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Abstract

Electronic structures of LiFePO,4 and FePO,4 have been investigated using valence and core
electron energy loss spectroscopy (EELS) supported by ab initio calculations. Valence electron
energy loss spectra of FePO, are characterized by interband transitions found between 0 and
20 eV, which are not observed in LiFePOj,. Spectra are fully analysed using band structure
calculations and calculated dielectric functions. In particular, we show that interband transitions
observed in FePO, spectra originate from the states at the top of the valence band, which have
mainly oxygen p character. From core-loss EELS, it is observed that the O-K edge in FePO4
has a pre-edge peak below the threshold of the main O-K edge. This pre-edge peak is not
observed in the O-K spectra of LiFePO,. The position of the pre-edge peak is determined by a
charge transfer process, which shifts the position of the iron 3d bands with respect to the
conduction band. The intensity of the pre-edge peak is also determined by the changes in the
hybridization of iron 3d and oxygen states as a result of extraction of lithium ions from the
LiFePOy lattice. We show that the extraction of lithium ions from LiFePO, results in large
changes in the electronic structure, such that FePO, can be considered to be a charge transfer

insulator while LiFePOy is a typical Mott—Hubbard insulator.

1. Introduction

In its application as a cathode material for Li ion batteries,
LiFePO, shows good thermal stability, high energy density
and low production costs. However, its wider application is
still limited by poor electronic conductivity [1]. This has
led to intensive efforts to try and understand the electronic
structure of LiFePO, and how it changes with extraction
(delithiation) and insertion (lithiation) of lithium (Li) ions into
the lattice [2-9]. When Li ions are extracted from the lattice,
charge imbalance is created within the lattice, which must be
compensated either through the creation of ionic vacancies
or transfer of charge carriers between ions. The charge-
compensation process therefore becomes one of the driving
forces behind the movement of charge within the lattice. A
simplified picture of this process holds that the extraction of
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Li atoms from the lattice results in the Fe ion changing its
oxidation state from Fe™ to Fe™™. Tt is assumed that the
change in the oxidation state is directly linked to a charge
modification of Fe ion (from Fe?* in LiFePO, to Fe’t in
FePO,) excluding oxygen atoms. It has long been shown
in sulfur and oxygen compounds [10, 11] that this view of
the charge process is oversimplified. In these studies it was
shown that the oxygen atoms do indeed participate in the
charge-compensation process. However, the extent to which
oxygen atoms influence the process is highly dependent on
the electronic structure of the compound under study. This is
especially true in the case of materials which show magnetic
ordering. Such a determination is still clearly necessary for
LiFePOy,.

Experimentally, the electronic structure of LiFePO4 has
been studied using spectroscopic methods which include
electron energy loss spectroscopy (EELS) [2-5], x-ray
absorption spectroscopy [6], resonant inelastic x-ray scattering
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(RIXS) [7], and Mossbauer spectroscopy [8]. In EELS,
most of the studies on LiFePO, have concentrated on
investigating various ionization edges rising from core—shell
excitations [2, 3]. Very few papers have been devoted to
studying the valence—conduction band excitations [4, 5]. This
is mainly due to the difficulties encountered in interpreting
valence electron energy loss spectra (VEELS). The VEELS
spectrum is characterized by a number of different excitations
and features that have to be taken into account before an
interpretation of the spectra can be made. These excitations
include plasmons, interband transitions, intra-band transitions,
excitons, and relativistic losses [12—17]. In this paper we
therefore go a step further than the previous investigations
by studying both core—shell and valence band excitations in
the EELS spectra of LiFePO4 and FePO,. We give a more
detailed analysis of the observed valence band to conduction
band excitations with the help of theoretical spectra and band
structure calculations. Following a major reorganization of the
electronic structure partly due the electronic onsite repulsion
and local magnetic moment of Fe ions, we show that Fe—
O distances, hence the covalence of the bonds, are strongly
modified. The respective roles of oxygen and iron are thus
demonstrated and evaluated in LiFePOy.

2. Theoretical and calculation details

In EELS the fraction of incident electrons with primary energy
Ey scattered into a solid angle dS2 and energy range dE is
known as the partial differential cross section and is given

by [13]
iIm{— ! } 1)
q° (g, w)

where ¢ is the momentum transfer, ag is the Bohr radius and e
is the charge of the electron. The function Im{ Qo } is known
as the energy loss function and is given by [14, 15]

e(g, ®)

where (g, w) = €| + i&, is the dielectric function with ¢; and
&> being the real and imaginary parts of the dielectric function
respectively.  An EELS spectrum can be calculated from
the electronic wavefunctions and energies which are obtained
by solving Kohn—-Sham equations in the density functional
approach (DFT) [4, 18]. In this case, the imaginary part of
the dielectric tensor, &, is obtained as

47%e? 2dk
m(a)— 22/2(277)3

X I(kaPjICk)I|<Cklpi|vk)|5(Eck + AC — Ey —hw) (3)

where |cx) and |vg) can be approximated by the Kohn—Sham
orbitals with the wavevector k for the conduction and valence
bands, respectively. The corresponding band energies are E
and E,; respectively. The value of the scissor operator is
given by AC, w is the frequency, e the electron charge, m
the free electron mass, and p, the momentum operator [18].
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The real part of the dielectric function ¢; and energy loss
function are then derived from &, using the Kramers—Kronig
transformation.

Electronic structures of the LiFePO, and FePO, were
obtained by solving Kohn—-Sham (KS) equations [19], within
the full potential linearized augmented plane wave (FLAPW)
approximation as implemented in the WIEN2k code [20].
The dielectric tensor was calculated using the Optic package
included in the WIEN2k code [21]. Crystal parameters for
LiFePO, and FePO4 were obtained from the literature [8, 22].
We used muffin tin radii of 1.36 au, 1.46 au, 1.97 au and
2.09 au, for O, P, Li and Fe atoms respectively. The parameter
Ryt Kmax Was set to 7, where Ryt is the smallest atomic
sphere radius in the unit cell and K. is the magnitude
of the largest K vector. The number of k-points in the
irreducible part of the Brillouin zone (IBZ) was 74 and 64
for LiFePO,4 and FePOy, respectively. In order to treat the
effects of local Coulomb interactions due to Fe 3d electrons,
the GGA + U method was used, as given in literature [23].
The value of the effective Coulomb parameter was set to
U.ir = 4 eV for both sets of calculations. Anti-ferromagnetic
(AFM) supercells were used for both LiFePO, and FePOy,
calculations with an AFM ordering along the b axis. In the
calculation of the dielectric tensor, denser meshes of 286 k-
points and 195 k-points in the IBZ were used for LiFePO,
and FePOy, respectively. The values of scissors operators used
in the optical calculations were 1 eV and 2 eV for FePO,
and LiFePOy, respectively [4]. LiFePO, and FePO, have an
orthorhombic crystal structure and therefore the energy loss
function and the dielectric function are anisotropic. However,
since the experimental EELS spectra were obtained from a
polycrystalline sample, the measured energy loss functions
are in fact averaged over all crystal directions. Therefore,
in order to compare the calculated energy loss function with
experimental data, we have thus calculated the average of the
diagonal elements of the dielectric tensor.

3. Experimental details

In this paper lithiated (LiFePO4) and delithiated (FePOy)
powder samples were investigated. The lithiated and
delithiated samples were prepared using the recipes given in
literature [24, 25]. The state of delithiation was determined
from chemical analysis and confirmed by x-ray diffraction
using Rietveld refinement. For EELS measurements, samples
were crushed in a mortar with acetone and then transferred
to a holey carbon grid for investigations. EELS spectra were
acquired using a Gatan-Tridiem spectrometer attached to a
Titan 80-300 kV transmission electron microscope (TEM)
and operating at 80 kV. At this operating voltage the energy
resolution was determined to be 0.60 eV from the full width
at half width maximum (FWHM) of the zero loss peak.
Acquiring EELS at this low voltage has also an advantage of
minimizing the effects from Cherenkov radiation on the EELS
spectra. According to Stoger-Pollach [16], Cherenkov losses
cause extra peaks to be observed in the band-gap and interband
region. For Cherenkov losses to be observed the following
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condition has to be fulfilled, v > ¢/n, where v is the velocity
of the electron at a given accelerating voltage, c is the speed of
light, and n is the refractive index. At an accelerating voltage
of 80 kV vis ~1.51 x 108 m s~!. As a result of anisotropy the
refractive index of LiFePQO, is within the 1.66—1.7 range [26].
The conditions for Cherenkov losses are therefore not fulfilled
in this case since v < ¢/n. Lowering the acceleration voltage
also minimizes the amount of beam damage that is done to
the sample by the electron beam. At higher acceleration
voltage, delithiation and radiolysis are observed on LiFePOy4
and FePOy, respectively. Short exposure times in the order
of 1-2 s were used during the acquisition of the low loss
spectrum. The zero loss peak (ZLP) was subtracted from
the low loss spectra by deconvolution of the acquired spectra
with a ZLP acquired separately from the vacuum. The spectra
were corrected for multiple scattering by using the Fourier-
log deconvolution method. For the O-K edge the acquisition
time was 10 s. The background contribution at the O-K edge
was subtracted after fitting of the background using a power
law AE™", with E being the energy loss, and A and r being
constants. In order to remove the effects of the multiple
scattering, core-loss spectra were deconvoluted with the low
loss spectrum using the Fourier-ratio deconvolution method.
The details on the Fourier-log and Fourier-ratio deconvolution
techniques are described in literature [27].

4. Results and discussion

4.1. Valence electron energy loss spectra

In figure 1, experimental LiFePO, and FePO, energy loss
functions are presented for the energy region 040 eV.
Spectrum features are grouped into several energy regions,
labelled (i)—(iv). Energy region (i) ranges between 0 and 10 eV,
region (ii) between 10 and 20 eV, region (iii) from 20 to 30 eV,
and energy region (iv) is found above 30 eV. In the spectrum of
FePOy (plotted with the dotted line in figure 1) there is a strong
peak in the energy range (i) after the onset of absorption. In the
spectrum of LiFePO, this is replaced by a small shoulder at
this energy range but some of us have shown that this shoulder
disappears in certain experimental conditions [4]. The FePO4
spectrum is also characterized by broad shoulders in the energy
region between 10 and 20 eV. A common feature between both
spectra is a prominent peak at about 23 4 0.1 eV which is
found in the energy range (iii). The position of this peak does
not seem to change between the two phases. Similarly, both
phases show a peak at the high energy side peak in region
(iv). From the experimental spectra it can be observed that
the most important difference between the two spectra is in
energy regions (i) and (ii) between 0 and 20 eV, in which
peaks can be clearly identified in the case of FePO,4, whereas
they are missing or much less pronounced in LiFePO, VEELS
spectra. In order to interpret the differences in LiFePO,4 and
FePOy spectra, the questions to answer are: Are the observed
peaks due to plasmon excitations or interband transitions?
Which bands are involved in the interband transitions? What
is the main character of the interband transitions and what
do they say about the delithiation process in LiFePO4? The

Intensity (arb.units)
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Figure 1. Experimental energy loss function (ELF) for LiFePO,,
(full curve) and FePOy, (dotted curve). The spectrum is divided into
four energy regions which have been labelled as (i)—(iv).

remaining part will mostly concentrate on trying to answer
these questions. Analysis of the calculated dielectric functions
is used for this purpose.

4.1.1. Nature of the observed peaks. The nature of the
observed peaks is best obtained by studying the behaviour
of the dielectric function at this energy range. Figure 2(a)
shows the calculated energy loss function (black line), ¢; (filled
circles), and ¢, (dotted line) for LiFePO4. The energy loss
function is mainly featureless in the low energy region below
20 eV. The most prominent peak in the energy loss function is
observed at 25 eV. On the &; curve, the region between 3 and
20 eV shows a strong absorption peak after which the &, curve
decreases steadily at higher energies. As the &, curve decreases
toward zero, the &) curve crosses the energy axis with a positive
slope just before 25 eV. The condition for plasmon excitation
is thus fulfilled. This condition can be deduced from (2), where
the intensity of the most prominent peak in the energy loss
function should appear when ¢ — 0 and &, is small [17].
Figure 2(b) shows the calculated energy loss function (black
line), &, (filled circles), and &, (dotted line) for FePO,4. As
was observed in the experiment (see figure 1), the calculated
energy loss function and ¢; in FePO,4 show features in the 0—
20 eV range which are not observed in LiFePO4. On the &;
curve, a strong absorption between 3 and 8 eV is observed.
A second absorption region is then calculated between 10 and
20 eV. As for LiFePOy, the ¢; curve just crosses the energy
axis with a positive slope around 24 eV which is responsible
for the FePO, plasmon peak. The nature of the peak in region
(iii) is thus plasmonic in both phases. The position of the
calculated plasmon peak is thus overestimated by about 1—
2 eV in the theoretical calculations. For both compounds, &;
curves show strong absorption peaks in the region 0-20 eV
while ¢; values in this range are not zero. This demonstrates
that features observed in regions (i) and (ii) are due to interband
transitions. After identifying the nature of the observed energy
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Figure 2. Calculated energy loss function (black line), imaginary (e,) (dotted line) and real (&) (filled circles) parts of the dielectric function
for (a) LiFePO, and (b) FePO,. Scissor operators of 2 eV and 1 eV have been included for LiFePO, and FePO, respectively.
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Figure 3. (a) Total density of states (spin up + spin down) (black line) for (a) FePO, and (b) LiFePO, along with partial DOS for oxygen (red
line), iron (blue line) and phosphorus (green line). The different coloured regions (labelled 1-5) show the occupied density of states with a

reversed axis for convenience. The Fermi level corresponds to 0 eV.

loss function features, the next task is to find out the origin and
character of interband transitions found in this energy range.

4.1.2.  Origin and character of the observed interband
transitions. In order to investigate the origin and nature of the
peaks in the energy region 0-20 eV, we use the same approach
as that used by Moreau et al, where a theoretical dielectric
function is used to interpret experimental observations [28].
In LiFePO, and FePO, electronic structures, it is particularly
convenient to study separately various contributions to the total
interband transitions (g;). The valence band was thus divided
into the five energy regions for FePO, which are shown as
colour filled curves (labelled 1-5, in figure 3(a)). The partial
density of states for iron, oxygen and phosphorous are shown
by the blue, red and green curves respectively. In a simple
ionic picture with the valence states: O, PV, Fet'!| one
would expect fully occupied 2s and 2p oxygen bands, partially
filled iron d states and empty 3s and 3p phosphorus levels.
The partial density of states actually shows that this valence
band is mainly oxygen in character with some iron mixing and
phosphorus contributions as a result of covalent interactions.

The bottom of the valence band (—9/—4 eV) originates from
the bonding states of the sub unit PO4 which can be found in
numerous electronic structures of similar compounds [29]. The
DOS associated with these POy units constitute well separated
a; and 1, levels as a result of the tetrahedral symmetry (dark
blue and green DOS coloured regions) [30]. In FePOy,
Fe d levels appear in this energy region (light blue colour
DOS in figure 3(a), (region #4)). These levels make up the
lower Hubbard band (LHB) whereas the upper Hubbard band
(UHB) is found 24 eV above the Fermi level (Ef) in the
conduction band. From this analysis it can seen that FePO4
belongs to the charge transfer insulator type. The energy
levels above 5 eV have an oxygen character due to the highly
covalent antibonding interactions between the oxygen 2p states
with 3s and 3p phosphorus and iron 4s states. Partial &;
curves resulting from interband transitions from each coloured
region in figure 3(a) to the conduction band are presented in
figure 4(a). All contributions show the same features: a well
defined first peak is followed by another peak 7 eV higher
in energy (at 3 and 10 eV for the red curve (triangles) for
example). Both peaks are very much separated from each
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Figure 4. Calculated ¢, curve (black line) and partial &, curves (coloured lines) for (a) FePO, and (b) LiFePO, showing the interband
transitions between coloured valence regions to the conduction band (CB). The partial ¢, curves have been calculated from the coloured
regions in figures 3(a) and (b) for FePO, and LiFePO, respectively. The colour code is the same as the one used in figure 3. The dark blue
curve (filled squares) represents interband transitions coming from region #5, the light blue curve (stars) comes from region #4; the green
curve (diamonds) is for region #3, the yellow curve (circles) corresponds to region #2 and the last red curve (triangles) account for region #1.

other. This shape in fact mimics the shape of the conduction
band where the levels created by the UHB are well separated
from higher energy levels (above 7 eV, in figure 3(a)). The
progressive decrease of global intensity (figure 4(a), from red
curve (triangles) to dark blue curve (squares)) originates from
the lower valence band-conduction band oscillator strengths as
the energy separation between initial and final states increases
(see (3)). Another consequence of the energy dependence of
the oscillator strength is that the first peak intensity decreases
with respect to higher energy peaks (from the red to the dark
blue curves, figure 4(a)). Compared to the dark blue region
(region #5, figure 3(a)), the top of the valence band (region
#1 (red) in figure 3(a)) is proportionally closer to the bottom
of the conduction band (AE; ~ 3 eV) than to the oxygen
levels above 5 eV (AE, ~ 10 eV). In the case of the dark blue
curve, values are indeed AE; ~ 11 eV and AE, = 18 eV,
respectively.

Intermediate valence band energy regions lead to
intermediate situations with the ratio of the first peak intensity
to the second one decreasing slowly. It is interesting to notice at
this point that the shape of the dark blue partial ; is in fact very
similar to the oxygen K edge spectrum that will be discussed
in next section. This proves that transitions responsible for
the shape of ¢, have a dominant oxygen character. The same
kind of decomposition of the valence band is presented in
figures 3(b) and 4(b) for LiFePO4. The Fe ion in LiFePO4
is divalent and this means that LiFePO,4 has an extra electron
to accommodate. Therefore an additional d band is filled
(—0.5/0 eV) and stabilized at a much lower energy compared
to the main d levels between 3 and 6 eV (see figure 3(b)). The
LHB is in this case situated at the top of the valence band
(regions #1 (red) and #2 (yellow)). LiFePOy is thus close to
a typical Mott insulator. Since they are not modified by a
strong contribution from the Fe d levels, the levels between
—10 and —6 eV present the typical a;, t, shape for POy
tetrahedrons [30]. The partial ¢, presents a similar shape for
various starting energy regions in the valence band: a small
peak or shoulder is situated in front of a very broad peak
(AE, ~ 6 eV and AE, =~ 9 eV for the yellow curve for
example). Once more, this shape essentially results from the

shape of the conduction band, where the main d levels (3—
5.5 eV, figure 3(b)) are very close to the other empty levels
(5 eV upwards). The situation is thus very different from
FePO,4 (compare figure 3(b) with (a)). This explains why,
after adding up all partial contributions, the total ¢, is almost
featureless in the case of LiFePO, (hence the characteristic
energy loss function). The d bands around E¥ in fact represent
only 1 electron per iron and contribute very marginally to the
total &, intensity. They might be responsible for the small
intensity observed below 6 eV in the EELS spectrum (figure 1).

4.2. O-K edge

In the dipole approximation, which is a valid approximation
for the present EELS spectra obtained at small values
of momentum transfer, the O-K edge corresponds to the
electronic transition from the oxygen Is core level to
unoccupied states having oxygen p character. In a purely ionic
picture the divalent oxygen ion has an electronic configuration
15225%2p°® and as such the 1s to 2p transition should not be
observed. Only contributions arising from transition towards
oxygen 3p states would exist but those transitions, usually
observed from 15 eV above the threshold, are not very useful
for the chemical bond analysis. Due to covalency, and as
we have shown previously with the partial DOS analysis,
states having O 2p character are found above the Fermi level.
Consequently, the shape of the O-K edge can be interpreted
with a band and chemical bond analysis. The intensity at the
threshold is directly related to the degree of covalency of the
main interactions with oxygen atoms [31-33], Fe-O and P-O
in the present case.

In figure 5(a), O-K edges are presented both for LiFePO,
(full line) and FePO4 (dotted line). The peak features in
the spectra are labelled A, B and C. The first peak which is
labelled A is observed before the threshold of the main O-K
edge and is hereafter referred to as the pre-edge peak. The
second peak is the most prominent peak centred at 538 eV
and is labelled as peak B. The third peak feature is a broad
peak observed at energies above 540 eV which is labelled
as peak C. Peak A appears only in FePO, while peaks B
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Figure 5. (a) Experimental O-K edges for LiFePO, (full line) and FePO, (dotted line). The various peaks have been marked as A, B, C
respectively. Peak A is hereafter referred to as the pre-edge peak. (b) Calculated O-K edges for LiFePO, (full line) and FePO, (dotted line).

and C are observed in both LiFePO, and FePO,s. Usually,
O-K edges are calculated using core level approaches as
implemented in the Telnes/WIEN2k package. Since each
unit cell contains six non-symmetry related oxygen sites,
the individual contributions have to be summed in order to
calculate the total O-K edge spectrum. Due to differences
in energy references for the Is level, individual spectra
however have to be realigned with respect to each other before
summation. This heavy procedure may be avoided in the
present case using the dielectric formalism as implemented in
the Optic/WIEN2k package, assuming that Im(—1/¢) ~ &
in this energy range. For this purpose, oxygen 1s states have
been included into the valence by using non-conventional basis
sets for the oxygen atoms. Keeping the initially obtained self
consistent charge density frozen, the 1s and 2s states were
described with local orbitals (LO) and standard APW + lo,
respectively, and the 3s states were not considered. The energy
references for the linearization were taken as the atomic 1s core
state energies for the LO, and as the centre of the oxygen 2s
band for the APW + lo. This specifically designed basis set
was used to build the Hamiltonian matrix and hence determine
the Kohn—Sham eigenvalues and wavefunctions needed for the
Optic calculation. The accuracy of the present adaptation
was checked by comparing the as obtained total DOS with
those shown in figures 3(a) and (b). No noticeable difference
could be found when considering the shape of valence and
conduction bands. The loss function for the O-K edge was
obtained by evaluating the imaginary part of the dielectric
tensor for the transitions from the O 1s band to the conduction
band and taking the average over the three Cartesian (x, y, z)
directions. A broadening with a Gaussian function having a
0.6 eV full width at half maximum has been applied. For
an easier comparison with experiments and because standard
DFT calculations are known to not accurately reproduce the
transition energy for core excitations, the calculated spectra
of FePO, and LiFePO, were shifted in energy by 23 eV
and 24 eV, respectively. Core-hole effects on the O-K edge
were not included in these calculations. Mauchamp et al [34]
have shown that the core-hole effects at the O-K edges are
small for transition metal oxides in which the states above
the Fermi level are mainly 3d states. Figure 5(b) shows the

calculated O-K edges for FePO, (dotted line) and LiFePOy4
(full line). Our calculations reproduce the experimental
features very well: a well separated pre-edge peak at 530 eV
for FePO, as well as the relative intensity of this peak (peak
A) compared to the main edge (peak B). The respective
position of both edges is also well reproduced. The observed
shift of 1 eV with respect to each other in the case of low
losses is therefore also valid in the case of the O-K edge
(shifts of 23 and 24 eV, respectively). The most significant
differences between the calculated and experimental spectra
are found in the sharp peaked feature of peak B, which
is not precisely reproduced. Even if their contribution
is expected to be small [34], core-hole effects could be
responsible for this difference. Since the band structure
calculations reproduce experimental features reasonably well,
we discuss the origin of this pre-edge peak. The pre-edge
peaks have been frequently observed in studies conducted on
O-K edges of similar transition metal compounds, particularly
in superconductors [35-37]. In these cases the pre-edge
peaks were interpreted as originating from transitions from O
1s states to empty O 2p component of metal 3d hybridized
with O 2p states. It is particularly interesting to note that
the evolution of the O-K pre-edge in the LiFe"PO,/Fe"PO,
system is similar to the O-K pre-edge signature observed when
doping La™ by Sr'' in La,_,Sr,CuOy4 [36]. According to
the results obtained from calculations, La™/Srf substitution
creates holes at the top of the oxygen valence band which
explain this pre-edge feature. However, based on the electronic
structure presented in figures 3(a) and (b), the explanation for
the observed pre-edge peak in the LiFe"PO4/FePO, system
appears to be different. The evolution of the pre-edge peak
in LiFe"PO,4/Fe™PO, has been interpreted by Sigle et al [5],
based only on the reduction of the number of the unoccupied
states due to lithium intercalation. It will be demonstrated that
the actual picture is more complicated.

In transition metal compounds used in lithium ion batter-
ies, including Li,CoO, [38—40] and Li,[Nig3Cop3Mng 3]0,
[41], it was shown that the intensity and position of the
pre-edge peak gradually changes with the extraction and
insertion of lithium ions. The position of the pre-edge peak
is thus determined by the charge transfer, i.e. the reduction
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or oxidation on the metal site, which then influences the
position of the d band with respect to the conduction band.
The larger the charge transfer, the closer the d band will
be with respect to the conduction band. This change of
the iron valence state (between Fe' and Fe) can be easily
observed on EELS Fe-L, 3 edges, as previously shown for
instance by Laffont er al [3]. On the other hand, the
interpretation of the change in pre-edge intensity is not so
straightforward. Considering that the cationic site geometry is
not affected by the intercalation, adding/removing one lithium
atom will roughly transfer/remove one electron to/from the
metal d band. This will reduce/increase the number of empty
d levels and consequently change the intensity of the pre-
edge peak. This is not, however, the most important effect
responsible for the change in intensity. As shown previously
in figures 3(a) and (b), when going from FePO, to LiFePOy,
both phenomena, i.e. displacements of the d band and filling
of one d level, are observed. An additional effect that has
also to be taken into account is the change in the mixing
between iron and oxygen states concerning more specifically
the empty d band. The partial oxygen DOS reported for
LiFePOy (figure 3(b)) is very small in this energy region when
compared to FePO, (figure 3(a)). This change in the degree
of hybridization between metal 3d and oxygen 2p states is a
direct consequence of the increase in the energy separation
between those two states and explains very well the reduction
of intensity. Looking carefully at the simulated spectrum for
LiFePOy, the pre-edge intensity that is expected for the oxygen
2p contribution into the iron empty d band is completely hidden
(around 534 eV, see figures 5(a) and (b)) into the main edge
due to both its decrease in intensity and shift to higher energy.
Since lithium insertion in FePO, follows a biphasic process
at room temperature (mixture LiFePO4/FePO,), one observes
either the pre-edge feature for the delithiated Fe'™ compound
or directly the absence of the pre-edge for the lithiated Fel
material. Experiments not presented here reveal that for a
metastable Lip sFePO4 composition, a solid solution obtained
from quenching [4], the pre-edge peak is observed at the same
position as in FePOy, which is the clear signature of Fe, but
its intensity is reduced and only depends on the Fe'! /Fe!! ratio.

5. Conclusions

We have investigated the valence and core electron energy
loss spectra in LiFePO, and FePO4. Experimental results
have been interpreted using ab initio calculations of the band
structure, theoretical dielectric function and core-spectra. The
valence energy loss spectra of LiFePO,4 and FePO4 show some
characteristic differences in the observed peaks. FePO, spectra
show several peaks in the energy range 0-20 eV which are
either missing in LiFePO, or are much less intense. Electronic
calculations show that LiFePO, could be considered to be
a Mott—Hubbard insulator while FePO, is a charge transfer
insulator. Based on this we have shown that the first interband
transition observed in FePO, VEELS spectra originates from
the energy states at the top of the valence band which have
mainly oxygen 2p character. The core-loss spectrum of the O-
K edge in FePO, also shows a pre-edge peak that is observed

before the threshold of the O-K edge. This peak is hidden
in the main intensity (around 534 eV) in both theoretical and
experimental LiFePO, spectra. The differences in the O-K
spectra between LiFePO, and FePO, are also reproduced in
calculated O-K edges. The pre-edge peak at the O-K edge is
interpreted to be due to transitions from the O 1s state to the
O 2p component of the Fe 3d—O 2p states in the conduction
band. An alternative method to calculate the O-K edge was also
presented to avoid the long procedure of core level approaches
in large systems with inequivalent oxygen atoms. It is expected
that similar calculations could be performed in many instances
where multiple spectra of inequivalent atoms have to be added.
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