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Core-hole effects on electron energy-loss spectroscopy of Li2O

N. Jiang and J. C. H. Spence
Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287-1504, USA

~Received 2 September 2003; revised manuscript received 24 November 2003; published 18 March 2004!

Excitons in electron-energy-loss spectra~EELS! can be overwhelming in some materials. Here we report
EELS from Li2O for both Li and OK edges. Comparison with calculations excluding and including core-hole
effects suggests that the one-electron~ground state! band structure theory is not valid for the interpretation of
the fine structure in EELS of Li2O. Using a large angle scattering technique, a core exciton in the band gap can
be observed in theK edge EELS.
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I. INTRODUCTION

Electron energy-loss spectroscopy~EELS! is a well-
developed technique, which has been widely used in stu
ing physical and chemical properties of materials. It offe
very high spatial resolution and, as an absorption spect
copy, probes the density of empty states~DOS!. In the one-
electron approximation, EELS give the fraction of bea
electrons that, in traversing a thin slab, have lost energ
the excitation of a core electron from an initial to an uno
cupied final state. By considering the highly localized inn
core states and ignoring the energy dependence of the
sition matrix, EELS can be qualitatively interpreted as t
partial empty DOS projected on a particular atom sit1

Angle-resolved EELS is also possible, and involves a sec
projection in momentum space.2 The interpretation of the
fine structure of the EELS spectra of some materials, h
ever, has been controversial for several decades.3 The pres-
ence of a core hole, created by electronic excitation,
modify the DOS of the final states, and produce excito
states in the band gap. In optical spectra, it has gene
been feasible to assign one or more sharp peaks at the
of absorption to excitons.4 It has become more common t
use a final state approximation~including a core hole! in
simulations of EELS spectra, and to emphasis the domin
role of core-hole interactions in the core excitation spect5

However, there is no unambiguous way to distinguish ex
tons from interband transitions in EELS. This is mostly b
cause the band threshold is not easily identified; until
cently predictions of EELS core threshold energies involv
an accuracy of about 1 eV.6 Problems have also been exist
in the interpretation of x-ray absorption spectra. An eff
was made to establish the band threshold by a combina
of x-ray photoelectron spectroscopy and optical-gap da7

but the use of an arbitrary shift along the energy axis to yi
the best match between the calculated DOS and the obse
spectrum is still a general practice.

In insulators, the inclusion of excited electrons and c
holes is essential to properly interpret excitation spectra.8 In
this paper, we present an interpretation of experime
EELS spectra for the Li and OK edges of Li2O, including
excitonic effects. We then establish that the exciton abso
tion peak can be distinguished in EELS with the assista
of calculations. The valence excitons of Li2O have been ob-
served in optical absorption spectra,9,10 and calculated in the
near-gap absorption spectrum.11 However, these valence ex
0163-1829/2004/69~11!/115112~4!/$22.50 69 1151
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citons are different from the core excitons, which are high
localized around the excited atom due to the localized c
holes,12 and do not contribute to photoconductivity. No stud
of the core-hole exciton of Li2O appears to have been re
ported previously. Additionally, an understanding of the ele
tronic structure of Li2O is a prerequisite for the study o
Li2O-compounds, such as optical glasses, fast-ionic cond
tors, solid-state batteries, and blanket breeder material
nuclear reactors.13 Although the occupied~core and valence!
states have been studied,14 a probe of the unoccupied state
is still needed to obtain a full picture of the electronic stru
ture of Li2O.

II. EXPERIMENT AND THEORETICAL BACKGROUND

Commercial Li2O powders were used in this study~Ald-
rich Chemical Company, Inc.!. They were used without fur-
ther purification. No impurities were apparent in the ene
dispersive characteristic x-ray spectra. The crystal struc
was confirmed by the electron diffraction from the selec
area. The transmission electron microscope~TEM! samples
were prepared by blowing the Li2O powders into dry air, and
picking them up using a Cu grid covered with lacy carb
thin film. The sample was then immediately transferred in
and observed in a Philips EM400 TEM with a field-emissi
gun operating at 100 keV and a Gatan parallel EELS syst
The energy resolution of the spectrometer is about 0.8
~determined by the FWHM of the zero-loss peak!. The col-
lection semiangle is about 5 mrad.

Radiation damage is very severe in Li2O. Thus time-
resolved EELS and electron diffraction patterns were
tained first from Li2O to optimize the experimental cond
tions. It was found that the damage rate is dependent on
thickness of the sample. In thicker areas (.200 nm), the
sample can survive electron irradiation long enough to all
collection of EELS spectra with a meaningful signal-to-no
ratio. Therefore multiple scattering effects must be d
convoluted from the original spectrum in order to obtain t
single scattering spectrum, which can be compared with
electronic DOS. In this work, the Fourier-log method w
used for deconvolution of the EELS spectra.15 Additionally,
Li 2O can easily react with H2O and CO2 in the air to form
LiOH and Li2CO3. The latter can be easily ruled out by th
absence of a CK edge in the EELS spectra. The form
contamination can also be ignored according to the abse
©2004 The American Physical Society12-1



y

a

o
s,

av
as
-

th
u

a
ex

g
r
ra

a

-
,
r-
er
rth

r-
ec
a

o

st

d

n
ra

t
p

val-

g a
the
xi-

le

N. JIANG AND J. C. H. SPENCE PHYSICAL REVIEW B69, 115112 ~2004!
of the edge shift in the OK edge, which can be induced b
the appearance of~OH!.16

For small angle scattering, the dipole selection rule is s
isfied, and the EELS intensities of the Li and OK edges are
simply proportional to the unoccupied Li and Op-DOS, re-
spectively. For large angle scattering, however, the dip
selection rule may not be valid, and ‘‘forbidden’’ transition
such ass→s, must be considered.17,18The calculations were
carried out using the linearnized augment plane w
~LAPW! method within the local density approximation,
encoded in theWIEN2K ~Ref. 19! program. Experimental lat
tice parameters (a53.086 Å) of Li2O were used, without
further relaxation in the calculations. For comparison,
calculations were also carried out using the real space m
tiple scattering~RSMS! approach, as encoded in theFEFF8

~Ref. 20! program.
In the LAPW calculations, no shape approximation w

made in terms of potentials. The Coulomb potential is
panded in the forms( lmVlm(r )Ylm( r̂ ) within the muffin tin,
and(KVKeiK "r in the interstitial region. This is solved usin
multipole potentials and the boundary value problem fo
sphere.21 For the exchange-correlation potential, the gene
ized gradient approximation~GGA! is employed.22 The
LAPW sphere radii (R) are 0.95 Å for the Li and 1.04 Å for
the O. To simulate core hole effects, a 23232 supercell
was constructed and the excited Li or O in the supercell w
replaced by a Be or F atom, respectively~i.e., the so-called
Z11 approximation!.12 Due to the large unit cell, this calcu
lation was very time consuming. In the RSMS calculations
self-consistent muffin tin potential, which is flat in the inte
stitial region and otherwise is the sum of overlapping, sph
cally symmetric potentials, and the ground-state von Ba
Hedin exchange-correlation potential23 were used. The
muffin-tin radii were automatically calculated using the No
man prescription, with about 10% overlap to roughly corr
for the nonspherical potentials. The core-hole effects are
proximated by the removal of one core electron~Li 1s or O
1s) to the vacuum states. A small cluster~less than 100 at-
oms! was constructed using the packageATOM.24

III. RESULTS AND DISCUSSION

The deconvoluted experimental EELS of the Li and OK
edges are shown in Figs. 1~a! and 1~b!, respectively. It is
seen that the overall fine structure in both the Li and OK
edges are similar: two sharp peaks~indicated by A and B!
followed by broad features~indicated by D! in the high-
energy region. The two sharp peaks are at 59.8 and 64.5
in the Li K edge, and 539.6 and 545.4 eV in the OK edge,
respectively. The separation between the two peaks, h
ever, is narrower in the LiK (;4.7 eV) than in the OK edge
(;5.8 eV). Meanwhile, the relative intensity of the fir
peak to the second is much weaker in the LiK than in the O
K edge. The asymmetry of the second peaks in both Li an
are also observed; there is a shoulder~indicated by C! on the
high-energy side. Due to the low signal-to-noise ratio a
channel-to-channel gain variation of the photodiode ar
the small bumps before the edges and the variations of
broad features in the high-energy region cannot be sim
11511
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interpreted as characteristic peaks. Nevertheless, a deep
ley can still be recognized at 551 eV~indicated by an arrow!
in the OK edge, but not in the LiK edge.

For comparison, the Li and Op-DOS were calculated by
including core-hole effects and broadened to 0.8 eV usin
Gaussian function. The band edges were aligned to
thresholds of the EELS spectra, which are at the half ma

FIG. 1. Comparison of experimental EELS spectra of the~a! Li
K and ~b! O K edges with theoretical calculations. The core-ho
effects have been considered in calculations.
2-2
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mum of the first peak. The justification for this is discuss
later. It is seen that the overall features are reproduced by
calculations using both methods. In the RSMS calculatio
the positions of two sharp peaks have been exactly re
duced, although the shoulder intensity in the LiK is weak in
the calculations. On the contrary, the LAPW calculatio
give a better intensity distribution, but are less accurate in
peak positions. The separations between peak A and B in
Li and OK edges are about 1.0 and 0.5 eV less than thos
the experimental measurements, respectively. This is p
ably because theZ11 approximation overestimates th
electron-hole interactions. The deep valley observed in th
K edge is also reproduced in the LAPW calculation.

Overall, the LAPW method is better than theFEFF in this
particular case. However, the former calculation is mu
more time consuming in order to include the core-hole
fects than theFEFF. The weakness of the present versionFEFF

code is the use of the muffin-tin potential, which is assum
to be zero in the interstitial region. In the near-edge struct
calculations, however, the details of the potential in this
gion are much more important.25 Nevertheless, theFEFF

method can be useful in the large and complicated syste
such as in multicomponent silicates.26

The ground state DOS of Li2O is given in Fig. 2. The
valence band is narrow~less than 3 eV! and predominantly O
p characteristic. The band gap is about 5.0 eV, which
smaller than the optical measurement of 7.99 eV.10 The un-
occupied states approximately consist of three parts:
subbands with a 0.7 eV gap~pseudo gap! followed by con-
tinuum states. The lower subband~5.0–9.0 eV! is mainly O
character with a minor contribution from Li, while the upp
subband~9.7–14.7 eV! is a mixture of Li and O. The con

FIG. 2. Calculated partial DOS projected on Li and O atom. T
full lines are ground state results, and the dotted lines are inclu
core-hole effects. For comparison, the intensities of unoccup
states have been exaggerated by five times, except Lis-DOS with
core-hole effects.
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tinuum part~14.7 eV and above! is dominated by Lip char-
acteristic. By comparing the broadened ground state DOS
the Li p and Op with the experimental EELS of the LiK
and O K edges, the overall features are quite similar: tw
subbands followed by continuum states. However, the se
rations between the two subbands are about 5.7 in the Li
6.1 eV in the O, which are slightly larger than the expe
mental EELS results. Most importantly, the shoulders of
second subbands are on the low-energy sides, which are
posite to the experimental EELS and the calculations incl
ing core-hole effects. Except for this discrepancy, it see
that the ground state DOS does reproduces the fine struc
of the experimental EELS at poor energy resolution.

To understand the excitonic effects on the EELS inten
ties, the unoccupied DOS including electron-hole inter
tions are also compared in Fig. 2. It is seen that the unoc
pied DOS are completely different between the calculatio
without and with core-hole effects. The most striking diffe
ence in the Lip-DOS is that the intensity of the lower sub
band is significantly increased under the electron-hole att
tion; a sharp peak occurs at 1 eV above the band ed
Additionally, a sharp peak also appears within the 0.7
pseudogap and several sharp peaks in the upper subb
These strong peaks can be interpreted as excitonic ex
tions, but they cannot be separated from the interband e
tations except the one in the pseudogap. However, these
citonic excitations dominate the two major peaks~peaks A
and B! of the Li K edge@Fig. 1~a!#. Therefore, it is reason
able to assign these two peaks to the excitonic excitati
rather than the interband transitions. A better spectrom
with higher energy resolution should be able to distingu
these excitonic peaks. At higher energy, on the contrary,
excitonic effects are relatively weak, and thus the EELS
tensity can be interpreted as excitonically enhanced in
band transitions.

The excitonic effects on the OK edge, on the contrary
only alter the intensity distribution within the sub-bands, a
continuum states. Therefore, the fine structure in the OK
edge is an excitonically enhanced interband transition. T
weak excitonic effect on the OK edge is due to the electron
hole interaction being screened by the high density of
lence electrons. The experimental evidence for different
citonic effects on the Li and OK edge comes from the fac
that the change of the separation between the two m
peaks is larger in the LiK than in the OK edge~Fig. 1!. By
comparing with the ground state DOS, it is about 2.0
narrow in the calculation including the core-hole effects
the Li K, while it is only about 0.8 eV in the OK. The
electron-hole attraction produces a strong sharp peak in
pseudo gap in the Lip-DOS, but not in the Op-DOS. As a
result, the position of the second peak of the LiK edge shifts
toward lower energy more than that of the OK edge.

In both the Li and Op-DOS, no exciton peak is observe
below the band edge. Therefore, the thresholds of theK edge
excitation spectra given in Fig. 1 are justified, although
excitonic excitations dominate at least the first two peaks
the Li K edge. However, in the Li and Os-DOS, the exciton
peak is observed right on the band edge~Fig. 2!. This exciton
has the lowest energy, but it hass symmetry, and the transi
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tion s→s is forbidden. Therefore, under the dipole selecti
rule, either the Li or OK edge cannot see this exciton.

However, in EELS experiments the restriction of the
pole selection rule can be lifted if the spectrum is recorde
a large scattering angle~i.e., qr;1). Assuming radius of the
core stater;a0 /Z* , wherea0 is the Bohr radius andZ*
('Z20.3 for K edges! is the effective nuclear charge,27 the
dipole conditions should prevail for scattering angleu!ud
;30 mrad for Li K-edge excitation by 100 keV electron

FIG. 3. Li K-edge recorded at large scattering angleq
;60 mrad). The chained line represents the band edge.
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Figure 3 shows the EELS spectrum of the LiK-edge re-
corded using a 5 mrad~semiangle! collection aperture at a
scattering angle of about 60 mrad by moving the diffracti
pattern across the spectrometer entrance aperture using
fraction alignment coil.28 A small peak is observed at abou
1.5 eV below the band edge. This peak is due to the excito
excitation from the Li 1s to an exciton ofs symmetry, which
is at the band edge in the Lis-DOS ~Fig. 2!. The broad peak
of this exciton results from instrumental broadening,
which the FWHM of the zero-loss peak is about 2 eV. Und
the same experimental conditions, the EELS spectrum of
O K edge cannot be obtained because of the low signa
noise ratio.

In summary, we have interpreted the fine structure of
Li K and O K-edge EELS in Li2O with the assistance o
band structure calculations including core-hole effects. In
dition, the core exciton in the band gap has also been
served using large angle scattering technique. In this io
insulator, the interactions between electron and core h
completely alter the unoccupied ground state DOS. T
ground state DOS interpretation is not long valid. Howev
the appearance of the two subbands in the ground state
occupied DOS can easily lead to the opposite conclus
especially when the energy resolution of the spectromete
poor.
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