Pressure-induced loss of electronic interlayer state and metallization in ionic solid LizIN
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X-ray diffraction and nitrogen K-edge X-Ray Raman Scattering (XRS) investigations of the crystal
and electronic structure of ionic compound LisN across two high pressure phase transitions are
conducted in a diamond anvil cell and results interpreted using density functional theory. A low-
energy peak in the XRS spectrum which is observed in both low-pressure hexagonal phases of LizsN
and absent in the high pressure cubic phase is found to originate from an interlayer band similar to
the important free-electron-like state present in the graphite and graphite intercalated systems, but
not observed previously in ionic insulators. XRS detection of the interlayer state is made possible
because of its strong hybridization with the nitrogen p-bands. A pressure-induced increase in the
band gap of the high pressure cubic phase of LisN is explained by the differing pressure dependencies
of different quantum-number bands and is shown to be a common feature in similar low-Z closed-shell

ionic materials.
I. INTRODUCTION

Lithium nitride is the only known thermodynamically
stable alkali metal nitride and is one of the most ionic of
all known nitrides. At ambient pressure, the nitrogen ex-
ists in the multiply charged (N37) state [1, 2] considered
to be stable only because of its crystal environment - a
hexagonal bipyramid of Li* ions [3, 4] unique to the N
ion. This material is a superionic conductor via vacancy-
induced Li* diffusion within the LioN layers [5-7]. Its
potential for use as an electrolyte in lithium batteries [4],
a hydrogen storage medium [8-11] and a component in
the synthesis of GaN [12] have prompted several studies
including investigations into its behavior at high pressure
[13, 14].

It has been demonstrated that LigN retains its ionic
character up to very high pressure, while undergoing a
significant structural transition [14]. Inelastic X-ray scat-
tering experiments as well as first-principles calculations
reveal that this structural change is accompanied by dis-
tinct changes in the electronic bands. Electronic changes
accompanying pressure-driven structural phase transi-
tions in covalently bonded materials (such as graphite
and boron nitride) are relatively well understood because
their directional bonding is affected in a predictable way
by changes in the local crystal environment. However, in
non-directionally-bonded closed-shell ionic materials the
situation is more subtle and electronic changes not as well
documented. Here we explore the origins of these changes
and identify an important feature in the band structure;
an interlayer band (to our knowledge, reported here for
the first time in an ionic solid) which was previously un-
derstood to have Li 2s character [1].
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A pressure-driven widening of the electronic band gap
is examined and related to an expected rapid increase
in energy of the conduction bands relative to the valence
bands as a result of their lack of d-character, higher prin-
ciple quantum number and kinetic energy. Neighboring
ionic insulators LioO and LiF are shown to demonstrate
similar behavior under pressure.

II. TECHNIQUES

Angle-dispersive X-ray diffraction and nitrogen K-edge
X-ray Raman spectroscopy experiments were conducted
in the diamond anvil cell up to 200 GPa. Experimental
details have been reported in [14].

First-principles electronic structure calculations were
performed to explore and clarify the electronic changes
occurring under pressure. Because of the large six-
fold compression carried out in these calculations, we
used two methods for comparison: full-potential lin-
earized augmented plane-waves (LAPW) as implemented
in WIEN2k code [18] within the Generalized Gradi-
ent Approximation [20] and a full-potential nonorthog-
onal local-orbital minimum basis band structure scheme
(FPLO) [19], within the local spin-density approximation
(LSDA) [21]. For the LAPW calculation, muffin tin radii
(Rimt) were set so that neighboring muffin tin spheres
were nearly touching at each volume, and the plane wave
cutoff K,,qe was determined by R,,:Kpee = 9.0. The
Brillouin zone was sampled on a uniform mesh with 185
irreducible k-points. The energy convergence criterion
was set to 0.1 mRy. For both calculations we found it
necessary to put the lithium 1s core electrons into the
valence states. Thus, in the FPLO scheme, Li 1s, 2s, 3p,
3s, 3p and 3d states and N 2s, 2p, 3s, 3p and 3d states
were used as valence states and only the lower-lying N
1s state was treated as a core state. The results of these
two codes are in good agreement.



FIG. 1: (Color online) Crystal structures of each phase with
larger spheres representing the nitrogen ions, smaller repre-
senting lithium.

III. RESULTS
A. X-ray Diffraction

X-ray diffraction results identified the structures shown
in Figure 1. At ambient conditions, the powder sam-
ple exists as a combination of two hexagonal phases
known as a-LisN (P6/mmm) and metastable (-LisN
(P63/mmc). a-LigN fully transforms to $-LisN near 0.5
GPa, and a second phase transition to a cubic phase,
~-LisN (Fm3m), occurs near 40 GPa. The cubic phase
can be understood as the rocksalt structure with the two
additional Li ions occupying the tetrahedral holes in the
lattice.

In Figure 2, experimental data showing the change in
volume as a function of pressure for 8- and y-LigN are fit
with the 3rd order Birch-Murnaghan equation of state.
Fitting parameters (summarized in [14]) agree well with
results from the DFT calculated equation of state, which
is shown as the dotted curve in Figure 2. The good agree-
ment between experiment and theory indicates that the
approximations made in the calculations are appropri-
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FIG. 2: (Color online) Experimental and calculated equation
of state of - and ~-LigN. In the inset, the high pressure
bulk modulus of -Li3N is compared to other common highly
compressible materials. [22, 23] (NaCl, MgO and Ne Curves
are interpolated up to 200 GPa).

ate for this system. Moderate differences between ex-
perimental and calculated equation of state in the cu-
bic phase may be attributed to the lack of a hydrostatic
pressure medium, or to some overbinding by the GGA
exchange-correlation functional. Negligible broadening
of the diffraction peaks between 43 and 200 GPa in the
~ phase was observed, indicating little inhomogeneous
strain and, therefore, quasi-hydrostatic conditions.

In the inset of Figure 2 we examine the change in bulk
modulus (the inverse of the compressibility) as a function
of pressure for cubic LigN and compare it with isoelec-
tronic neon, as well as other well-known and highly com-
pressible closed-shell ionic solids. The cubic phase follows
the same trend in compressibility as inert neon, indicat-
ing that the coulomb interactions are well balanced in
this isotropic crystal structure, and the closed-shell ionic
state is stabilized to surprisingly high pressure. For fur-
ther details concerning the structural phase transitions,
see [14].

B. X-ray Raman Scattering

While structurally similar to the graphite-diamond and
hexagonal-cubic BN transitions, the different bonding
in LisN (ionic rather than covalent) led us to examine
the electronic structure with X-ray Raman spectroscopy
(XRS), with which one can probe the K-shells of low-Z
materials (in our case, nitrogen). The acquired spectra
(Figure 3) describe the density of electronic transitions
from the nitrogen core to the lowest lying unoccupied
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FIG. 3: (Color online) Measured nitrogen k-edge XRS spectra
from the three phases of LisN compared with calculated Ni-
trogen p and Lithium s projected density of states and with
the calculated X-ray absorption spectrum. The calculated
curves were offset by 394.2 eV (arbitrary) in every case, for
the sake of qualitative comparison with the experimental re-
sults. The vertical dashed line indicates the calculated energy
of highest occupied valence states.

conduction states. In the case of the covalently bonded
materials, the XRS spectrum is characterized by two dis-
tinct features: a sharper peak at lower energy which has
been shown to correspond to transitions to 7* molecu-
lar orbital states, and a broader peak at higher energy
which describes transitions to o* states [26-28]. The
phase transition from a layered hexagonal structure such
as sp2-bonded graphite to a sp3-bonded cubic structure
such as diamond is accompanied by loss of the 7* bond-
ing states. Therefore, one sees the narrower lower energy
peak disappear across the hexagonal-cubic transition in
the covalently bonded compounds. The data acquired
for LisN (Figure 3) show the same characteristic leading
edge peak in both hexagonal phases and not in the cubic
phase.

However, the calculated spectra reveal some important
differences. Within the dipole approximation the nitro-
gen K-edge XRS should give us a reasonably good ap-
proximation of the X-ray absorption spectrum. We there-
fore calculated this quantity from the nitrogen p pro-
jected density of states multiplied by the dipole-allowed

transition matrix elements and a transition probability
(Figure 3). The important features in the experimental
spectrum are reproduced in the calculated X-ray absorp-
tion spectrum and in the nitrogen p projected density
of states. The projected density of states is shown for
the purpose of demonstrating that the leading edge peak
(which, in the case of graphite, represents a 7* bonding
state of almost entirely C p, character [29]) is composed
of similar contributions from p. and p,+p,. This indi-
cates that the nitrogen p states in hexagonal LisN are en-
ergetically less distinguishable; their distribution is close
to spherically symmetric, with little directional charac-
ter. This evidence supports a closed-shell ionic state and
raises questions about the nature of this leading edge
peak. Why is it present in the hexagonal phase and not
in the cubic, if the p electron states are not significantly
affected by the local coordination?

Electronic structure interpretations of ambient LizgN
from previous work claim that the electronic bands from
which this density arises have Li 2s character [1]. We
plot the band structures for the three phases (Figure 4).
In the a phase, the band has a minimum with parabolic
character around the I' point and T'{" (s-like) symmetry.
(-LisN has two formula units per primitive cell, so the
(symmetric) T band folds back at the Brillouin zone
boundary, giving rise to a second band with (antisym-
metric) 'y symmetry (notation taken from Robertson
[30]). The projected density of states in Figure 3 shows a
small Li s-character that does not support a “Li 2s” char-
acterization of this state. Moreover, the density plots in
Figs. 5 and 6 clearly show there is no 2s-like density
around the Li ions that is distinct from the main density
in the interstitial region.

IV. DISCUSSION

We interpret the character of the lowest conduction
band in the hexagonal phases (Figure 4) by comparison
with analogous bands in graphite, graphite intercalates
and hexagonal boron nitride. These latter materials, in
addition to the 7* and o* states in the absorption spec-
trum, possess a smaller and weaker peak, the existence of
which has been long known but generally ignored because
of its overlap with the much more dominant sp bands
[31-33]. Its character, however, is well understood and
in fact very recently it has been suggested to play a vital
role in the superconductivity of the lithium intercalated
graphite compounds [34]. This band (of T} symmetry)
is a free-electron-like interlayer (IL) state, given that its
probability density peaks in interstitial regions between
the hexagonal layers and cannot be assigned to a particu-
lar atomic character. The density in these compounds is
more strongly mixed into other electronic bands than is
the case in LigN, where it is excluded from the region of
N3~ charge both by electron repulsion and by kinetic en-
ergy effects (basically orthogonalization). However this
state still manages to hybridize with the tails of the N 2p
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FIG. 4: (Color online) Calculated electronic band structure for the three phases of LigN, with the interlayer band highlighted

in orange in the two hexagonal phases.

orbitals.

Examination of the density originating from the IL
band in LigN (Figures 5 and 6) indeed verifies, in the
hexagonal phases, a concentration in the more open in-
terstitial regions between the hexagonal planes. How-
ever, the IL bands in this material differ from those seen
in graphite and graphite intercalates and also h-BN. The
effective band masses at the conduction band minima for
« and (-LigN are 0.36m, and 0.46m,, respectively, which
is significantly lighter than for strictly free electron-like
behavior. Also, the IL bands show a dispersion along
k, (I-A) comparable to the in-plane dispersion, indicat-
ing that the states are connected through the interstitial
holes in the hexagonal layers of N ions in this material.
Between 0 and 35 GPa in the 3 phase, the energy of the
IL band (particularly at the minimum at K) changes lit-
tle (Figure 7) while the lithium intercalates’ IL state is
sensitive to the c-axis lattice constant [34, 35]. The insen-
sitivity to pressure (i.e. interstitial volume) and the light
mass of the IL bands of hexagonal LizN phases may be
due to the presence of Li ions between the layers, which
do provide a non-constant (albeit weak) pseudopotential
and do exclude the IL density from the 1s core region.

Within the dipole approximation (limit of small mo-
mentum transfer q), the N k-edge XRS spectrum should
show only final states with N 2p character. In our case (q
~2.2 Afl) this approximation is reasonably good. Tran-
sitions to the IL state are allowed because there are lin-
ear combinations of the IL states at various k points that

will have the same symmetry as the N 2p states, and
thus will hybridize with it. The intensity of the leading
edge peak is a measure of the degree of that hybridiza-
tion. The XRS spectrum, therefore, provides an indirect,
semiquantitative measure of the presence of an IL state.

The IL band interpretation could explain the lack of
sharp onset to the leading edge peak often seen in XRS
due to excitonic effects. In cases where the electronic
transition is 1s — 7* on a single atom, the core hole and
electron are in close enough proximity for an exciton to
be created. In a transition to the more distant IL region,
however, such effects are less likely [36].

Based on our interpretation of the IL state and its ex-
istence due to layered interstitial regions containing only
Li ions, the large increase in band gap across the phase
transition from hexagonal $-LigN to cubic 7-LigN can be
understood simply as a loss of the IL band in the more
close-packed cubic phase; the other conduction bands still
lie at the same energy.

The large bandgap increase is evident experimentally
from the change in optical absorption near the phase
transition (Figure 8), which was also observed by Ho et
al. [13]. The calculated band gap increases from 8 — = is
1.5 to 5.5 eV (the GGA underestimate of the gap is well
known). At 5.5 eV one may expect to see a completely
transparent sample but, in fact, we see a strong yellow-
orange tint. Factors such as absorption from a color cen-
ter produced by Li vacancies (which are indeed predicted
in the hexagonal phases, as a driving force for superionic



FIG. 5: «a-LigN valence density (a) and (unoccupied) inter-
layer band density (b) contours perpendicular to the basal
plane (left panels) and within the basal plane (right panels).
Large regions of white space in (a) signify very low density
whereas the contours in the same areas in (b) denote a max-
imum in the IL density. Contours are labeled in units of 0.01
e/A® and separated by 0.05 e/A® (a) and 0.01 e/A> (b).

conductivity [37]) could cause such a coloration.

The calculated behavior of the y-LizN band gap upon
further increase of pressure is shown in Figure 9. As
volume is reduced, the 5.4 eV indirect fundamental gap
between I' and X begins to increase rapidly, passing the
band minimum at L near V/Vy = 0.4. The I'-L indirect
gap continues to increase more slowly up to 8.2 eV at
V/V, = 0.22 (calculated pressure of ~760 GPa), before
finally beginning to collapse. Metallization via closing of
the I'-L gap finally occurs at V/V, = 0.08 (calculated
pressure near 8 TPa, which is a lower limit due to the
GGA underestimation of band gaps.) The gap closing is
due to broadening of the valence and conduction bands;
the band centers continue to separate throughout the en-
tire range of pressure. At the onset of metallization the
N 2p upper valence states have broadened by a factor of
8.

To give some perspective on how high the metallization
pressure is for v-LigN, some of the highest metallization

FIG. 6: (-LisN valence density (a) and (unoccupied) inter-
layer band density (b) contours perpendicular to the basal
plane (left panels) and within the basal plane (right panels).
Large regions of white space in (a) signify very low density
whereas the contours in the same areas in (b) denote a max-
imum in the IL density. Contour lines are labeled in units of
0.1 e/ A% and separated by 0.05 e/ A3.

pressures that have ever been predicted are for other cu-
bic close-shelled solids Ne, MgO and NaCl at 134 TPa,
21 TPa and 0.5 TPa, respectively [41-43]. Clearly, -
LisN fits well into this family. This analysis neglects the
possibility of an additional structural phase transition for
LigN at higher pressures. An fcc to orthorhombic tran-
sition is conceivable [25]; however, from the example of
He [44], this may not significantly effect the metallization
pressure.

A band gap increase under pressure is observed in
many other semiconducting materials; particularly the
tetrahedrally coordinated zincblende and wurtzite struc-
tures such as diamond [45], group III nitrides [46, 48], and
others [47]. Several effects contribute to the gap increase
in these cubic semiconductors. Of primary importance is
the presence of d-like states in the lower conduction or
upper valence bands. The mechanism for metallization in
most higher-Z ionic, insulating compounds is the strong
relative decrease in energy of the conduction d bands rel-
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FIG. 7: (Color online) Total density of states of valence and
low-lying conduction bands of 3-LisN between 0 and 35 GPa.

FIG. 8: (Color online) Sample image at ambient pressure (a)
and at the S—y phase transition near 40 GPa (b). The bright
spot at 40 GPa is the ruby grain used for pressure calibration.
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FIG. 9: (Color online) Change in valence band energies rel-
ative to bottom of the conduction band in the v phase from
the phase transition to metallization. Energy gaps explained
in the density of states plot (inset): open circles give the fun-
damental band gap, and the energy separation between the
bottom of the conduction band and the center of mass of the
valence band (open triangles) and the bottom of the valence
band (closed triangles) are also shown. Vg is the volume of
a-LizN at ambient pressure.
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FIG. 10: Band gap increases as a function of volume reduction
for related close-shelled cubic Li compounds. LiF and Li2O
are cubic at ambient pressure and Vj refers to the ambient
pressure volume. LisN Vj (in this instance alone) is taken as
the volume at the § — « phase transition.

ative to the s and p valence bands, leading to eventual
transfer of electrons from d to s across the Fermi level,
or hybridization between these states [49]. The reason
for the record-breaking metallization pressure predicted
for Ne is that the band overlap does not occur until the
3d conduction bands have fallen in energy through all
the 3s and 3p conduction bands, to finally overlap the
2p valence bands at an astonishing 34-fold volume com-
pression. This is an example of a more general trend;
that bands with higher total energy (related to principle
quantum number n) will increase in energy with respect
to lower bands, and that bands with smaller ¢ (orbital
character) increase in energy with respect to larger ¢ [49].
Indirect-gap cubic LigN (as well as neighboring cubic Li
compounds for which we also calculated a gap increase
under pressure in Figure 10, consistent with the findings
of [52, 53]) have completely filled 1s shells on the lithium
ions and 2p shells on the anion. The low-lying conduc-
tion bands, therefore, consist of entirely Li 2s/2p char-
acter and anion 3s/3p character (and negligibly small d
character anywhere near the band gap), which can be ex-
pected to increase in energy more rapidly than the lower-
quantum number valence states, resulting in the observed
band gap increase in all three of these cubic compounds.

Larger band broadening in «-LisN compared to Ne due
to the presence of Li ions within the fcc N3~ lattice results
in gap closure for LigN at much lower compression than
for Ne, long before d bands begin to overlap the valence
states. This, as well as the existence of Li character in the
conduction bands which makes the phenomenon more of
an interspecies metallization in LigN, contribute to the
lower metallization pressure than predicted for Ne.

The apparent correlation between cubic structure and
increasing band gap can be explained in a few ways. For
rocksalt compounds that do possess low-lying d bands,
inversion symmetry forbids the p-d interaction at the I
point, resulting in a repulsion between these bands at
k=0. Subsequently, the direct gap increases as a function



of pressure, but indirect gaps decrease as the d bands are
allowed to hybridize [50, 51]. However, for the case of gap
increase in the cubic phase of LisN (whereas the hexag-
onal phases show an unchanged or decreasing gap) the
argument for relative trends in bands of differing orbital
character appears to hold in all phases, and the fact that
the fundamental gap in the hexagonal phases does not
increase seems to be due simply to the more rapid band
broadening. The gap between the conduction and va-
lence states is in fact increasing in the hexagonal phases,
as seen in Figure 7, but the rapid broadening of the in-
terlayer bands as a result of the decrease in interlayer
spacing (decreasing c/a ratio) causes an overall decrease
in the fundamental gap.

V. CONCLUSION

Tonic solid LigN is demonstrated to possess large con-
centrations of unoccupied charge states in the open in-
terlayer regions of the hexagonal phases, which result in
low-lying conduction bands of the variety previously ob-
served in layered covalently bonded compounds but not
to our knowledge previously seen in ionic materials. The

strong hybridization between the interlayer state and ni-
trogen p states allows its detection with X-ray Raman
spectroscopy. The large band gap increase across the
hexagonal-cubic phase transition is then interpreted as a
loss of the interlayer band. Further increase of the band
gap as pressure is increased is related to the rapid up-
ward shift of the lower conduction bands relative to the
valence bands, by reason of their higher angular momen-
tum character.
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