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Electronic structures of LiFePO, and FePO, studied using resonant inelastic x-ray scattering
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We have studied LiFePO, and its delithiated counterpart FePO, using the resonant inelastic x-ray scattering
(RIXS) and x-ray absorption techniques. Using Voigt peak fitting, we have found all unresolved RIXS transi-
tions. These energy-loss features were then ascribed to band-to-band transitions by comparison to theoretical
density of states (DOS) calculations. We have found that the DOSs of LiFePO, and FePQy,, as probed with the
RIXS technique, agree very well with a theoretical description of the system that does not explicitly account
for electron correlation effects. We propose that the interesting properties of LiFePO, result from the presence

of bound magnetic polarons.
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I. INTRODUCTION

The development of cheap and reliable energy sources has
always been a pressing concern for humanity in the 20th and
21st centuries. However, pollution concerns have forced en-
ergy researchers to develop technology that is also efficient
and environmentally friendly. The advent of LiFePO, elec-
trodes for use in Li* ion energy storage devices may fit all
necessary criteria. LiFePO, was one of several candidate ma-
terials proposed as an electrode material'-?, and has received
much attention because it has excellent structural and chemi-
cal stability during intercalation and thermal cycling, high
intercalation voltage of ~3.5 V relative to lithium metal, and
high theoretical discharge capacity (~170 mAhg').33
LiFePO, is a naturally occurring mineral,” and is relatively
benign to the environment, at least compared to some of the
typical Li* ion cell electrodes. However, this material in its
pure form is highly resistive to electrical current, and as such
the compound has limited practical applicability. Processes
that introduce carbon coatings can appreciably improve the
conductivity and discharge capacity of the pure sample while
maintaining cost effectiveness.'®!! An alternative way to sig-
nificantly increase the conductivity of LiFePQO, is to intro-
duce either Li- or Fe-site dopants;!>'# Li-site doping in par-
ticular has been reported by Chung er al. to increase the
conductivity of doped LiFePO, by a factor of 10%.!?

This observed phenomenon in doped LiFePO, has
prompted a flurry of theoretical treatments of the band struc-
ture of pure LiFePO, to understand the system’s electronic
structure more completely. Two of these studies were under-
taken by one of this paper’s authors,'>!® with other research-
ers also taking up this task.'””!> Although each paper cites
results that are unique, the most notable controversy con-
cerns the treatment of electron correlation. All five authors
approach the problem using various band structure theories,
although they are all based upon density functional theory
(DFT). Their results show band gaps between 0 and 1 eV.
However, Zhou et al.'® also conduct a study using the more
complex DFT+U approach. These calculations predict a
band gap of 3.8 eV. Table I summarizes the relevant results
from each of the five authors.
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The resolution of this dispute requires experimentation
that probes the electronic structure of LiFePO, and FePO,.
However, there has been little effort expended on this goal
until now. We present here x-ray absorption (XAS) and reso-
nant inelastic x-ray scattering (RIXS) spectra taken from
LiFePO, and FePO,, measured using synchrotron light. The
highly tunable nature of synchrotron radiation allows for an
element-specific, site- and momentum-selective probe of the
local density of states (DOS) of each atom. This sheds fur-
ther light on the near-Fermi-edge density of states and other
properties of the electronic structure of LiFePO,.

II. EXPERIMENT

The spectra for LiFePO, and FePO, were measured at
beamline 8.0.1 at the Advanced Light Source, Lawrence Ber-
keley National Laboratory.”’ This beamline uses an undula-
tor for high photon flux; the end station is comprised of a
Rowland circle diffraction grating spectrometer with an area-
sensitive multichannel plate detector. The experimental ge-
ometry is such that the spectrometer is fixed at a 90° angle
with respect to the incoming radiation. The sample plate can
be rotated to reach angles of incidence within the range of
almost 0° to nearly 90°. The resolution of the incident x rays
is controlled by the monochromator slits; they were set to
have a resolving power E/AE=~4000 while measuring the
XAS spectra. The monochromator resolution was set to
E/AE=700 for the RIXS experiment. The resolution of the
emitted x rays is controlled by the spectrometer, which has a
resolving power E/AE =500 for this experiment.

All absorption and emission spectra are normalized to the
photon flux impinging the sample, which is monitored by the
photoelectron current of a highly transparent gold mesh. The
Fe L, ; XAS spectra for LiFePO, and FePO, are displayed
on the top portions of Figs. 1(a) and 1(b), respectively. The
RIXS spectra for the samples, measured while exciting
through the entire threshold, are displayed on the bottom
portion of the same figures. Each RIXS spectrum is labeled
with its excitation energy. The two figures also display non-
resonant x-ray emission spectroscopy (XES) spectra, which
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are the 731.9 and 728.4 eV spectra in the LiFePO, and
FePO, figures, respectively. All XES and XAS spectra have
been calibrated with respect to characteristic emission and
absorption energies of the metallic Fe reference sample used
in Ref. 21.

III. DISCUSSION AND ANALYSIS

An in-depth analysis of LiFePO, and FePO, was accom-
plished by correlating the experimental loss features to band-
to-band transitions predicted by the density of states calcula-
tions. This technique makes use of the unique properties of
resonant inelastic scattering. RIXS is a one-step scattering
process that in the case of a 3d inner-shell excitation has the
same net transition as optical absorption. However, the elec-
tronic excitation that occurs during an RIXS event is the net
result of simultaneous, virtual core hole creation and annihi-
lation processes. Because the energy required to create a core
hole is unique to each element, one can selectively probe
different elements in the same compound.”” Note that the
total energy necessary to complete the net transition is al-
ways the same for a given scattering transition. This energy
is subtracted from the energy of the photon exciting the
atom. Thus, a feature that maintains the same energy separa-
tion from the elastic peak, regardless of excitation energy, is
an inelastic scattering peak. This peak represents a net elec-
tronic transition from the valence band to the unoccupied
conduction-band states. The energy loss of such an inelastic
scattering peak within a RIXS spectrum quantifies the energy
separation between local maxima in the occupied and unoc-
cupied states. With this understanding in mind, the structure
in RIXS spectra can be directly compared to theoretical den-
sity of states calculations without simulating the full RIXS
line shape. Note that there is no core-hole wave function to
overlap with and distort the valence states in the final state of
a RIXS transition, so the calculated ground-state DOSs re-
main a valid description of the electronic structure during a
RIXS event. Our goal was therefore to identify all inelastic
features and match them, if possible, to candidate inner-shell
scattering transitions identified in the calculated DOS. For
the purposes of this analysis, a candidate inner-shell scatter-
ing transition will be defined as a transition that moves a
valence electron from a local maximum in the occupied
states to a local maximum in the unoccupied states.

The purpose for finding the inelastic features and match-
ing them to inner-shell transitions is to determine which cal-
culated model of LiFePO,, characterized by the band gap, is

TABLE I. Summary of pertinent information taken from other
authors.

Author Correlation?  Band gap (eV)
Xu et al. (Refs. 15 and 16) No 0
Tang and Holzwarth (Ref. 17) No 0
Shi et al. (Ref. 18) No 1.0
Zhou et al. (Ref. 19) No 0.5
Zhou et al. (Ref. 19) Yes, U=4.3 eV 3.8
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FIG. 1. XAS and RIXS data measured from (a) LiFePO, and (b)
FePO, displayed on the emission energy axis. Each RIXS spectrum
is labeled with its excitation energy. The XAS spectrum for each
compound is accompanied by arrows; each indicates the excitation
energy for a RIXS spectrum.

the more accurate. However, the band gap itself is not a
determinable quantity in this study. A larger band gap will
result in RIXS transitions that exhibit greater energy loss;
however, one cannot say with absolute certainty that the tran-
sition with the smallest loss of energy also represents the
transition from the highest occupied state to the lowest un-
occupied state. The problem is that RIXS transitions can
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have transition probabilities that vary by as much as five
orders of magnitude, even though all of them are dipole al-
lowed. As a result, there can be a large number of transitions
that will not be detected; one of these undetectable transi-
tions may be the one to bridge the band gap. The result is
that studying the band gap using RIXS transitions as the
template for tracing the density of states cannot tell us what
the band gap is, but rather what the band gap is not. For
example, if the lowest energy-loss feature detected is at
2.0 eV below the elastic peak, then one cannot know if the
band gap is less than 2.0 eV, but one can conclude that it is
not greater than 2.0 eV. Thus, one can impose an upper limit
on the value of the band gap, even if it cannot be measured
directly.

To find all energy-loss features within the RIXS spectra of
LiFePO, and FePOy,, the spectra were fitted to a set of Voigt
functions. To the best of our knowledge, this type of analysis
is not commonly utilized with RIXS spectra. Voigt peak fit-
ting allows for the identification of all constituent energy-
loss features that overlap to form the measured RIXS spec-
trum. Voigt peaks were chosen because a Voigt function is
the convolution of a Gaussian peak and a Lorentzian peak.
The mathematical form of the normalized Voigt profile is
described as follows:

©

Vix;o,y) = G(x';0)L(x—x";y)dx',
where
o1 - (X—xo)z)
G(x;0) = 0'\“”;7 exp( Py ,
S S A
M= o+ 71

G(x"; o) is the Gaussian component with full width at half
maximum (FWHM) of 2.3540, and L(x—x'; ) is the Lorent-
zian component with FWHM of 2. The function is centered
at x,. The Gaussian part of the Voigt function represents any
broadening due to instrumental effects, while the Lorentzian
part will simulate any broadening due to lifetime effects in-
herent to the system under study. The spectra chosen for the
Voigt function fitting were excited near the L; edge; these
spectra were the 705.7, 707.1, 708.3, 709.7, and 711.5 eV for
LiFePO, and 707.1, 708.3, and 709.7 eV for FePO,. This
edge is preferable for fluorescence experiments because non-
radiative decay processes, such as Coster-Kronig transitions,
are not as significant when exciting on the L; edge as when
exciting on the L, edge.?? Before Voigt function fitting, all
RIXS spectra were smoothed using a second-order Savitsky-
Golay function to suppress noise. The experimental spectra
are displayed in Fig. 2 before any manipulation, other than to
subtract the excitation energy. Figure 2(a) shows the
LiFePO, spectra, whereas Fig. 2(b) shows those spectra from
FePO,.

The Voigt peak fitting analysis was performed using the
following hierarchy of criteria. First, the fitted curve must
reproduce the experimental curve as closely as possible. Sec-
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FIG. 2. RIXS spectra on the energy-loss scale for (a) LiFePO,
and (b) FePO,. The solid line represents the excitation (elastic)
energy. In (a), the dotted line labeled —9.1 eV is the approximate
center of a broad inelastic feature common to all LiFePO, spectra.

ond, all Voigt functions used in the fit must maintain a rea-
sonable FWHM with respect to the other peaks in the fit and
the experimental spectrum. This is especially necessary for
the Gaussian component of the Voigt functions. Since the
Gaussian component represents instrumental broadening,
this should be constant for all Voigt functions in the fit. This
criterion is meant to prevent the addition of extremely nar-
row or wide peaks that may be mathematically beneficial in
reducing the x> value of the fit, but are physically unreason-
able. Third, the fit must be reproducible given a reasonable
error in the initial placement of the Voigt functions before the
iterative fitting process is undertaken. Each time the fitting
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program is given the same number of peaks with roughly the
same centers of gravity and FWHM values as inputs, the
program should produce the same fit. If this is not the case,
there are too many degrees of freedom available to the fitting
program.

The results of the Voigt function fits are displayed in Fig.
3 and Tables IT and III. Figure 3(a) and Table II pertain to
LiFePO,, and Fig. 3(b) and Table III concern FePO,. In Fig.
3, each frame in the figure displays the smoothed experimen-
tal spectrum of interest (dotted line), the final fit (solid line),
the individual Voigt peaks that constitute the fit, and a differ-
ence line that quantifies the difference between the smoothed
experimental spectrum and the fit. The difference line is the
thicker, dark line displayed at the bottom of each frame.
Tables II and III give more precise data for every peak in
each fit for LiFePO, and FePO,, respectively. In the tables,
the center of gravity, the total area, and the Lorentzian,
Gaussian, and total FWHMs are displayed for each peak in a
given fit. The total FWHM is simply the FWHM of the peak
that is the superposition of the Lorentzian and Gaussian com-
ponents.

Recall that one of the guiding criteria used in the creation
of the displayed Voigt function fits is that the Gaussian
FWHM of each peak should be equal to all other peaks
within the fit. In the so-called central region, i.e., that region
less than 7.0-8.0 eV below the elastic peak for LiFePO, and
FePO,, this criterion was achieved. Considering the 707.1,
708.3, and 709.7 eV spectra for LiFePO,, the central region
had an average Gaussian FWHM of 1.63 eV, with a standard
deviation of 0.21 eV. For FePO,, the average was 1.25 eV
with a standard deviation of 0.14 eV. However, outside of
the central region, the Voigt functions do not exhibit such
well-ordered behavior. These Voigt functions include those
that are used to describe the broad high-energy loss features
in LiFePO, and FePO,. The Gaussian FWHMs of these fea-
tures were inconsistently reported among fitting results,
which is attributed to the fact that the statistics in the region
of —15.0 to —8.0 eV loss are too poor for reproducible results
to be achieved. The reason for this will be discussed later.
There are also peaks on the positive side of the elastic peak
in the 711.5 and 705.7 eV LiFePO, spectra. Information
about these peaks is shown in Table II for completeness, but
the peaks are not displayed in Fig. 3(a) because they are not
relevant to the discussion of the RIXS features in LiFePO,.
These are not real inelastic features due to light scattering
from LiFePO,. It is likely that these features are the result of
a systematic effect from instrumentation, a problem that is
eliminated in the 707.1, 708.3, and 709.7 eV spectra because
they were measured at a different time, and they were mea-
sured over a longer time interval. These three spectra exhibit
better statistics and do not show any sign of these positive
side peaks. The unknown contribution of this instrumentation
effect is the reason why the FWHMs of the Voigt functions
from the 711.5 and 705.7 eV spectra are not included in the
FWHM average for LiFePO,.

With the exception of the elastic peaks, the Lorentzian
FWHM was not nearly so consistent among the well-defined
central region peaks for both materials. Not including the
elastic peaks, the Voigt functions for LiFePO, showed a
mean Lorentzian width of 0.72 eV, with a standard deviation
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FIG. 3. Peak fitting analysis results for each of the seven se-
lected spectra from (a) LiFePO, and (b) FePO,. The dotted lines are
the experimental spectra after filtering with the second-order-
Savitsky-Golay function. The Voigt fit is plotted over the RIXS
data. The dark line beneath represents the difference between cal-
culated fit and experimental data.
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TABLE II. Voigt peak fitting analysis results for LiFePOy,.

Center of Total Gaussian Lorentzian Integrated
Peak no. gravity FWHM FWHM FWHM area
Peak data: 711.5 eV spectrum
1 —-12.20 7.00 7.00 0.00 278
2 -10.24 5.64 5.64 0.00 315
3 —-6.89 1.68 1.14 0.88 656
4 -5.92 1.78 1.01 1.18 1459
5 -3.61 1.93 1.24 1.11 2188
6 -2.52 1.87 1.22 1.04 2294
7 -0.88 1.40 0.82 0.90 806
8 0.00 1.20 1.20 0.00 213
9 7.45 7.67 7.67 0.00 483
Peak data: 709.7 eV spectrum
1 -9.62 6.16 3.67 3.87 3315
2 -5.47 1.98 1.77 0.38 2579
3 -3.68 2.31 1.85 0.79 3704
4 -3.07 2.13 1.59 0.90 4229
5 -2.03 1.96 1.63 0.57 3806
6 0.00 1.94 1.94 0.00 4312
Peak data: 708.3 eV spectrum
1 -10.96 3.94 0.33 391 1916
2 —-8.88 2.93 2.23 1.19 1401
3 -5.67 1.99 1.64 0.62 818
4 -3.69 1.78 1.16 1.00 4713
5 -2.61 1.90 1.46 0.74 5373
6 -0.99 1.75 1.37 0.64 6072
7 0.00 1.80 1.80 0.00 7090
Peak data: 707.1 eV spectrum
1 -8.64 491 2.37 3.70 3806
2 -2.71 1.95 1.70 0.44 8506
3 -1.23 2.26 1.59 1.10 6436
4 0.00 1.74 1.74 0.00 7650
Peak data: 705.7 eV spectrum
| -10.35 2.84 0.00 2.84 195
2 -8.07 291 2.46 0.80 320
3 -3.02 1.76 1.46 0.54 112
4 -1.13 2.19 1.35 1.32 701
5 0.00 1.59 1.59 0.00 1046
6 6.56 7.34 7.34 0.00 278
7 14.19 8.00 8.00 0.00 584

of 0.23 eV; for FePO,, the mean was 0.91 eV with a stan-
dard deviation of 0.39 eV. However, consistency of width
for the Lorentzian component for energy-loss peaks is not
nearly so strict a guideline as for Gaussian broadening.
Whereas Gaussian broadening defines the systematic instru-
mental effects, which should be identical for all inelastic
scattering events, the Lorentzian component describes the
lifetime broadening, which may vary considerably from peak

to peak depending on the stability of the virtual intermediate
and final states that make up the net transition. In sharp con-
trast to the inelastic features, the Lorentzian broadening of
every elastic peak was nonexistent for both materials. This is
to be expected; a large part of the elastic peaks is simply
reflected radiation, which has no lifetime broadening.
Experiment and theory are compared in Fig. 4. Figures
4(a) and 4(b) display the calculated ferromagnetic Fe spin-
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TABLE III. Voigt peak fitting analysis results for FePO,.

Center of Total Gaussian Lorentzian Integrated
Peak no. gravity FWHM FWHM FWHM area
Peak data: 709.7 eV spectrum
1 -12.89 6.71 6.71 0.00 684
2 -10.90 2.96 0.00 2.96 508
3 -9.47 2.25 0.00 2.25 682
4 -7.89 2.10 1.18 1.40 1590
5 -6.50 2.08 1.18 1.38 3587
6 -5.29 2.25 1.45 1.28 3737
7 -3.96 1.91 1.14 1.20 4126
8 -2.61 2.00 1.55 0.76 3370
9 -0.93 1.35 1.34 0.02 1366
10 0.00 1.49 1.49 0.00 2771
Peak data: 708.3 eV spectrum
1 -11.84 4.68 3.36 2.18 634
2 -9.90 2.90 2.38 0.90 770
3 -7.97 2.15 1.37 1.23 1064
4 —-6.70 1.87 1.19 1.09 1799
5 -5.61 1.72 1.07 1.03 2490
6 —4.57 1.77 1.20 0.93 2438
7 -3.35 1.80 1.33 0.79 1814
8 -1.90 1.67 1.37 0.52 1954
9 —-0.88 1.51 1.26 0.45 3150
10 0.00 1.32 1.32 0.00 1681
Peak data: 707.1 eV spectrum
1 -9.99 4.59 0.00 4.59 1004
2 -8.12 2.34 1.20 1.70 471
3 —-6.50 1.63 1.16 0.79 572
4 -4.95 1.64 1.23 0.70 890
5 -3.69 1.64 1.17 0.77 1537
6 -2.83 1.76 1.19 0.93 1411
7 -1.60 1.66 1.24 0.71 1450
8 -0.76 1.30 1.01 0.50 2496
9 0.00 1.09 1.09 0.00 1077

polarized partial density of states for LiFePO, and FePO,.
The figure displays several arrows; these represent 3d inner-
shell electronic transitions. During such a transition, an elec-
tron is scattered from the states indicated by the left arrow-
head to the states represented by the right arrowhead. The
arrow lengths are the energy values of the centers of gravity
of the peaks that constitute the Voigt function simulations
shown in Fig. 3. Note that each arrow only denotes a pos-
sible transition with the corresponding energy loss. In some
cases, such as the 3.0 eV energy-loss feature, there are four
possible combinations of initial and final states that can oc-
cur, and any or all of the displayed transitions can contribute
to the peak measured in the experimental RIXS spectrum.
The analysis clearly shows that the calculated density of
states has accurately predicted the relative energy positions
of the occupied and unoccupied states. The power of the

Voigt function fitting technique is shown through the discov-
ery of the ~—0.95 and ~-1.2 eV features, which otherwise
were not detectable. With a resolving power of E/AE =~ 500,
the spectrometer could only resolve peaks that were sepa-
rated by energies greater than ~1.3 eV, thus the —1.2 and
—0.95 eV energy-loss features were not visually differen-
tiable from neighboring peaks. However, the inclusion of
these peaks in their respective fits was necessary, for both a
proper simulation of the spectral line shape and a reasonable
Gaussian FWHM for the elastic peak. It would seem, at this
point in the analysis of LiFePO, and FePO,, that the dis-
played RIXS results support the idea that one does not have
to explicitly account for the effects of electron correlation
when calculating the band structure of these materials.
Detailed consideration of the experimental and theoretical
results for LiFePO, and FePO, reveals three issues to con-
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FIG. 4. Fe 3d PDOS calculations and assignment of energy
losses found during Voigt peak fitting for (a) LiFePO, and (b)
FePO,. Note that because of the delocalized nature of the FePOy,
occupied Fe PDOS, the DOS was broadened by 0.3 eV to make it
easier to see where lie the points of greatest density.

sider. First, FePO, RIXS spectra are broader than LiFePO,
spectra at the same energy. The greater broadness of the
FePO, RIXS spectra results from delocalization of the Fe
valence electrons due to greater overlap and hybridization of
the Fe 3d states with neighboring O 2p states, as Tang et al.
first predicted.!” The greater covalency is due to the induc-
tive effect of the phosphorous sites as suggested by Padhi et
al.,! an effect in which the Fe and P sites compete with one
another for the greater share of the bonding with their mutual
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O site neighbor. The lessened degeneracy of the Fe valence
states allows for many possible scattering transitions in the
FePO, RIXS spectra, as is displayed by the greater number
of peaks uncovered by Voigt function fitting. This rich struc-
ture, when measured with insufficient resolution, blends to-
gether to produce the broader line shape that is characteristic
of FePO,. Note that the lessened degeneracy of the FePO, Fe
partial density of states (PDOS) is most likely the reason
why the Voigt functions in the FePO, have smaller FWHM
than their LiFePO, counterparts. Recall that the FePO, spec-
tra had an average Gaussian FWHM of 1.25 eV, which is
very close to the resolution of the spectrometer, but the
LiFePO, average Gaussian FWHM was 1.63 eV. The greater
energy separation of the states in FePO, means that every
inelastic feature in the RIXS spectra represents only one
transition. However, in LiFePO,, the degeneracy is more
pronounced, meaning that each inelastic feature is the aver-
age of several transitions that are separated by less than 0.1—
0.2 eV. Peaks that are separated by such a small energy
value cannot be differentiated in the Voigt function fitting
process, so the “average” peak that describes the entire group
has to be wider to cover all transitions.

The second issue of note concerns the broad feature at
approximately —9.1 eV energy loss that appears in all
LiFePO, spectra, as seen in Fig. 2(a). In the 705.7 eV spec-
trum, this feature is jointly represented by the —10.4 and
—8.1 eV Voigt functions. This energy-loss feature is modeled
by the peak at —8.6 eV in the 707.1 eV spectrum, by the
peaks at —11.0 and —8.9 eV in the 708.3 eV spectrum, by the
peak at —=9.6 eV in the 709.7 eV spectrum, and finally by the
peaks at —12.2 and —10.2 eV in the 711.5 eV spectrum. The
feature is much wider than the other energy-loss features
shown in Fig. 3(a) and grows ever wider at higher excitation
energies. At 709.7 eV, the Voigt function used to model the
energy loss feature has a total FWHM of 6.2 eV,which is
approaching threefold that of the other peaks. This width
covers most of the Fe valence band, and as such this feature
cannot be due to a simple 3d inner-shell scattering excitation.
The feature is the superposition of many transitions that can-
not be individually resolved. At higher excitation energies,
these transitions become more numerous and increase the
overall width of the feature. This is what happens to a lesser
extent in FePO,, as discussed above. It is likely that the
-9.1 eV feature is the superposition of RIXS transitions from
the 3d band to the 4s band, because the 4s band is suffi-
ciently broad. Note that, as displayed in Fig. 5, there are
some states in the occupied Fe 3d PDOS centered at about
—8.5 eV from which electrons could scatter to form the
—-9.1 eV feature. Indeed, it is entirely possible that there is a
3d inner-shell scattering transition occurring at approxi-
mately —9.1 eV, and it is simply superimposed on all the
other transitions occurring at that energy. However, there is
no physically reasonable explanation for why this particular
inner-shell transition should give rise to an energy-loss peak
whose FWHM departs so strongly from the FWHM of the
other inelastic scattering features.

Figure 5 shows the theorized 3d-4s scattering event in
LiFePO,. In order to find the theorized center of the transi-
tion to compare to experiment, the centroids for the Fe 3d
occupied spin-up and spin-down PDOSs and the Fe 4s un-
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FIG. 5. LiFePO, and FePO, Fe 3d and 4s spin-polarized
PDOSs. The dark lines are the 4s states, while the thinner lines are
the 3d states. The 3d PDOSs have been divided by 10 so that the 4s
PDOS would be more prominent. There are four RIXS net transi-
tions displayed, one for each spin direction of LiFePO, and FePO,
such that AS=0 in all cases. In these transitions, electrons are scat-
tered from the 3d occupied to the 4s unoccupied states.

occupied spin-up and spin-down PDOSs were calculated.
Since there are an equal number of states to either side of the
centroid, the energy separating the centroids should reflect
the approximate center of the transition in question. This
centroid separation energy turns out to be between 9.9 and
9.4 eV for the spin-up and spin-down channels, respectively,
which places it 0.3-0.8 eV over the measured —9.1 eV cen-
ter. This error, however, is not unexpected. Both the spin-up
and spin-down 3d occupied bands are highly asymmetric
about their centroids, so all low-energy-loss transitions scat-
tered from the near-Fermi-edge states will be narrower and
higher than the high-energy-loss transitions scattered from
deeper states. The asymmetric shape of the 3d band causes
the highest point in the 3d-4s scattering feature to be skewed
to lower values of energy loss in the experimental spectrum.
This asymmetry also prevents an accurate simulation of the
—-9.1 eV feature with a single Voigt function. The incorrect
centers of gravity of the Voigt functions used to reproduce
the —9.1 eV feature in the 707.1, 708.3, 709.7, and 711.5 eV
fits represent the best simulation of the asymmetric experi-
mental line shape. FePO, is included in Fig. 5 as well, as
there are peaks at high energy loss that have large FWHM
that may be the result of 3d-4s scattering. However, no con-
clusions have been drawn concerning FePO, because accu-
rate representations of the FePO, spectra below —7.0 eV en-
ergy loss could not be reproducibly obtained.

The third and final issue of note concerns the intensity of
the —5.6 eV loss feature compared to the intensity of the
—3.0 eV loss feature in the LiFePO, 709.7 eV spectrum. The
—3.0 eV feature has four possible transitions contributing to
its strength; in each transition, electrons are scattered from
the densest part of the Fe 3d occupied spin-up PDOS. The
—5.6 eV scattering event also has four possible transitions,
but the occupied states are more sparsely populated. The
-3.0 eV transition has 360% more occupied states from
which electrons may be scattered, yet the measured —3.0 eV
peak is only 64% more intense than the —5.6 eV peak. Ob-
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viously, the RIXS transition probability matrix elements for
the two events are grossly unequal. This inequality is due to
the involvement of the spin-down occupied states that help
give rise to the —5.6 eV energy-loss feature.

Strictly speaking, the selection rules for RIXS state that
AS=0. Thus, during any scattering event that begins with the
3d occupied spin-up states, the scattered electron must flip its
spin before coming to rest in the spin-down unoccupied
states. At finite temperatures, this can be accomplished via
magnon-exciton coupling.?*~?” This concept has been used
extensively to explain the presence of dipole-allowed peaks
in optical absorption spectra. Optical absorption and RIXS
share the same 3d inner-shell net transition, and like RIXS,
dipole-allowed peaks in optical absorption spectra must also
obey the AS=0 spin selection rule. Magnon-exciton coupling
allows the electron component of the exciton pair to couple
with a magnon, thus flipping the spin of the electron. At
room temperature, the magnon can be a randomly generated
event from heat-induced fluctuations. In antiferromagnetic
systems, however, the magnon can be deliberately produced
through interaction of the magnetic atom being excited by
the incoming radiation and another magnetic atom on a
neighboring antiparallel magnetic plane. Either way, transi-
tions that require this mechanism to flip the spin of the ex-
cited electron, such as the —3.0 eV transition, rely upon the
presence of another particle. Thus the probability that the
transition will happen suffers in comparison to a transition
that does not require an external mechanism to flip the elec-
tron’s spin, such as the —5.6 eV transition. Therefore,
magnon-exciton coupling provides the means by which the
—3.0 eV transition may occur while simultaneously causing
the rate-determining step that limits the probability that the
transition will occur. The fact that the —5.6 and -3.0 eV fea-
tures are of comparable size is further evidence that the
DOSs presented in this paper are accurate, as the DOS pro-
vides a physically reasonable explanation why the —5.6 eV
loss is so intense despite the hindrance of low density in the
electron’s source states.

IV. COMPARISON OF THEORETICAL MODELS

Thus far we have shown that the RIXS data for both
LiFePO, and FePO, agree extremely well with the PDOSs
calculated for these systems. However, the quality of agree-
ment between theory and experiment for LiFePOy, is surpris-
ing, for two reasons. First, the Fe PDOSs displayed in Figs.
4 and 5 assumed LiFePO, to be ferromagnetic, because the
ferromagnetic solution was energetically favorable. This con-
tradicts the experimental evidence that the compound is an-
tiferromagnetic in its ground state.?®?® Second, the theory
that produced the DOS for LiFePO, and FePO, was the local
density approximation (LDA)-based orthogonalized linear
combination of atomic orbitals (OLCAO) regimen, which
does not explicitly take into account electron correlation ef-
fects that cause the large band gaps and insulating behavior
demonstrated by many transition metal oxides. As stated in
the Introduction, there is a debate in the literature as to how
to correctly treat these materials, with the argument centering
on the question of electron correlation.
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Both sides of the debate (correlated vs uncorrelated func-
tionals) have the support of experimental evidence. To sup-
port the uncorrelated DOS, there is the evidence presented in
this paper, wherein the presented RIXS spectra and DOS
match extremely well. There is also the fact that Xu et al.'3
measured an activation energy of 0.36 to 0.50 eV, which fits
best with the small-band-gap solutions. Despite the low ac-
tivation energy, LiFePO, has extremely poor conductivity,
which is typically characteristic of a wide-gap insulator. This
supports the solution that incorporates electron correlation
effects. Also, optical reflectance measurements presented in
the same paper as the wide-gap DOS show that the band gap
is on the order of 3.8-4.0 eV, in accordance with their pre-
dicted result. It should be noted, however, that the lowest
energy that is displayed in the optical reflectance spectrum is
on the order of 2 eV. Although the spectrum is strong evi-
dence for the wide-gap solution, it does not rule out the
possibility that a structure near 0.5 eV was simply missed.
Finally, in another paper, Zhou et al. showed that LDA-based
techniques predict that off-stoichiometric samples of
LiFePO,, such as Liy,FePO,, have a negative energy of
formation.’® This would suggest that off-stoichiometric
samples should spontaneously form; however, this is known
to be untrue. An incomplete delithiation of LiFePO, will
result in a multiphase compound with zones of LiFePO, and
FePO, spread throughout the sample. It would seem that the
two mutually exclusive scenarios are both accurate.

In an attempt to solve this conundrum, Zhou and co-
workers suggested that the principal conduction mechanism
in LiFePO, was polaronic in nature. We suggest here a varia-
tion on this idea: a bound magnetic polaron, or possibly a
ferron, defines the conductivity. Originally used to account
for surprisingly high values of magnetic susceptance in anti-
ferromagnetic samples, bound magnetic polarons are capable
of changing the local magnetic environment from antiferro-
magnetic to ferromagnetic.’!=3> This alteration of the imme-
diate environment causes the conduction electron to become
self-trapped, thus severely limiting conduction despite the
low activation energy; ferrons have been suggested as the
mechanism that hinders conductivity in some antiferromag-
netic semiconductors. This idea is intriguing because the fer-
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romagnetic ground state seems to be, in some formalisms,
energetically advantageous, although only slightly. This
small difference between ferromagnetic and antiferromag-
netic alignment may mean that it is relatively easy for con-
duction electrons to realign the local environment.

This effect is not limited to low temperatures. Ferrons
have been predicted to exist at high temperatures even after
random fluctuations have mostly destroyed the magnetic or-
dering of the compound.** The bound magnetic polaron ef-
fect suggested here and the simple polaron effect suggested
by Zhou et al. are phenomena that are catalyzed by the pres-
ence of impurities.’® This suggests that LiFePO, is extremely
sensitive to impurity concentration, but this is not a new
realization; LiFePO, has already been proven to be dopant
sensitive by previous efforts.

V. CONCLUSIONS

We have probed LiFePO, and FePO, using XAS and
RIXS techniques. We have found via Voigt peak fitting
analysis that the energy-loss features seen in the RIXS spec-
tra correspond very well to Fe 3d inner-shell valence to
conduction-band transitions, as predicted by the presented
DOS calculations. This contradicts the more accurate DFT
+ U calculations presented in the literature. However, optical
absorption measurements have shown the band gap of the
sample to be 3.8—4.0 eV wide. We have tentatively explained
that our experimental spectra result from the effect of a
bound magnetic polaron, which would distort the local
PDOS and cause a local ferromagnetic environment to form
around the excited conduction electron. The existence of the
bound magnetic polaron is a strong impurity effect that may
not be present in all samples of LiFePO,. The formation of
such an effect may depend upon the method of synthesis.
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