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First-principles relativistic configuration-interaction (Cl) calculations of cation L 3-edge electron-energy-loss near-edge structures
(ELNES) of SrTiO3, NiO and CaF, have been carried out based on the direct approach where the ground state (GS) configuration and the
excited state (ES) configuration were calculated simultaneously by direct diagonalization of the many-electron Hamiltonian. The obtained
theoretical spectra were compared with our recent results based on the indirect approach where the GS configuration and the ES configuration
were calculated separately and their energy separation was adjusted to the value predicted by the Slater’s transition-state calculation. Although
both approaches well reproduced the overall features of the experimental spectra, the direct approach tend to slightly overestimate the absolute
transition energies. In the case of Ti L 3-edge of SrTiOz, however, the absolute transition energies calculated by the direct approach were
comparable to those by the indirect approach and were also in good agreement with experimental values, indicating sufficient inclusion of

electron correlations through pure configuration interactions.
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1. Introduction

In recent years, electron-energy-loss near-edge structures
(ELNES) have attracted increasing attention as an effective
tool for materials characterization because of their sensitiv-
ity to thelocal electronic structures around probe atoms. For
unambiguous interpretation of experimental ELNES, a reli-
able non-empirical computational method is indispensable.
Thanks to the recent development of variety of electronic
structure calculation programs, many researchers are actively
reporting first-principles calculations of ELNES for variety
of materials.>? However, in the case of 3d transition-metal
(TM) Ly3-edge ELNES, there are still significant compu-
tational difficulties which hinder the application of ordinary
non-relativistic calculation based on the one-electron approx-
imation.

The 3d TM L, 3-edges mainly correspond to electric-
dipole transitions from TM core 2p levelsto unoccupied TM
3d levels. Therefore the spin-orbit splitting of core 2p levels
requires the inclusion of relativistic effects while the interac-
tion between core hole and localized d electrons requires the
consideration of many-body effects.

In order to take both effects into account, we have re-
cently developped afirst-principles relativistic configuration-
interaction computation code and reported the first-principles
calculations of cation L, 3-edge ELNES of SrTiO3, NiO and
CaF, for thefirst time.® In that work, we have adopted an ap-
proach where the ground state (GS) configuration and the ex-
cited state (ES) configuration were calculated separately and
their energy separation was adjusted to the value predicted by
the Slater’s transition-state calculation (hereafter referred to
as “indirect approach”).

However, in principle, the GS configuration and the ES
configuration should be calculated simultaneously by direct
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diagonalization of the many-electron Hamiltonian (hereafter
referred to as “direct approach™). Although the direct ap-
proach can significantly simplify both computational proce-
dure and analytical process, investigation of its accuracy is
aso indispensable prior to using it for analysis of experimen-
tal ELNES. Therefore, in the present work, we have carried
out first-principles calculation of cation L, 3-edge ELNES of
SrTiO3, NiO and CaF by the direct approach and investigated
the accuracy of the obtained theoretical spectrain comparison
with our previous ones by the indirect approach.

2. Computational Procedure

2.1 Modd clusters

For the calculation of theoretical cation L, 3-edge ELNES,
model clusters composed of the excited cation and the near-
est neighbor anions, that is, (TiOg)®~ for the Ti L, s-edge of
SrTiOs, (NiOg)'%~ for the Ni L, 3-edge of NiO, and (CaFg)®~
for the Ca L, 3-edge of CaF,, were constructed based on the
crystal structure of each compound. All these clusters possess
octahedral (Oy) symmetry. The effective Madelung poten-
tial was taken into account by locating several thousand point
charges at the external atomic positions.

2.2 Reélativistic MO calculation

The relativistic molecular orbital (MO) calculations were
performed self-consistently based on the Dirac-Fock-Slater
method using the relativistic SCAT computation code, orig-
inally developed by Rosén et al.¥ In this code, molecular or-
bitalswere calculated aslinear combination of atomic orbitals
(LCAO). Thefour component relativistic atomic orbitalswere
produced in each iteration and optimized to the chemical en-
vironment. The basis functions adopted in the present work
were 1s~4p for Ti, Ni, Ca and 1s~2p for O, F. All inte-
grals were performed numerically using 100000 pseudoran-
dom sampling points.
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2.3 Direct approach

Since the CI calculation for al N electrons is unredis-
tically demanding, we adopted a relativistic many-electron
Hamiltonian for selected n electrons, which can be expressed
as,

n n n 1
H :Zh(ri)—FZZm, (2.1)
i=1 i=1 j>i
where
Z,
hri) = capy +Bc® = ) —pr + Vo), (22)

v

in atomic units(m = e = h = 1). Here «, B are the Dirac
matrices, c is the velocity of light, p, is the momentum op-
erator, Z, is the charge of the vth nucleus, and Vy(r) is the
potential from the other N — n electrons. The explicit form of
Vo(r) was derived by Watanabe and Kamimura.

In the direct approach, the above Hamiltonian was diago-
nalized using all Slater determinants corresponding to the GS
or ES configuration. The many-electron wave functions were
then generally expressed as alinear combination of the Slater
determinants,

M
Y = Zciqup, (2-3)
p=1

where M isthe total number of the Slater determinants.

2.4 Indirect approach

In the indirect approach, the GS configuration and the ES
configuration were diagonalized separately and the energy
separation between these configurations was adjusted to the
value calculated by the Slater’s transition state method, where
thetotal energy difference between two configurations can be
approximately obtained by the one-electron energy difference
calculated in the Slater’s transition state.?) The transition en-
ergy in many-electron picture and that in one-electron pic-
ture are schematically shown in Fig. 1. In the present work,
transitions with lowest transition-energies in the one-electron
picture were used as the reference to determine the energy
separation between the GS configuration and the ES configu-
ration.

25 Osgcillator strength
The oscillator strength of the electric-dipole transition av-
eraged over all polarizationsis generally expressed as,

2
lit =

=3 (2.4)

n
(Er — EDNWI Y rjlwn)?
j=1
where ¥; and ¥; are the many-€electron wave functions for
the initial state and the final state, while E; and E; are their

energies.

2.6 Electronic configurations

Therelativistic Cl calculations were carried out within the
subspace spanned by Slater determinants corresponding to
the GS configuration and ES configuration with one excited
electron. In the case of Ti** and Ca?*, for example, the
GS configuration is (2p)®(¢s4)° and the ES configuration is
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Fig. 1 Schematicillustrations of (a) transition energy in the many-electron
picture and (b) that in the one-electron picture (Slater’s transition-state
method). In the direct approach, the ground-state (GS) configuration and
the excited-state (ES) configuration are diagonalized simultaneously and
their energy separation is determined automatically. On the other hand, in
the indirect approach, the GS configuration and the ES configuration are
diagonalized separately and their energy separation, E, is set at the value
obtained by the Slater’s transition state method, Evs.

(2p)°(¢h3q)*, Where ¢sy represents the MOs maily composed
of 3d orbitals. Therefore, six electrons and sixteen orbitals
were treated explicitly. In the indirect approach, the num-
bers of Slater determinants used in the diagonalization of the
many-electron Hamiltonian are 1 and 60 (=¢C; x 10C;) for
GS and ES configurations, respectively. In the direct ap-
proach, the many-electron hamiltonian was diagonalized us-
ing al these 61 Slater determinants.

In the case of Ni", the GS configuration is (2p)®(¢sq)®
and the ES configuration is (2p)°(¢sq)°. Therefore, fourteen
electrons and sixteen orbitals were treated explicitly. In the
indirect approach, the numbers of Slater determinants used
in the diagonalization of the many-electron Hamiltonian are
45 (10Cg) and 60 (=¢C1 x 10Cg) for GS and ES configura-
tions, respectively. In the direct approach, the many-electron
hamiltonian was diagonalized using al these 105 Slater de-
terminants.

3. Resultsand Discussions

31 SrTiOs

The theoretical Ti L 3-edge ELNES spectra of SrTiOs
calculated by the direct approach and the indirect approach
are compared with the experimental spectrum reported by
Van der Laan” in Fig. 2(a), where each peak in the theoreti-
cal spectrawas broadened by a Gaussian function with 1.0-eV
full width at half maximum (FWHM) for easy comparison. In
the indirect approach, 2pz, — tyy transition was used as the
reference. Therefore, the Slater’s transition state calculation
was carried out in the (2p1/2)2(2ps/2) "/ (tag)Y/2(gg)° config-
uration and the transition energy was calculated as Ets =
Etpg — E2pg, = 457.3€V, where ¢zq With tog and e; symmetry
are represented by the corresponding irreducible representa-
tions for simplicity and one-electron energies are represented
by e. Since this transition corresponds to the transition from
(2P1/2)2(2P3/2)* (t2g)(6g)°, 10 (2P1/2)%(2P3/2)3(t2g) (€)% in
the many-€electron picture, the difference between the average
energies of these configurations was set at 457.3¢eV in thein-
direct approach.

The experimental spectrum shows relatively large peaks c,
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Fig. 2 Theoretical and experimental L5 3-edge ELNES spectra for (a) Ti*" in SrTiOs, (b) Ni2t in NiO, and (c) Ca2* in CaF,. The
top and middle panels represent the theoretical spectra calculated by the direct approach and the indirect approach, respectively. The
bottom panels represent the experimental spectra reported by several authors.”819 The positions of the most prominent peaks in the
threshold configurations are indicated by dotted lines in the theoretical spectra.

d, e, and f, and small peaks a and b. As shown in the fig-
ure, both theoretical approaches reproduced the positions and
relativeintensities of al these peaks. According to the config-
uration analysis of the many-electron wave functions, peaks
a, b, and ¢ are mainly ascribed to 2pz, — tyg transition
while peaks d, e, and f are mainly ascribed to 2pz, — €y,
2p12 — tog, and 2py» — € transitions, respectively. Since
the configuration analysis indicated that peak ¢ is the most
prominent peak corresponding to the above reference transi-
tion, we evaluated the absolute transition energy by the posi-
tion of this peak. The theoretically predicted position of peak
cis457.4eV and 458.2eV for the direct approach and for the
indirect approach, respectively. Both of them arein excellent
agreement with the experimental value, 457.9€V.

3.2 NiO

The theoretical Ni L, 3-edge ELNES spectra of NiO cal-
culated by the direct approach and the indirect approach
are compared with the experimental spectrum reported by
Montoro et al.? in Fig. 2(b), where each peak in the theo-
retical spectra was broadened by a Gaussian function with-
1.0eV FWHM for easy comparison. In the indirect ap-
proach, the 2ps,, to ey transition was used as the refer-
ence. Therefore, the Slater’s transition state calculation was
carried out in the (2p1/2)2(2ps/2) /?(tag)®(eg)®? configurar
tion and the transition energy was calculated as Erg
ey — 2p3 851.3eV. Since this transition corre-
sponds to the transition from (2p1,2)2(2ps/2)*(t2g)°(€g)?, to
(2P1/2)%(2P3/2)3(t2g) 8(eg)* in the many-electron picture, the
difference between the average energies of these configura-
tionswas set at 851.3 eV in theindirect approach.

The experimental Ni L, 3-edge ELNES of NiO shows rel-
atively large peaks a, b, f and g and small peaks c, d, e,
and h. As shown in the figure, both theoretical approaches
reproduced the relative positions and relative intensities of
these peaks except d and e which are related to the creation of
the ligand hole.? According to the configuration analysis of
the many-electron wave functions peaks a, b are mainly as-
cribed to 2ps;» — €y transition and pesks f and g are mainly
ascribed to 2p;» — € transition. On the other hand, the
small peak ¢ mainly corresponds to a two electron excitation
(2p3/2 — &g and tyg — €y), while the small peak h also cor-
reesponds to a similar two electron excitation (2p1» — &g
and tpy — €y). These two-electron excitations are slightly
allowed through the small composition of one-electron exci-
tion states mixing through configuration interactions. Since
the configuration analysis indicated that peak a is the most
prominent peak corresponding to the above reference transi-
tion, we evaluated the absolute transition energy by the posi-
tion of this peak. The theoretically predicted position of peak
ais857.9eV and 852.1¢eV for the direct approach and for the
indirect approach, respectively. Therefore, the value by the
indirect approach is in good agreement with the experimen-
tal value 852.8 eV, however, the theoretia value by the direct
approach is dightly overestimated.

3.3 CaF;

The theoretical Ca L 3-edge ELNES spectra of CaF; cal-
culated by the direct approach and the indirect approach
are compared with the experimental spectrum reported by
de Groot et al.'? in Fig. 2(c), where each pesk in the
theoretical spectra was broadened by a Gaussian function
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with 0.4-eV FWHM for easy comparison. In the indi-
rect approach, the 2ps/, to gy transition was used as the
reference. Therefore, the Slater's transition state calcula-
tion was carried out in the (2p1/2)2(2ps/2)"/?(eg)Y?(tzg)°
configuration and the transition energy was calculated as
Ers = €eg — €2py, = 347.7€V. Since this transition corre-
sponds to the transition from (2p1,2)2(2ps/2)*(€)°(t2g)°, to
(2P1/2)2(2p3/2)°(€9) 1 (t2g)° in the many-electron picture, the
difference between the average energies of these configura-
tionswas set at 347.7 eV in theindirect approach.

The experimental spectrum shows relatively large peaks b,
d, e, and g, and small peaks a and c. As shown in the fig-
ure, both theoretical approaches reproduced the positions and
relativeintensities of all these peaks. According to the config-
uration analysis of the many-electron wave functions, peaks
a and b are mainly ascribed to 2ps;» — ¢ transition and
peaks ¢ and d are mainly ascribed to 2ps;» — tyg transition,
while peaks e and g are mainly ascribed to 2p;,» — €y, and
2p12 — tog transitions, respectively. Since the configuration
analysisindicated that peak b isthe most prominent peak cor-
responding the above reference transition, we decided to eval-
uate the absolute transition energy by the position of peak b.
The theoretically predicted position of peak bis349.1eV and
347.9eV for thedirect approach and for theindirect approach,
respectively. Therefore, the value by the indirect approach
isin good agreement with the experimental value 347.9eV,
however, the theoretial value by the direct approachisdlightly
overestimated.

3.4 Effect of electron correlations

In theindirect approach, energy separation between the ES
configuration and the GS configuration is determined by the
Slater’stransition state cal culation, where electron correlation
effects are included in the form of orbital relaxations. There-
fore the indirect approach can partially include correlation ef-
fects of all electrons. The accuracy of the results of the indi-
rect approach indicatesthat such effectsare taken into account
sufficiently.

On the other hand, in the direct approach, electron corre-
lations are taken into account only through configuration in-
teractions. In the present work, some electrons are explicitly
treated, while others are completely frozen. According to the
results of the direct approach, theoretical transition energies
tend to be slightly overestimated except Ti L, 3-edge. There-
fore, the accuracy of this approach is sensitive to the systems
to be calculated. The accuracy of the calculated transition en-
ergy of Ti L 3-edge indicated that electron correlations can
be taken into account sufficiently only though configuration
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interactions for this system.
4. Conclusion

In the present work, we have carried out first-principlesrel-
aivistic configuration-interaction (Cl) calculation of cation
L, 3-edge ELNES by direct diagonalization of the many-
electron Hamiltonian (direct appraoch) and compared the ob-
tained theoretical spectrawith our previous results cal culated
by the indirect approach. The results can be summarized as
follows. (1) The overall features of the experimental spectra
werewell reproduced both in the direct approach and the indi-
rect appraoch. (2) The direct approach tend to slightly over-
estimate the absolute transition energies. (3) In the case of
Ti L 3-edge of SrTiOs, the direct approach well reproduced
absolute transition energies.

These results indicate that we can use the direct approach
for the analysis of already obtained experimental ELNES.
However, since the accuracy of the absolute transition ener-
gies calculated by the direct method are rather sensitive to the
materials, the indirect approach is till preferable for quanti-
tative prediction of completely unkown spectra. The clarifica-
tion of the detailed condition under which the direct approach
can provide sufficiently accurate results would be important
for the future establishment of efficient and reliable approach
for analysis of variety of ELNES spectra.
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