the effect of charge
transfer on EELS cross sections is adequately reproduced by the LAPW calculations.
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[. INTRODUCTION from imperfect background subtraction and the effect of plu-
ral scattering become significant. As a result, experimental

The bonding trends in the formation of a compound fromstudies typically report changes in the EELS cross sections
pure elements can be understood in terms of the redistribwelose to the error bar and the overall effect of the charge
tion of the electron density. Namely, the energy distributiontransfer on EELS is questionable. In a few rare cases, the
of the density of statedOS) around each atom changes andcharge transfer can be visualized in the appearance of new
some portion of the electron charge can be transferred frorfeatures at EELS edges. The classic example is the absence
one atom to another. The information about the unoccupiedf the white line in metallic Cu while this line appears in
DOS is readily accessed by analyzing the fine features i€uO oxide due to the partial emptying of the @tband®
electron energy loss spect(&ELS or x-ray absorption Even in this(rare case, the presence of the charge transfer
spectra(XAS). However, it is more difficult to establish a can be doubted as the sharp white line in principle might be
clear connection between the charge transfer and the EELSrmed by the fusion of a few broad peaks present at the
or XAS in different compounds. Theoretical considerationsedge of metallic Cd.
suggest that the charge transfer might affect the integrated The effect of the charge transfer on the integral cross sec-
area of EELS or XAS cross sections but the effect is hard tdions is essential for elemental analysis of compounds with
measure experimentally. In the present work, the charg&ELS. Suppose, for instance, that a metal Me forms an oxide
transfer effect will be considered with respect to EELS ion-Me,O,. The composition can be measured by relating the
ization edges although all major conclusions should also bétegrated intensitiekye andlq of two EELS edges:
relevant for XAS.

The measurement of absolute EELS integrated cross sec- Ime(AE) _ X oe(AE) 0
tions is not practical as the total signal depends on numerous Io(AE) Y oo(AE)
experimental parameters such as the beam current, probe
size, and specimen thickness. Only relative changes in thehere AE is an energy window in which the integration is
cross section are commonly measured based on the fact thagérformed andry,. and oo are the cross sections of Me and
the scattering on a given atom becomes less dependent on @satoms, which are supposed to be constants. The question is
local chemical environment with increasing energy-foss. how significantly the valence state of a Me atom could affect
In this approach, the EELS near-edge cross section is noits cross sectiomwe?
malized to a scattering level far above the threshold. How- In the present paper, the influence of the charge transfer
ever, the precision of such measurements is in most cases EELS integrated cross sections is measured experimen-
insufficient because the normalization window should betally and compared with theoretical predictions in the series
chosen at high enough energy-loss where the errors arisir@f Ti and Mn oxides. In order to avoid complication from the
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Me to the energy range of applicability of the LAPW method and
threshold the reasons why it is less reliable at high energy-losses where
the simpler atomic calculations work better.
Normalization
L ]
\&7/1 7 after Pearson ef al. Il. DETAILS OF CALCULATIONS AND EXPERIMENT
AE T L2,3(AE) A. Experiment
energy-loss N Both investigated oxide series consist of at least two ox-
o | Ppresentwork ides of different valence. For quantification purposes the
L;5(AE) composition of each oxide must be exactly known. The IV
y/\\ K(AE) valence MnQ@ and TiO, oxides—rutile and anatase—and
1 Zu also the Il valence MnO oxide perfectly satisfy these criteria.
threshod T In the case of Il valence TiO oxide, the situation appears to
energy-loss be more complicated. This oxidblaCl-type structuremight

exhibit a noticeable deviation from the 50:50 composition in
FIG. 1. Comparison of the normalization method after Pearsorboth directions due to vacancies at the titanium or oxygen

et al. (Ref. 1) with the method employed for normalization of the sites!?'? According to Anderssol. the oxygen content in
L,,3 edge counts in the present work. TiO correlates linearly with the lattice parameter. In our case,

the cubic lattice parameter was measured by x-ray diffraction
orientation dependence of scattering, both experimental angy pe 0.472 nm, which corresponds to a composition of
theoretical spectra are averaged over random crystal orientgio, ,, 11
tions. In the experiment, the focus is on a comparison be- A Philips CM30 transmission electron microscope operat-
tween the cross sections in oxides of different valence;ng at 297 kV and equipped with a GIF200 for EELS analy-
namely Il and IV valence oxides. Instead of using the highsis was employed. In order to avoid the influence of chan-
energy-loss normalization windowthe experimental metal neling the orientation of each crystal was kept away from
L sintegrated intensity is divided to the Done in the same  any exact zone orientation. The spectra were observed in
energy window near the threshold. In other words, we deyjiffraction mode with collection and convergence angles
duce directly thdye/lo value, thus errors from background equal to 3.75 and 2.2 mrad, respectively. The energy resolu-
and plural scattering are minimized. The difference betweegigon was 1.2 eV. The probe size varied from 10 to 30 nm and
these two normalization methods is outlined schematically ifne typical acquisition time was 5 s. The good reproducibil-
Fig. 1. Provided that two edges are recorded from the samgy of fine features in EELS suggests that the beam damage
place and with the same beam intensity and the compositiofyas minor in all cases. For each spectrum, the low-loss spec-
of the oxides is exactly known, the cross sections ratio caf were automatically acquired before and after the charac-
be precisely deduced. For very small windows our normaleristic high-loss one with a minimal pause among acquisi-
ization procedure might result in oscillation of the Me crossijgns ensuring that the probed region remains the same. In
section due to the fine structure of thekOedges, however, the cases when the probe was contaminated or the sample
this oscillation quickly damps out with increasing window was drifting in the course of acquisitions, the initial and final
width. low-loss spectra differed from each other and the whole mea-

The calculation of the integrated cross section for analytiyrement was discarded.

cal purpose is conventionally performed within an atomic  The background was removed by extrapolation of the pre-
model/® which apparently cannot account for the chargegqge region to the higher energies as a power-law. The pro-
transfer. The charge redistribution is readily accessib@bin cedure is not quite reliable when two edges partially overlap
initio ba}nd structure methods, which have been applied fogs in the case of & and Ti L, 3 edges in titanium oxides. To
calculating the energy-loss near edge structBlENES). Al- - extract accurately the oxygen count it is additionally as-
though the relative intensities of different ELNES featuressymed that the profile of the Ti edge at high energies follows
are reproducible by these methods, the comparison of inte;josely the free-atom scattering curve. As will be demon-
grated cross sections in different compounds is not secure, agrated in Sec. Ill B, this assumption is valid for energy-
the resulted intensity scale is arbitrary. However recent depsses higher than 70 eV above the Ti threshold and there-
velopments in the calculation of the EELS dynamic formfore is accurate in the region of the KO edge. The plural
factor accounting explicitly for the matrix elements and an-scattering was removed by Fourier-ratio deconvoldfion

gular dependence of scatterfid in principle allow one to  with the low energy-loss spectrum obtained from exactly the
pUt the calculated cross section of different materials on thgame region in the Samp|e, as described above.

same intensity scale. In the present work, #ieinitio lin-
earized augmented plane waye&PW) method is used and
demonstrated to reproduce reliably the EELS integrated
cross sections. In the Appendix it is shown that the internal Band structure calculations were performed using the full-
computational parameters in LAPW when chosen in a reapotential linearized augmented plane wave cod&N2K
sonable range do not significantly affect the calculated EEL$Ref. 14 with the generalized gradient approximation
cross section for a given compound. Special attention is paiiGGA) for the exchange-correlation functional. The code is

B. Calculations
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based on density functional theof®FT) and uses a mixed MnL
basis set consisting of linearized augmented plane waves
(LAPW) and augmented plane waves plus local orbitals ]
(APW+10). The APW+lo set uses fixed energies for radial TiL,
basis-functions and resembles LAPW rather than the old
Slater APW approach, so, for brevity, we will further call the

method LAPW. EELS was calculated by determining the

2,3

dynamic form factor in the first Born approximation and in- Tio
tegrating it over the momentum transfer to take the collection . _
and convergence angles into account in the formalism de- TiO, rutile

scribed by Nelhiebedt al? and Héberet al° No orientation
dependence of EELS was considered, i.e., the cross sections , . . . . .
were averaged over all possible directions of the scattering 400 450 500 550 600 650 700 750

TiO,anatase

vector with respect to the crystal. Energy-loss (eV)
MnO,, TiO, rutile and anatase exhibit a tetragonal lattice
(c/a<1 for MnO, and rutile andc/a>1 for anatase The FIG. 2. Overview of the experimental EELS in the examined

NaCl-type lattice was adopted for both MnO and JiOAI-  oxides.

though in reality the latter possesses vacancies at Ti sites, tl?)%m specific energy-loss near-edge structEeNES) and
perfect TiO-structure was used in the calculations assumlng"ghtly varying onset position. In the present work we will

that_the chemlcal_ environment for O atoms Only.Change%owever, focus on the edge area integrated over a certain
negligibly comparing with the ideal NaCl-type lattice. For energy window. Provided that the one-event ionization

calculating the EELS of pure metals and intermetallics, the \v isolated f he back d and
modifications with the simplest lattice were chosen, namerCOFmtS dar; zlacculratey IS0 atﬁ from t Z ac g_rolgn . fan
fcc for Mn, hep for Ti, CsCl-type for NiMn and TiNi. All stripped off plural scattering, the integrated area yields infor-

. - . - mation about the number of atoms in the probe and their
lattice parameters were optimized to achieve minimal force?EELS scattering cross section. The latter relates with the
at the atoms, except for the case of Mn metal and MnO '

. . o . number of empty states in the valence bands available for
oxide. In the latter materials, optimization yielded cross sec: L D h I, lecti hich
tions inconsistent with experiment, possibly because magt_ran5|t|o_n. ue to the transition selection rL(I'.E Ich our

. : ! calculations suggest to be valid for the examined materials
netic effects were not considered in the present work. Thus

the experimental lattice parameter for Mp@nd for high and present experimental conditipnisese arg-like for the

! . ..K edge andd-like for the L, ; one. Since the atomic ratio
temperature paramagnetic fcc Mn was taken without °pt'm'between metal and oxygen s exactly known for each oxide
zation. '

. . the experimental ratio between the mdtak and oxygerK
For Mn and Tithe $, 25, and 2 states', for Ni %, 2s, 2p, cross sections can be deduced in any energy window. If the
and ¥, and for O the & state were considered as core elec-

tron states and calculated self-consistently, fully relativisti-Charge transfer effect on EELS is negligible, the métai

. . . cross sections normalized on theKOones are supposed to
cally and numerically in the spherically averaged crystal po-

tential. The basis CutofRK. ., (ie., the product of the be the same for oxides of @fferent valgnce. However, if the

oo S concept of charge transfer is relevant in EELS, the normal-

smallest muffin tin radius in the system and the length of the . .

. . 2 . ized metall, 5 cross sections should change when going
maximumk-vector of the interstitial plane wave basisas '

typically 7-8. The convergedk-meshes consisted of from the Il valence to the IV valence oxide. Namely, a
1000—200Ck-points in the full Brillouin zone. Core hole smaller charge around a metal atom in the IV valence oxide

. : s would imply the deficiency of electrons in the conduction
calculations were performed in supercells consisting of ) X
and and therefore a higher number of empty states available

X 2% 2 simple unit cells, containing 64 atoms in the case o . : . :
. ' . ; for the transitions, i.e., a higher EELS cross section. Th€ O
I\EA\;}c?er?tTd ;—rkoa\]ljﬁ?miihifr\?;rfeo[ls,\g dly:foEl?C(i:orrlgllr?olzlgélcu-cmss section in such a simple intuitive picture should not
Y vary as the excess charge in the IV valence oxide is distrib-

lations. ted over the double amount of oxygen atoms
The atomic calculations were performed by the standard . . Y9 A
Table | lists the experimental Mn and Tj 3 cross sec-

routine using the Gatan EL/P software. The Hartree-SIate{. ; L . .
. ; ions integrated in different energy windows and normalized
cross sections were calculated based on the tabulation g

. . : n the OK ones taken in the same windows. In all cases, the
Eggg:ﬁgﬁgj a?;c’ zgzt%hﬁterfg?;hAZgRﬁn% rt?hee %ﬂﬁ?iglh_ Ofr%etaILzyg, cross sections are smaller in Il valence oxides than

) in IV valence ones, which is consistent with the expectation
lection angle was made after Egertdand for convergence . .
5 of the charge transfer. The difference is most pronounced for
angle after Koht . > ;
the 20 eV window and decreases with increasing energy
IIl. RESULTS window. At the same time, the Ti oxides of IV valence, rutile
) ) ) and anatase, show almost identical cross sections in all en-
A. Extracting experimental cross sections: ergy windows.
Evidence of charge transfer These data correlate with the previous results of Kurata
Figure 2 shows the experimental EELS of several Mn ancand Colliex? who reported an about 60% increase of the
Ti oxides with different valence. Each compound exhibits itsMnO, cross section with respect to MnO. They interpolated
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TABLE I. Experimental Mn and TL, 3 cross sections normal-
ized on the OK ones. The cross sections are extracted from the | (@) TiL,
edge intensities and accounting for the nominal stoichiometry of an
oxide.
experiment
(Mn L2'3)/(O_ K) (Ti L2,3)/(O_K) .......... atomic
Energy cross section cross section . - LAPW
window TiO, % e LAPW extended basis
(eV) MnO MnO, TiO Rutile Anatase K,
20 2.44 3.16 7.28 9.28 o R T
40 2.02 2.31 526  6.26 6.10 , , , . ) —=
70 1.96 2.00 4.36 4.96 4.78 0 10 20 30 40 50 60 70
Energy-loss (eV)
the white lines by a Lorentzian curve and normalized to the (b)
continuum following Pearson’s method. However, the nor- experiment
malization method employed in the present work suggests NiL, - atomic
rather a 30% increase of the Mp@ross section in the 20 eV — LAPW
window, which captures the region of the white lines. The | |} . === LAPW extended basis

difference is believed to come from the reduced errors in
background subtraction and plural scattering deconvolution
when the improved normalization method is ugsee Intro-
duction. In the following sections, it will be shown that our
numbers agree much better with the LAPW calculations than ;
the numbers reported by Kurata and Collfex. , ,

30 40

0 10 20 50 60 70
B. LAPW vs atomic calculations of EELS cross sections Energy-loss (eV)
LAPW calculations typically work well only in a limited (c) eXpel_riment
range of the energy-loss. The situation is illustrated by Fig.3, | ¢} === atomic
where the experimental profiles of Ti and Nj 3 and OK # OK — LAPW

edges are plotted together with those calculated by LAPW

LAPW extended basis

and a free-atom model. The energy broadening of the LAPW
calculated profiles are fitted to match closely the width of
peaks observed in the experimental curves. In such compari-
sons, the absolute intensity scale is arbitrary but analyzing
the ELNES profile suggests that LAPW fits experiment ac-
curately near the edge threshold while it tends to progres-
sively underestimate the scattering intensity with increasing | s
energy. Essentially this LAPW trend is independent of the 0
chosen compound. Complementary, the simpler model of a

free atom, which assumes scattering from the localized inner

shell into the continuum states works well at high energies FIG. 3. Experimental, LAPW and atomic calculated EEL $af
but of course fails to reproduce the EELS profile near theli L2 zand(b) Ni L, zedges in TiNi andc) O K edge in TiO. In(@)
edge threshold. and(b), the experimentals/L, branching ratio was introduced em-

In both the LAPW and atomic methods, the integratedpirically into both LAPW and atomic calculations. The LAPW
cross section is calculated in the first Born approximatiorfUrves are broadened with energy-dependent broadening parameters

and within the one-electron picture yielding (Ref. 16.

Sk
a3 ko

30 40
Energy-loss (eV)

20 50 60 70

all the changes in cross sections relate solely to changing the
final valence states.

In atomic calculationg?the final states are assumed to be
continuum states, i.e., states found by solving the radial
wherei stands for initial coref for all available final states; Schrodinger equation for a free atom with the positive
ko and k are initial and final wave vectors of the incident eigenenergies falling into the continuum range. The effective
electron whileq is their difference, called the scattering vec- potential in this case can be represented as a Coulomb central
tor; Q) is the solid anglea, is the Bohr radius, and is a  field, thus no self-consistent calculations are needed. Greatly
relativistic factor. As the initial core wave functions entering simplifying the computation, the atomic approach does not
the formula(2) are insensitive to the chemical environment, take the band structure into account leading to a significant

1 .
2 [(flevlifan,
I

2
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deviation from experiment in the case of sharp bands like &ion that we used, preventing a more systematic investiga-
d-band in transition metals. tion. It might look surprising that introducing local orbitals

In LAPW methods, the states are projected on the wavedescribes well the contribution of continuum states in EELS
function basis set consisting of plane waves in the interstitialjlespite the fact that these orbitals are localized inside the MT
region between the atoms, augmented by radial functiongpheres and do not resemble the shape of delocalized con-
times spherical harmonics inside muffin tin sphef®¥1).  tinuum states. However, only the part of continuum wave
These radial functions are solutions to the radial Schrodingefunctions within the MT spheres is important for EELS,
equation at a fixed energy. Self-consistent solution of thgyhjle the part leaking out from the spheres is described by
Kohn-Sham equations yields the ground state density Ofyterstitial plane waves and does not directly influence the

electrons and allows one to calculate unoccupied Kohngg| g ¢ross sections, since it does not overlap with the core
Sham states. As DFT is a ground state theory, strictly Spea%rbitals

ing these states do not correspond to elementary excitations
of the real system. However, using Kohn-Sham states as finat. Extended-basis LAPW calculations of EELS cross sections

states in formulg2) is usually a good approximation when ) i
assuming that the self-energy of excitations varies slowly in Figures 4a and 4b) show the calculated spectialigned

the considered energy rangédore importantly, there is a (© the thresholgin examined Mn and Ti pxides tog'ether
practical limitation of LAPW methods for calculating the With the spectra of pure metals and some intermetallic com-
high_energy states as the standard LAPW basis set is Chos@ﬁunds. In all cases, the ELNES near the threshold shows the
to be economic, i.e., combining the accurate description ofine features characteristic to each material. However, the
the crystal potential with reasonable computing time. In thentegration of the cross section in windows greater than
case of LAPW, the set is constructed by linearization5—10 eV washes out the individual peaks and reveals gen-
scheme, which employs derivatives around some referencal trends independent of the specific shape of ELNES. Fig-
eigenenergy usually taken in the center of the valencefires 4c¢) and 4d) show the integrated cross sections as a
conduction band. Reproducing accurately the occupied eledunction of the energy window as started from the threshold.
tronic states in the band and therefore calculating well thdfo track better the trends in changing cross sectionsl.the
crystal potential, LAPW can cause a noticeable deviatioredge is not superposed with the one. Similar to experi-
from the exact solution for energies far above the Fermiment, thelL; cross sections in the IV valence oxides are
level. The systematic underestimation of the scattering levedlways higher than those in the Il valence oxides. The effect
at high energy suggests that the basis set is indeed insuffs clearly seen in the 10-15 eV windows and the difference
cient in this region, i.e., there are states that are orthogonal teetween cross sections is stabilized as of 15 eV. Beyond
all the basis wave functions and that are missing in the call5 €V, all integrated cross sections grow proportionally al-
culations. At the same time, the success of atomic calculdhough some small oscillations around the mean are visible.
tions in the same region indicates that the missing states have It is further noted that the integrated cross sections of
primarily a continuumlike character. rutile and anatase are almost the same indicating that their

The impact of the insufficiency of the LAPW basis set onbehavior relates mainly with the valence IV of the FiGx-
the simulated EELS spectra in each specific case depends #es but not with their particular ELNES. On the other hand,
the ratio between the bound and continuum states. The Tthe difference between cross sections of megaise or in-

L, ; edge[Fig. 3@)] is dominated by the strong contribution termetallig and Il valence oxides is minor again confirming
of the unoccupiedi-band, thus missing some of continuum the relationship between the formal valence and the inte-
states is not strongly noticed. In the case ot Bl edge[Fig. grated cross section.

3(b)], thed-band is almost filled, thus the contributions from  As seen from Figs.&) and §b) the ELNES of OK edge

the bound and continuum states are comparable and missiigy much more extended than that in thg one due to the

a major portion of the latter is important. In thetfOedge larger width of the oxygen2band. The corresponding cross
[Fig. )], the bound states are associated with theband ~ sections[Figs. Hc) and §d)] show the local oscillations,
having little holes and the contribution of continuum states igvhich are expected to get washed out when applying the
again significant. energy-dependent broadening as we did ad hoc in Fyt@

In an attempt to improve the applicability of the LAPW mimic lifetime effects. Neglecting these oscillations, the
methods for the high energy final states, we extended theross sections increase almost linearly from the start to the
standard basis set. Namely, additional localized orbitals weréntire energy-window rangéigs. §c) and %d)], which jus-
introduced in the energy region of 30 eV above the Fermtifies the procedure of normalization on thekOcross sec-
level. The introduced additional basis functions tend to im-tion used in Sec. Il A. Note that, on average, the integrated
prove the fit with the experiment confirming our suggestionO K cross section in IV valence oxides seems to stay slightly
about the insufficiency of the standard basis set at high erpelow than that in Il valence ones. This may indicate a slight
ergies. With the new extended basis set, the,Ijedge was increase of the electron charge around the oxygen atom in
described nearly perfectly up to the energy of 50 eV, as see@xides of higher valence, which goes beyond the intuitive
in Fig. 3(@). In the case of NL, ; and OK edgegFigs. 3b)  picture described in Sec. Il A.
and 3c)], the description of EELS spectra is noticeably im-
proved although some of the continuum states seem to be
still missing. Unfortunately, the possibilities of adding local-  The calculations described in the previous chapter were
ized orbitals are currently limited in the LAPW implementa- done in the sudden approximation, i.e., considering the

D. Influence of core hole
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— TiO, rutile
e TiO, anatase

0 10 20 30

(@) - =

— TiO, rutile
........ TiO, A anatase
------ TiO

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Energy window (eV) Energy window (eV)

FIG. 4. LAPW ground state calculatéd,b) ELNES and(c,d) integrated cross sections of ttec) Mn L and(b,d) Ti L3 edge in different
materials.

ground state of the system. It has been pointed out that afior one particular flavor of the core hole is most often made
EELS ionization event relates rather with the excited state, ify comparison with experimental spectra.

which a hole at the core shell is created by the incident In the present work we will estimate the effect of the core
electron. As a response to the creation of the core hole thieole on the intensity scale of the calculated cross sections
electron system relaxes causing redistribution of DOS andather than on the changes in the ELNES, which are aver-
therefore changes in the ELNES. The DFT, employed in theaged when integrating over the energy window. Figua® 6
present calculations, is essentially a ground state formalisngemonstrates that account for the core hole affects signifi-
which is not exact for an excited state. Nevertheless, differeantly the intensity scale of the K edge of TiQ rutile and,

ent approximations for treating the excited state as a quaste a smaller extent, thé&, ; one [not shown in Fig. 6a)].
stable one have been explored in the framework of DFT. Thélowever, as seen from Fig(l9, the ratio between thég
earliest, so-calledZ+1 approximation,” replaced the scat- integrated cross sections in Ti@utile and TiO is quite simi-
tering atom for the next one in the periodic table partiallylar to that in the ground state calculatioffsg. 4(d)]. The
imitating the compression of the electron orbitals due to thenajor effect of the core hole is introducing an intensity scal-
core hole but neglecting the difference between, e.g., a cor@g factor, which is almost independent of the chemical en-
hole in theK andL shells. A more sophisticated approach vironment of an atom.

directly introduces the frozen hole in the inner orbital and As seen in Fig. @), the intensity scaling factor depends
puts the excess charge as an extra electron in the valenceucially on the specific method of accounting for the core
band or smears the charge uniformly over space. In somkole. In the standard full- or half-core hole approximation,
cases, as the case of metallic Cu, introducing half a core-holeoth initial core and final states are calculated with a poten-
(i.e., the core level half occupied with an electrdits better  tial perturbed by the core hole in the one-electron formula
the experimental ELNES than the full core-hole (2). Considering the many-body problem Stern and Rehr
approximationt’ The half-hole method is consistent with the showed that this approach is reasonable for transition metals
Slater’s transition state theory and reproduces more accwith almost emptyd-band, as in the case of Ti. Note, how-
rately the binding energies for EELS threshol@idll those  ever, that formulg9) in Ref. 19 includes the core orbital in
approaches require much computation time because the setfie unperturbedpotential. Contrary to the standard core hole
consistent calculations should be performed in the extendechlculations, taking the initial states with the ground state
unit cell (supercell in order to exclude nonphysical interac- potential and final states with the perturbed ¢te “mixed”
tions between the neighboring holes. In practice, the choicapproachresults in an increase of the intensity scaling factor
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(b) OK |

—— TiOQ, rutile
--------- TiO, anatase
------ TiO

v,

0 10 20 30 40 50 60

e

Prie

— TiO, rutile
JuSs— TiOz anatase
------ TiO

-

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Energy window (eV) Energy window (aV)

FIG. 5. LAPW ground state calculatéd,b) ELNES and(c,d) integrated cross sections of thekOedge in(a,¢ the Mn oxides andb,d)
the Ti oxides.

[Fig. 6(@), upper curvg while the ELNES is almost un- Another difficulty arises when summing the toth} 3
changed comparing with the standard approaches. For metaslge from the partiall; and L, contributions. As a LAPW
with a half filled d-band, as Mn, the one electron picture is method is a one-electron approach, it predicts the statistical
less confident as multielectron excitations might be nof2:1) branching ratio between the intensities lof and L,
negligible1® edges. In reality, the experimental ratio is always less than
1.0 for the TiL, 3 edges and more than 2.0 for the Mn ones.
E. Calculating ratio between OK and Me L, 3 cross sections ~ Only  approaches involving explicitty — many-body
The comparison between theoretical and experimentdfects. for Instance the time-dependent local density
cross sections can be made by relating the calculated inte@-p proximatior?® can reprodl_Jce_ the correct branching ratios.
I e . he many-body effects redistribute intensity betweenlthe
sities of Me(meta) L, 5 to the OK edges. One difficulty is 4 L, edges but are unlikely to affect the integral over the
the influence of the core hole discussed in the previous segq ;o (Lo+L,) cross section. This was demonstrated by the
tion. Although the effe(_:t of the_ core hole seems to be 'nde_'atomic multiplet theory—the simplest method accounting for
pendent on the chemical environment of & given atom, ifn4ny hody effects, which provides realistic branching ratios
might result in different intensity scales whelifferentatoms i, transition meta®22 but still results in the integrated.
are compared. As the inter_lsity scaling fa(_:tor is different for, L,) cross section exactly equal to that in the one-electron
K and L_2,3 edges, the choice of the particular method f_ordescriptiorﬁaz“ Since the present calculations are kept
accounting for the core-hole would affect the O to Me ratio.\yjthin the one-electron picture, the branching ratio of 2:1
The best fit with the experimental Me, 3to OK ratio i might cause errors at energy-losses comparable with the
obtained when the final states are calculated with a potentigla|ye of theL;—L, splitting. Fortunately, in the case of Ti,
perturbed by a full core hole while the initial states are takenthe error is negligible because of the smali8 eV) splitting
from the ground state. The calculations reveal that this/alue while the most interesting energy region for the study
“mixed” approach results in a 25% —30% increase of the Qof charge transfer is 10—20 eV. In the case of Mn, the split-
to Me edge ratio when compared with the ground state apting is about 10.5 eV but the experimental branching ratio is
proximation. In the case of Mn oxides, the “mixed” approachnot much different from the statistical value and again the
cannot be justified as multielectron effects are expected to bene-electron description is reasonable.
strongi® however, as will be seen further, a fit with experi-  Figure 7 shows the ratios between theKGand Me Lys
ment is surprisingly good in the Mn series. edges intensities calculated by LAPW within the “mixed”
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) FIG. 7. The ratios between the K©and MeL, ; edge intensities
FIG. 6. _Effec_t of _the core hole on the '_'APW) O Kintegrated along with the theoretical values calculated by LARWhixed”
cross sections in TiQrutile calculated with different approaches core-hole approaghand by an atomic model.
and(b) the Ti L3 integrated cross sections in rutile and TiO calcu-

lated in the standard full core hole approximation. L
transfer, the result must only reflect the stoichiometry of the

core hole approach and measured experimentally. Unlik€ompared oxides regardless of the energy window used. That

Table 1, the nominal ratio between the numbers of oxygershould be 2.0 for MnO-Mng series and 1.66 for TiQ-
and metal atoms is not accounted for, thus this plot is exJ1O2 series. The ELNES variation might affect the result

pected to reflect the stoichiometry of oxides. “Mixed” core lthough its effect is expected to be random and quickly
hole LAPW calculations reproduce adequately the experid@mping with increasing energy window. However, Fig. 8
mental O/Me ratio at small energy windows while slightly reveals that in both the Mn and Ti oxides series, the experi-
underestimating it when increasing the window aboveMental curves systematically deviate lawer values from
40-50 eV. Apparently this relates with the underestimatior?-0 and 1.66 expected respectively for Mn and Ti. The de-
of continuum states in the & edge as mentioned earlier Viation is quite pronounced in the 10-20 eV windows and
[see Fig. &)]. Figure 7 also displays the calculations in the d@mpens out with increasing energy window. Both the
free-atom approach, which implies the cross sections indedround state and core-hole LAPW calculations reproduce
pendent on chemical environment; thus all differences in théhis trend and agree quite reasonably with experimental num-
intensity ratios relate solely to the different stoichiometry ofP€rs. As seen from Figs(€) and 4d), the effect originates
oxides. The atomic calculations fail completely at small en-mainly from the changes in the meta} andL, cross sec-
ergy windows and predict the wrong direction of change oftions in the 10—15 eV windows, which extends to 10-20 eV
the ratio with increasing window width. Due to the wrong When accounting for thes—L, splitting. It should be noted
energy dependence they can be compared with the expeffat, although the ground state approach underestimates the
ment only at windows larger than 70 eV, where both atomicO t0 Me edge ratio, the errors are cancelled out by dividing
calculated and experimental ratios become quasithe two O/Me ratios by each other and the results of ground
independent on energy. Note that the experiment fits approxgtate and “mixed” core hole calculations look comparable in
mately the LAPW calculations at low energy-losses and thd"'9- 8.
atomic calculations in the large energy windows, which con-
firrgs theII Icgmplementarity of these two approaches discussed IV. DISCUSSION
in Sec. Il B.

To elucidate the changes in the cross sections, the O/Me Prevalence of the continuum states at high energy makes
ratio in the IV valence oxide is divided by that in the Il the integrated cross section independent on chemical envi-
valence ones and plotted in Fig. 8. In the absence of charg@nment of a given element. This property is essential for the
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TABLE Il. MTR dependence of the Tli, 3 cross section in hcp
(a) Ti
2.0 - I
eg Muffin tin radius ~ Extra localized Energy window
S, 1.5 (a.u) orbitals 20eV  40eV T70eV
§ 1.4 No 88.14 118.58 155.12
. experiment ° 2.0 No 89.31 115.03 136.84
§ 1.0 atomic —_—
e LAPW ground state 2.4 No 87.54 107.56 122.41
LAPW core-hole 1.4 Yes 88.24 119.37 159.79
0.5 1 'l 'l 'l 'l 1 1
0 10 20 30 20 50 80 70 30 2.0 Yes 89.90 121.04 160.34
Energy window (eV) 2.4 Yes 89.85 120.86 159.39
2.0
18] ®)
/—\\V transfer, which supports the concept of EELS local charge
218 ,.,.""":“ L. neutrality in metallic system?®. Taking into account these
5 1.4- ,.,f.?""f". : regularities, the relationship between the composition and
:s 1.2 experiment ©  rutile/TiO the OK/Me L, 5 intensity ratio can be interpolated for any
£ «  anatase/TiO Me by calculating few reference oxides in the given Me-O
'5 1.0 atomic ~ ——TiO/TiO system. Furthermore, as seen from Fig. 8, the general trends
= 0.8 LAPW ground state < rutile/Tio of changing the cross sections with valence are similar for
LAPW core-hol """ruaﬁ’l‘:,t?,sgmo different oxides families. In principle, Fig. 8, which charac-
061 . . aikdbastbind . . terizes the charge transfer between Il and IV valence oxides,

o 10 2 E3° ‘?Od 50 60 70 80 can be utilized as a basis for parametrization of the cross
nergy window (V) section vs the valence state.

FIG. 8. The experimental and LAP\ground state and “mixed”
core-hole approachgsalculated O/Me ratio in the IV valence ox- V. CONCLUSIONS
ide divided by that in the 1l valence oxide {(n) manganese an@)
titanium series, revealing a charge transfer from a metal atom to an 1€ electron charge transferred from metal to oxygen
oxygen atom during progressing oxidation from the Il valence to@tom in the course of oxidation affects noticeably the experi-
the IV valence oxide. mental EELS integrated cross section in Mn and Ti oxides.

The charge transfer effect is most pronounced at 10—20 eV

elemental analysis with EELS when the cross sections arabove the threshold and fades with increasing energy-loss
calculated in the atomic model. However, as seen from Tabldue to the increasing contribution of continuum states.
| and Fig. 7, the assumption of an environment-independent The LAPW method can successfully calculate the contri-
cross section is approximately correct only when large enbution of bound states in the EELS integrated cross section
ergy windows are used. In many cases, e.g., in the case @fcluding the effect of the charge transfer. The resulted inte-
energy-filtered transmission electron microscdgfFTEM), gral cross section is mainly controlled by the formal valence
smaller windows are employed to maximize the signal-to+ather than the specific ELNES of the compound. The calcu-
noise ratio. Still, the elemental analysis is possible providedated integrated cross sections are in a good agreement with
that the integrated cross sections are calculated by LAPWhe experimental ones. Continuum states are less success-
with several precautions outlined in Secs. Il B-IIl E and thefully reproduced by LAPW and simpler atomic calculations
Appendix. These LAPW calculations allow us to avoid com-are still more efficient there.
plicated(and in many cases impossiblexperimental mea-
surements of high precision. As seen from Fig. 7, at high
energies, LAPW is consistent with the atomic calculations,
i.e., a smooth connection between these two approaches is This work is supported by a GOA project of the Univer-
obtained. sity of Antwerp entitled “Characterization of nano-structures

It should be clearly realized that the charge transfer mighby means of advanced electron energy spectroscopy and fil-
have a strong impact on the EELS cross sections in the eriering.” Useful comments by Jo Verbeeck and John T. Titan-
ergy region close to the threshold. As a consequence, the Mah are acknowledged.
cross sectionry, in formula (1) is biased by the valence

state and the Me integrated intensity, is not proportional APPENDIX: IMPORTANT PARAMETERS IN LAPW

to the numbers of Me atoms anymore. Fortunately, the x| cULATION OF EELS INTEGRATED CROSS SECTION
present results suggest that the charge transfer effect roughly

correlates with the formal valence of the oxide as seen from A crucial parameter in the LAPW calculations is the muf-
Figs. 3¢) and 3d). In metals, the integrated cross sectionsfin tin radius(MTR). Since the muffin tin is an entirely tech-
follow very similar curves almost independently of the spe-nical concept, while the cross section is a physical value, the
cific chemical environment and show no noticeable chargdatter should not depend on MTR. From form¢® it is seen
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TABLE lll. Convergence of the integrated Nj, 5 cross section  lower integrated cross sections for larger M{&@Re Table ).
in TiNi with respect to density of mesh for integration over scatter-The default LAPW basis set is intended for the description of

ing vectorg. bound states only, while the continuum states are less well
described in large MTR calculation yielding a lower DOS at

Energy . , , , _high energy. The description of the continuum states by the

window 1 point 8 points 27 points 64 points 125 points 1 i tin hasis is getting worse as one goes away from the

10 eV 9.04 11.84 12.50 12.71 12.72  nhucleus. As seen from Table Il, the addition of local orbitals

20 eV 13.45 1757 18.53 18.83 18.84 !0 a basis set raises the continuum DOS for large muffin tin

30 eV 16.00  20.88 2200 29 35 2036  Spheres and makes the EELS cross section quasi-independent
of MTR.

hat th S iall 2D | | Secondly, the collection and convergence angles have to
that the cross section Is essentially an overlap integra of)e explicitly taken into account to simulate experimental

initial and final 'state wave function. The_strong localization EELS cross sections. The collection angle is accounted for
of the core orbital provides a natural radial cutoff for calcu-

lation of this integral. Since, for computational reasons, thé)y numerlcal integration over the d|str|but|9n. of aIIo_weq
scattering vectors. As seen from Table lll, this integration is

muffin tin has always to be larger than the core orbitals, . -

artificial dependence of the cross section on MTR is not exS0nverged by using a sufficiently dense mestgaiectors.

pected. In the present work, a mesh of 75 points was chosen for all
However, when using the default LAPW basis we do ob-Calculations. The influence of convergence angle is minor at

serve strong MTR-dependence of the high energy part of thihe experimental conditions used, and these small corrections

spectrum(energy windows 40 eV and higheresulting in  Were accounted for empirically after Kokt al*
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