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New theoretical and experimental investigations of the occupied and unoccupied local electronic
densities of states �DOS� are reported for �-Li3N. Band-structure and density-functional theory
calculations confirm the absence of covalent bonding character. However, real-space
full-multiple-scattering �RSFMS� calculations of the occupied local DOS find less extreme nominal
valences than have previously been proposed. Nonresonant inelastic x-ray scattering, RSFMS
calculations, and calculations based on the Bethe–Salpeter equation are used to characterize the
unoccupied electronic final states local to both the Li and N sites. There is a good agreement
between experiment and theory. Throughout the Li 1s near-edge region, both experiment and theory
find strong similarities in the s-and p-type components of the unoccupied local final DOS projected
onto an orbital angular momentum basis �l-DOS�. An unexpected, significant correspondence exists
between the near-edge spectra for the Li 1s and N 1s initial states. We argue that both spectra are
sampling essentially the same final DOS due to the combination of long core-hole lifetimes, long
photoelectron lifetimes, and the fact that orbital angular momentum is the same for all relevant
initial states. Such considerations may be generally applicable for low atomic number
compounds. © 2008 American Institute of Physics. �DOI: 10.1063/1.2949550�

I. INTRODUCTION

Solid-state lithium nitrides and their immediate deriva-
tives demonstrate a rich diversity1 of bonding characteristics
and crystal structures which has in turn led to both funda-
mental interest and a considerable range of potential appli-
cations. For example, �-Li3N serves as the starting point for
potential hydrogen storage methods due its high theoretical
H2 capacity2 and also is a component in the synthesis of
nanophase GaN.3 In addition, its related transition-metal �M�
substituted compounds,4 Li3−xMxN, are excellent ionic con-
ductors �as is �-Li3N itself1,5� and have been proposed as
constituents of improved electrodes in Li-based batteries.6

After significant investigation and dispute, the chemical
bonding of �-Li3N is now understood to be near the extreme
ionic end point of the continuum from covalent to ionic
behavior.1 It is the only alkali-nitride phase which is stable at
ambient conditions,7,8 and it is interesting that several esti-
mates of the nominal classical valences of the constituents
are close to Li+ and N3−.1 Consequently, �-Li3N, and possi-
bly its high-pressure phases,8–10 are believed to provide the
only known examples of the N3− ion. N3− is not stable as a
free ion, and the mechanism by which the hexagonal bipyra-
mid of neighboring Li+ may stabilize N3− in �-Li3N has been
a matter of some interest.1,9,11–13 For means of context, we
show the crystal structure14 of �-Li3N in the top panel of Fig.
1. Note the layered structure and the presence of two crys-
tallographically distinct Li sites.

Here, we revisit the local electronic structure in �-Li3N.
First, using band-structure, density-functional theory �DFT�,
and real-space full-multiple-scattering �RSFMS� methods,
we consider the occupied electronic states. The former two
calculations find strong support for extremely ionic bonding
character in �-Li3N. The weak deviations from sphericity in
the calculated valence charge distribution around N show no
sign of covalent character with the Li nearest neighbors. By
common measures, such as integration of valence charge
density within nominal ionic radii, the charge transfer from
Li to N is at least nearly complete. However, calculation of
charge transfer based on RSFMS calculation of the occupied
local density of states �DOS� disagrees with the above, find-
ing clear evidence for occupied states just below the Fermi
energy at all crystallographic sites. We compare and contrast
these results, emphasizing the difficulty in uniquely defining
species valence and suggesting the need for experimental
measurement of the occupied local DOS, such as by resonant
x-ray photoemission spectroscopy.

Second, we report combined experimental and theoreti-
cal investigations of the unoccupied electronic states.
Excited-state electronic spectroscopies such as x-ray absorp-
tion spectroscopy �XAS� and electron energy-loss spectros-
copy �EELS� offer a local probe of the unoccupied electronic
states and have been widely used to study the chemical
bonding of low atomic number materials.15 However, there
has been little XAS or EELS work on �-Li3N, with the few
existing studies concentrating on the very near-edge region
within less than 10 eV of the Li and N K-shell bindinga�Electronic mail: seidler@phys.washington.edu.
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energies.16,17 Nonresonant inelastic x-ray scattering �NRIXS�
using hard x-rays provides an alternative which allows inves-
tigation of both dipole-allowed and dipole-forbidden final
states while also avoiding the problematic surface sensitivity
of soft x-ray XAS and the possibility of beam damage in
EELS. The core shell contribution to NRIXS is generally
called nonresonant x-ray Raman scattering �XRS�. The first
XRS study of the N K-edge in several phases of Li3N has
recently9,18 been reported.

Here, we present the first measurements of the momen-
tum transfer-�q-� dependence of the XRS from the Li 1s ini-
tial state and also present new measurements over a wider
energy range of the effectively dipole-limit XRS from N 1s
initial states. Our measurements of the Li 1s XRS allow ex-
perimental determination of the local final DOS projected
onto an orbital angular momentum basis �i.e., the l-DOS� at
the Li sites. All measurements show good agreement with
new ab initio calculations. We find a strong similarity of the
near-edge structure for the Li and N 1s XRS. Such behavior
in XAS studies is often taken as a signature of covalent
bonding. However, here we find that it is a generic conse-
quence of the strong multiple-scattering limit for low-energy
photoelectrons in cases when all core-hole lifetimes are
much longer than the photoelectron lifetime and when all
initial states have the same orbital angular momentum. Such
conditions will, in general, hold for compounds of low
atomic number elements.

II. THEORY

A. NRIXS

The double differential cross section for NRIXS is pro-
portional to the dynamic structure factor

S�q� ,�� = �
f

��f �exp�iq� · r���0��2���� − Ef + E0� , �1�

where q� is the momentum transfer, �� is the energy transfer,
and E0�Ef� is the energy of the initial �final� state. The con-
tribution to S�q� ,�� due to excitations from core levels is
commonly called nonresonant XRS. Beyond the plasmon
frequency and when in the dipole-scattering �i.e., low-q�
limit, the XRS contribution to S�q� ,�� becomes proportional
to the absorption coefficient measured in XAS, albeit with
bulklike sensitivity even for low-energy edges due to the
large incident and scattering photon energies.19,20

Nondipole selection rules apply for S�q� ,�� at higher
q,21,22 allowing investigation of the complete range of sym-
metries of final states at the probe atom.20,22–27 For powder
samples, the XRS contribution to S�q ,�� may be recast22 as

Score�q,�� = �
l

�2l + 1��Ml�q,���2�l��� . �2�

In Eq. �2�, the projection of the local final DOS onto an
orbital angular momentum basis �i.e., the l-DOS� is repre-
sented by �l. The atomic-like Ml coefficients may be readily
calculated.22 At each energy, Eq. �2� should therefore be
viewed as a set of linear equations �one for each experimen-
tal q� involving experimental measurements of S�q ,��, the
known Ml coefficients, and the unknown �l���. As such, it
gives a route for experimental determination of �l��� from
XRS measurements.24,25,27,28 Here, we use this formalism to
determine both the s-type ��0� and p-type ��l� l-DOS for Li
in �-Li3N. By comparison, XAS or low-q EELS measure-
ments for the Li 1s initial state will be sensitive only to �1

due to the dipole selection rule. The range of potential appli-
cations of this new l-DOS spectroscopy has recently been
discussed in detail.24

FIG. 1. �Color online� Top panel: A ball-and-stick schematic of the crystal
structure of �-Li3N. The small blue spheres represent N atoms in the Li2N
basal planes, while the larger orange and red spheres represent the in-plane
�Li�1�� and out-of-plane �Li�2�� Li sites, respectively. Middle panel: The
valence electron charge density for �-Li3N in the �001� plane from band-
structure calculations. Bottom panel: The valence electron charge density in

the �11̄0� plane from band structure calculations. The contours in these two
panels are logarithmically spaced, and the central atom for both panels is N.
In the middle panel, the outermost triangular contour around Li sites has
�valence=10−2 electrons /Å3 and the contours are spaced by � log10 �valence

=0.2 with �valence again in units of electrons /Å3. In the bottom panel, the
outermost roughly square contour around the N site has log10 �valence=−2.2
and the contour spacing is � log10 �valence=0.2 with �valence in units of
electrons /Å3.
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B. Calculations of l-DOS and S„q ,�…

Our experimental measurements of the excited electronic
states are complemented by two independent ab initio theo-
retical treatments. In both cases, the potentials used in the
calculations are determined self-consistently without any as-
sumption about the valence of the constituent atoms. This is
contrary to the some prior band-structure calculations11 for
�-Li3N, where a N3− ion was stabilized by use of an artificial
potential prior to enforcing self-consistency.

First, a RSFMS approach using the FEFF code29 was used
to calculate the l-DOS and XRS spectra22 �i.e., Score�q ,���.
The full-multiple-scattering matrix includes atoms up to 8 Å
from the central scatterer using self-consistent muffin-tin po-
tentials. For both parts of the calculation, the spectra are
converged with respect to the number of atoms and the num-
ber of angular momentum states, which was limited to l=2.
The default statically screened core-hole was used in the cal-
culations. Finally, we include the effects of the core-hole
lifetime and the photoelectron’s self-energy in the final spec-
tra. Note that independent calculations for the planar and
out-of-plane Li atoms are required for comparison with the
orientationally averaged data.

Second, XRS spectra were calculated using the Bethe–
Salpeter equation �BSE�, which is the equation of motion for
an interacting electron-hole pair produced by core-electron
excitation. We use the method described by Soininen et al.,30

but with certain modifications. First, a model self-energy is
used to simulate electron lifetime broadening of spectral
features.31 The screening effects on the electron-core hole
interaction and the transition matrix elements are evaluated
using methods that have been described in detail
elsewhere.32 Multiplet effects �related here only to spin de-
grees of freedom� are also included.33 The bands are calcu-
lated using pseudopotential plane-wave methods using opti-
mal basis functions.34 Specifically, we use norm-conserving
pseudopotentials of the Hamann–Schlüter–Chiang type35

with Vanderbilt-type cutoff functions36 and separable
projectors.37 Other details of the calculation method follow
prior work.30 All results are well converged with respect to
Brillouin-zone sampling, with enough unoccupied bands in-
cluded to calculate screening effects and spectra within and
beyond the displayed region. Because of the threefold sym-
metry with respect to the z-axis, angular averaging over the
direction of q� was achieved using a momentum along the
Cartesian �1,1,1� direction. The final theoretical results are
convolved with experimental broadening �1.3 eV full width
at half maximum�.

C. Calculations of electron density and occupied
electronic states

The spatial distribution of valence electron density has
been calculated in two independent ways. First, it is deter-
mined from superposition of the density associated with the
bands calculated as a preliminary step in the BSE approach
described above. Second, we have performed DFT calcula-
tions on the experimentally determined structure of �-Li3N
using ultrasoft pseudopotentials and a plane-wave basis set.
These calculations were carried out with the Vienna ab initio

simulation package38 �VASP� using the Perdew–Burke–
Ernzerhof functional39 and an energy cutoff of 350 eV. The
Bader decomposition40 of the electron density uses the algo-
rithm introduced by Henkelman et al.41

The occupied local DOS on each crystallographic site
was calculated with the same RSFMS approach as presented
in Sec. II B, except that no core hole was included in the
calculations. The valence electron density and unoccupied
local DOS calculations provide complementary benefits and
perspectives as regards the question of charge transfer, as we
discuss below.

III. EXPERIMENTAL

All NRIXS measurements were performed with the
lower energy resolution inelastic x-ray �LERIX� scattering
spectrometer at the PNC/XOR 20-ID beamline of the Ad-
vanced Photon Source.42 Spectral normalization, subtraction
of the valence Compton background, and other data process-
ing issues follow methods reported elsewhere.23,43 The en-
ergy resolution was 1.3 eV. A dense 5 mm-thick pellet of
commercially prepared �-Li3N powder �99% purity� was
measured in a transmission geometry. Note that the 5 mm
thickness is chosen to match the penetration length of
�-Li3N at 10 keV. With such a large penetration length, our
measurements are inherently bulklike with no sensitivity to
surface contamination. While commercial Li3N typically
contains a small fraction of metastable �-Li3N impurity, the
bulk sensitivity of XRS ensures that the measured signal is
dominated by the desired �-Li3N phase.

The incident flux of photons was about 5�1012 s−1. The
count rates at the edges and in the underlying valence Comp-
ton background are strong functions of q. At q=2.4 Å−1 we
find 6100 and 230 counts/s at the Li- and N K-edge steps on
valence Compton scattering backgrounds of 17 000 and 220
counts/s, respectively. Increasing q to 9.8 Å−1 resulted in
2100 and 1300 counts/s at the Li- and N K-edge steps on
valence Compton scattering backgrounds of 1100 and 31000
counts/s, respectively. Following these measurements we
found a significant air leak into the He flight path �outside
the sample space� of the instrument. This resulted in a de-
crease in all count rates by a factor of about 3.5 compared to
present LERIX performance, but otherwise has no conse-
quences for the results presented here. The sample was en-
closed in a flowing He environment during measurements.
The XRS spectra show no evidence of evolution with mea-
suring time, minimizing concerns about beam damage.

IV. RESULTS AND DISCUSSION

A. Occupied electronic states

The highly ionic nature of �-Li3N plays an important
role in the interpretation of NRIXS results �below�. As there
has been significant progress in computational methods in
the several years since the spatial distribution of electron
density was last directly investigated for this system,11–13 it is
worthwhile to revisit this issue. In the middle and bottom
panels of Fig. 1, we show the calculated valence electron
density in the Li2N basal plane �001� and the normal plane

044702-3 The local electronic structure of �-Li3N J. Chem. Phys. 129, 044702 �2008�
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�11̄0� based on the new band-structure calculations. The con-
tours are on a logarithmic scale, as explained in the caption.
The valence charge density is nearly spherical around the N
sites. Note that the first deviations from sphericity show a
weak excess of charge density in the N–N nearest-neighbor
direction, not the N–Li direction, so that even at low valence
charge densities there is no signature of covalent character.
The valence charge density is essentially zero at the Li nuclei
and decreases monotonically and nearly exponentially after a
local maximum near the N nuclei.

This can be seen more clearly in the top panel of Fig. 2
which shows the directionally averaged valence charge den-
sity as a function of distance from the three crystallographic
sites. The vertical dashed line in the figure is at the Li–N
nearest-neighbor distance in the Li2N sheets. The bottom
panel of the figure shows the integrated valence charge as a
function of distance from the three crystallographic sites, to-
gether with the total Li-site charge. These results strongly
support a very ionic picture for the chemical bonding in
�-Li3N and are very similar to prior band-structure based
results.11,13

This conclusion is further supported by the calculations
of the �-Li3N valence electron density calculated with the
DFT/VASP approach. The electron density around the N at-
oms is very close to spherically symmetric, even in regions
close to the Li atoms. Small deviations are visible on the
basal plane and have the same characteristics as seen in the
band-structure calculations. When the electron density distri-
bution is analyzed using the “atoms in molecules” scheme of
Bader,40 we find that the dividing surfaces are pushed into
the Li atom positions, resulting in a highly ionic distribution.

However, it is important to remember that the valence
charge of a particular species in a solid is not itself well
defined. Any correct approach to the question of charge
transfer must explicitly address a quantum mechanical �i.e.,

experimental� observable, and the final estimate of charge
transfer may indeed depend on the choice of observable. In
Fig. 3, we present RSFMS calculations of the occupied local
DOS for cells surrounding each of the three crystallographic
sites. The key feature of these results is not just the presence
of large N 2p DOS just below EF but also the presence of
significant DOS at similar energies for both Li sites. The
occupied charge counts are quite different from what was
qualitatively inferred from our density-functional calcula-
tions �both those carried out to compute the band structure
for purposes of the Bethe–Salpeter calculations or those done
using VASP� or from prior band-structure calculations11–13 be-
cause they refer to the contributions of the global DOS pro-
jected onto the given cells. The RSFMS calculations provide
nominal valences of N−0.9 and Li+0.3, with slightly higher
ionization of the out-of-plane Li site and slightly lower ion-
ization at the in-plane Li site.

This significantly lower estimate of charge transfer may
help resolve a dilemma which has been noted in comparing
the electronic structures of �-, �-, and 	-Li3N.9 In the study
of Lazicki et al.,9 it was proposed that high-pressure 	-Li3N
must be significantly more ionic than �- or �-Li3N due to a
large increase in the band gap. However, this is difficult to
rationalize if �-Li3N already has complete ionization of all
species in addition to the absence of covalent bonding char-
acter. In future work, it would be interesting to consider how
strongly the nominal valence of the various species depends
on the definition of the local DOS. For example, it would
clearly be valuable to have direct experimental measurement
of the element-specific occupied DOS, such as by resonant
x-ray photoemission spectroscopy.44

B. Excited electronic states

With the above reinforcement that chemical bonding in
�-Li3N does indeed have very little covalent character, we
proceed to present and discuss the new experimental results.
In the top of Fig. 4, we show Li 1s XRS spectra for q=0.8,
2.4, 3.9, 5.3, 6.6, 7.7, 8.6, 9.3, 9.8, and 10.1 Å−1. Counts are
integrated for 9 s at each point. The corresponding BSE cal-
culations are shown in the lower panel. To aid comparison,
the energy-loss spectra have been normalized by their inte-
grated intensity over the first 30 eV and are vertically dis-
placed between successive q. Several features in the near-
edge spectrum are labeled �a– f in Fig. 4� to highlight the

FIG. 2. �Color online� �Top� The directional average of the calculated va-
lence charge density around each crystallographic site in �-Li3N, based on
the band-structure calculation. The units for the plot are electrons /Å3. �Bot-
tom� The integrated charge as a function of radial distance around each
atomic site. The vertical dashed line indicates the nearest-neighbor Li–N
distance in the Li2N basal plane.

FIG. 3. �Color online� RSFMS calculations of the occupied l-DOS for N
�left�, the in-plane Li site �center�, and the out-of-plane Li site �right�.
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agreement between theory and experiment. Note that each of
these features exhibit modest q dependence, with a, b, and e
decreasing in relative amplitude with q, while c, d, and f
either increase or only appear at higher momentum transfers.
Each feature corresponds to a peak in the unoccupied final
DOS local to each Li atom, albeit with each possessing dif-
fering local symmetry. Such q dependence in localized fea-
tures can be interpreted as changes in the relative weighting
of the different l-DOS components.22,24 We note that the
XRS spectrum for the lowest measured q disagrees signifi-
cantly with recent XAS results.16 The bulk sensitivity of
XRS, the good agreement between theory and experiment,
and the preferential surface sensitivity of XAS with soft x-
rays give us confidence in the present results.

On calculating Ml�q ,�� for the Li 1s initial state,22,43 we
find that only the s-and p-DOS �l=0 and 1, respectively�
significantly contribute to S�q ,��. After normalizing the data
shown in Fig. 4 to absolute units, we extract �0 and �1 at
each energy point in the near-edge regime using a least-
squares fit to the model given by the first two terms in Eq.
�2�.24,43 The Ml coefficients were found to be nearly identical
for the two crystallographically independent Li sites; hence,
only the stoichiometrically averaged l-DOS from both sites
can be obtained by inverting the experimental results via Eq.
�2�. These results are shown in Fig. 5�a�. The RSFMS calcu-
lations for the p-DOS and s-DOS are shown in Figs. 5�b� and
5�c�, respectively. The agreement between the experimental

and calculated l-DOS is relatively good, with discrepancies
mainly in the relative amplitude of features. Such disagree-
ments are to be expected in the present RSFMS approach
due to the details of the treatment of the electron-core hole
interaction and perhaps especially due to our decision to not
force the effective radius of the N to grow and of the Li to
shrink, e.g., as is needed to artificially force agreement with
the expectation of a large nominal N ionic radius, such as is
seen in Figs. 1 and 2. Future RSFMS work based on a full-
potential calculation should remedy this deficiency.

Some aspects of the experimental and theoretical l-DOS
deserve special attention. Except for an overall scale factor,
the experimentally determined s- and p-DOS are quite simi-
lar for the first 15 eV. The theoretical l-DOS calculations
show similar agreement, but clarify that this phenomenon
occurs independently for each of the two Li sites. Common-
ality of isolated features in the l-DOS can be taken as a
significant fingerprint for covalency, such as from a shared
DOS from a hybridized antibonding molecular orbital.24,25

However, it is important to recall that localization of the
occupied states near the Fermi energy does not as a rule
constrain the spatial extent and overlap of the unoccupied
states near the Fermi energy. The general agreement in struc-
tures of the s-and p-DOS is a direct signature of significant
overlap and hybridization of the low-energy unoccupied final
states, without any specific conclusions to be drawn about
the degree of localization �i.e., nominal ionicity versus cova-
lency� of the occupied states. Given the threefold and sixfold
rotational symmetries about the respective Li sites, a signifi-
cant degree of s-p hybridization of low-lying unoccupied
states is not surprising. The consistency between the l-DOS

FIG. 4. The Li 1s contribution to S�q ,�� for �-Li3N. Top panel: Experi-
mental results stacked by q and normalized to aid comparison. Statistical
errors are comparable to the size of the dots used in the figure. Bottom
panel: Analogous BSE results with additional broadening from the experi-
mental resolution and the self-energy of the photoelectron. The first six
notable features are labeled a– f to highlight the agreement between experi-
ment and theory.

FIG. 5. �a� The experimental Li s- and p-DOS �l=0 and 1, respectively�
given by inverting the results shown in Fig. 4. Shown by gray dashed lines,
the 95% confidence interval is given by the quality of the least-squares fit to
Eq. �2� at each energy point; �b� the total theoretical p-DOS is given by the
dark curve, while the contributions from the planar and interplanar sites are
given by the gray and dashed curves, respectively; �c� the analogous figure
for the theoretical s-DOS.
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calculations for the occupied states �Fig. 3� and the present
results on the unoccupied states is still worth noting: it is
difficult to imagine a scenario where hybridization of occu-
pied states would not be similarly accompanied by hybrid-
ization of unoccupied states.

We show experimental and theoretical results for the
N 1s XRS in Fig. 6. Counts are integrated for 5 s at each
incident photon energy, and each point represents the
weighted average of energy-loss spectra collected at q=2.4,
3.9, and 5.3 Å−1. The q range for LERIX is insufficient for
l-DOS determination at the N sites, and the results are domi-
nated by transitions to p-type final states �i.e., dipole-limited
transitions�; this is due to the smaller size of the N 1s initial
state as compared to the Li 1s initial state. Note that the very
near-edge spectrum is in fair agreement with prior XRS
measurement9,18 having poorer counting statistics but is in
disagreement with prior EELS measurement,17 which we at-
tribute to likely electron beam damage. The agreement with
the RSFMS and BSE calculations �solid lines in Fig. 6� is
quite good, as is the agreement with the recent calculations
of Lazicki et al., using related methods.18

In Table I we show a comparison of the peak positions
for the Li and N 1s XRS spectra, i.e., from Figs. 4 and 6. The
agreement in the energy spacing between the first and second
features is quite good, and the simple fact of a significant
feature at the edge and only one other broad feature in the
first 10 eV should not be overlooked. Continuing to higher
energies, the absence of peak �c� in the N XRS spectrum is

expected in this picture: that peak is due to s-type final states
which are inaccessible at the N K-edge for our available q
range when using 	10 keV incident photons. The modest
energy shifts of peaks �d� and �e� may be due to differences
in the self-energy effects for the two different species.

The peak matching of the Li and N 1s near-edge spectra
indicates that they result from different sampling of a shared,
underlying DOS. This is most often seen in XAS spectra for
systems with strong covalent bonding, where strong, local-
ized, multiple-scattering resonances �i.e., antibonding orbit-
als� necessarily span neighboring crystallographic sites and
result in peak matching in the near-edge spectra. However,
we propose that this behavior is independent of the details of
chemical bonding, subject only to the condition that the core-
hole and photoelectron lifetimes are large.

Most generally, in the limit of long lifetimes the x-ray
absorption coefficient 
 j�E� at a crystallographic site j is


 j�E� = �
k

�j�d�k, j̄���E − Ek��k, j̄�d�j� , �3�

where k is the photoelectron momentum, d is the dipole tran-
sition operator, �k , j̄� is the photoelectron wave function for
momentum k including final state effects from the core hole
at site j, and �j� denotes the initial state, localized orbital at
site j. Core-hole effects are relatively small in the limit of
long lifetimes because the photoelectron wave function will
be spatially extended. Hence, in this limit,


 j�E� 
 �
k

��k�d�j��2��E − Ek� . �4�

As �f j��d�j� is simply the dipole-allowed final states acces-
sible from �j�,


 j�E� 
 �
k

��k�f j��2��E − Ek� = �f j��global�E��f j� , �5�

where �global�E� is the �global� DOS for the system. For 1s
initial states, such as here, the same orbital angular
momentum-projected component of �global�E� will be impor-
tant for all sites, i.e., the p-type component �1

global�E�. The
near-edge spectra are therefore expected to be similar, with
differences in the relative amplitude of near-edge features
due to the fine spatial details of the expectation integrand in
Eq. �5�. As an extreme case, for example, note that geometric
arrangements �such as three-atom collineations45� which
strongly favor particular high-order multiple-scattering paths
will lead to differences in 
 j�E� between sites involved in
such paths and those independent of such paths. Modest dif-
ferences in the relative locations of peaks may be caused by
the site- and final-state-specific nature of the interaction be-
tween the core-hole and photoelectron.

Independent of the nature of their chemical bonding,
compounds of low Z elements will necessarily have long
core-hole lifetimes for the 1s initial state, and the above ar-
gument should be relevant in the near-edge region when the
photoelectron lifetime is also relatively large. As photoelec-
tron energy increases this mechanism is cut off by the in-
crease in extrinsic losses and consequent decrease in photo-
electron lifetime,46 so that �k , j̄� and the fine structure then
become sensitive to the source site. We therefore anticipate

FIG. 6. The N 1s contribution to S�q ,�� for �-Li3N. Top curve: Experimen-
tal results averaged between q=2.4 and 5.3 Å−1. Standard uncertainties are
comparable to the size of the dots used in the figure. Bottom curves: Theo-
retical results from RSFMS and BSE calculations.

TABLE I. A comparison of the energies and energy spacings for the prin-
cipal features observed in the Li and N 1s XRS spectra for �-Li3N, as per
Figs. 4 and 6. Feature c occurs only in the Li XRS spectra as a consequence
of nondipole selection rules at high momentum transfer.

Li 1s N 1s

Feature E �eV� E−Ea �eV� E �eV� E−Ea �eV�

a 55.3 0 396.0 0
b 60.6 5.3 402.6 6.6
c 63.3 8.0 . . . . . .
d 67.1 11.8 410.4 14.4
e 70.7 15.4 413.3 17.3
f 76.5 21.2 417.0 21.0
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that significant commonality in the XAS, EELS, or dipole-
limit XRS near-edge structure at different crystallographic
sites may be routinely observed in low Z systems when the
selected initial states at all sites have the same orbital angular
momentum. When outside of the dipole limit, the different
admixtures of final state symmetries present in the XRS
spectra may result in unique spectral features, such as is the
case for feature �c� in the Li XRS of the present study.

V. CONCLUSIONS

In conclusion, we report measurement and ab initio cal-
culation of the local electronic structure of �-Li3N. First,
band-structure and DFT calculations reinforce that chemical
bonding in �-Li3N has little covalent character. Interestingly,
RSFMS calculations of nominal valences based on a quan-
tum mechanical observable, the local final density of occu-
pied states, find relatively modest charge transfers resulting
in N−0.9 and Li+0.3 ions. This is contrary to more empirical
measures of nominal valence, such as from integrating the
calculated valence charge density in a selected ionic radius.
Second, we find good agreement between theory and both
the excited state spectra from the Li- and N K-edges and also
the resulting experimentally-determined l-DOS. We find a
strong correspondence between the Li s- and p-DOS in both
experiment and calculations, which is a direct indicator of
strong hybridization of low-lying unoccupied states. Third,
we observe that the N and Li 1s near-edge structures are very
similar, indicating that they are sampling a common under-
lying DOS. We propose a new explanation for such behavior
which is based on the long core-hole lifetime for low atomic
number systems and the extreme multiple-scattering limit for
low-energy photoelectrons. This mechanism should be active
in many other materials, independent of whether their chemi-
cal bonding is ionic or covalent.
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