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Lithium phosphorus oxynitride materials have been investigated for many years, especially in relation to the
thin-film electrolyte LiPON, developed at Oak Ridge National Laboratory. We have carried out first-principles
simulations of related crystalline materials as a first step toward understanding the sources of stability and
mechanisms of Li-ion conductivity in these materials. In addition to a comprehensive survey of known crys-
talline materials related to LiIPON, we have also predicted some materials. For example, starting with crystal-
line LiPO3 which has twisted phosphate chains, we considered the possibility of modifying the structure by
substituting N and Li for O. The optimized structures were computed to have regularized phosphate chains
which form planar -P-N-P-N- backbones. To the best of our knowledge, the predicted crystals, which we call
s1-Li,PO,N with a 24-atom unit cell and s,-Li,PO,N with a 12-atom unit cell, have not yet been observed

experimentally. We suggest several possible exothermic reaction pathways to synthesize these crystals.
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I. INTRODUCTION

The thin-film solid electrolyte LiPON developed at Oak
Ridge National Laboratory (ORNL),'” has the composition
of Li,PON,, where x=2y+3z-5, and is the most widely
used solid electrolyte for thin-film batteries and a number
of other related technologies.!? In addition to studies at
ORNL, there has been considerable research!'™'* on the
preparation and properties of LiPON materials. However, de-
tails of the local stoichiometries and structures responsible
for the chemical and mechanical stability and the mecha-
nisms of ionic conductivity are not yet known. While the
LiPON materials are disordered, much can be learned from
related crystalline materials in the Li,PO,N, family of mate-
rials.

A convenient way of systematizing the stoichiometries of
the Li,PO,N_ family of materials is in terms of a quater-
nary diagram'> with vertices at the four constituent
compounds—LiO,,, LiNy,3, POs/,, and PN5;;—as shown in
Fig. 1. The number of materials in the family which have
been reported in the literature, as indicated by the labels on
the edges of the tetrahedron, is quite impressive.

In addition to stoichiometric relationships, the Li,PO,N_
family of materials can be categorized in terms of structural
patterns. While all of the members of the family have tetra-
hedral PO,_,,N,, building blocks, these can be connected in
different ways. For example, they can occur isolated poly-
atomic ions such as [PO4]~* in Li;PO, crystals'® or [PN,]~’
in Li,PN, crystals.!” Phosphate dimers [P,0;]™* have also
been observed in Li,P,0 crystals.!® Alternatively, the phos-
phate groups can share tetrahedral corner ions making
infinitely long chains such as found in LiPO; crystals.!*-?
More complicated structures, such as multiply connected
phosphate network structures such as found in 0-POs),,
crystals.?!

Another meaningful categorization of the Li,PO,N, fam-
ily of materials is in terms of the placement of N in compari-
son with O in the various phosphonitride structures. There is
considerable literature’> which suggests that N provides
“cross linking” between phosphate chains to provide chemi-
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cal and mechanical stability to the materials. In addition to
the singly coordinated N found in Li;PNy, N can be doubly
coordinated (connected to two phosphate groups) as found in
LiPN, crystals?® or can be both doubly and triply coordinated
(connected to three phosphate groups) as found in a-P;Ns,%*
HP4N7,25 and NEIP4N7.26

In this work, we report results of first-principles calcula-
tions on many of these materials reported in the literature
and additionally some new computer predicted stable and
metastable structures. In previous work,”>° we focused on
properties of the isolated phosphate groups based on Li;PO,.
In this work, we consider phosphate cluster, chain, and net-
work structures. Four interconnected motivations for under-
taking the comprehensive survey of the LiPON family of
crystalline materials are (1) to prepare the basis for a study
of their electrolyte properties, (2) to provide a quantitative
measure of the stability of known as well as predicted mem-
bers of the family, (3) to take advantage of the large number
of experimental results available for members of this family
of materials in order to test and refine the validity of the

FIG. 1. (Color online) Composition diagram based on LiO,,,
LiNy3, POs),, and PNjs; starting materials. Shown are labeled natu-
ral and synthetic crystalline materials [dark (blue) circles]. LiPON
thin-film compositions [light (turquoise) circles] reported in the lit-
erature and examples of stable and metastable nitrided phosphate
materials () constructed in this work are also indicated.
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calculational models, and (4) to provide a comprehensive
resource for further work on the LiPON family of materials
for both experimental and theoretical approaches. A fifth mo-
tivation for this survey is to provide information which will
help identify likely local stoichiometries and structures
which may be present in small regions of thin film LiPON
electrolytes.

In Sec. II, we discuss the computational methods used in
this study. In Sec. III, we present results of our calculated
heats of formation for the materials in this study. Detailed
structural properties, including lattice parameters, densities
of states, and phonon spectra are presented in Sec. IV with
separate sections for materials based on phosphate clusters,
linear chains of phosphate, and multiply connected phos-
phate structures in Secs. IV A, IV B, and IV C, respectively.
The results are discussed and summarized in Sec. V.

II. CALCULATIONAL METHODS

The calculations performed in this study were based on
density-functional theory3*3! and were primarily carried out
using the QUANTUM ESPRESSO (PWSCF) package’? and the
ultrasoft pseudopotential (USPP) formalism of Vanderbilt.?3
The pseudopotentials for Li, P, and O were constructed using
the USPP code®’ and tested for agreement with calculations
using other methods and codes.’**> The form of the
exchange-correlation functional was chosen to be the local-
density approximation (LDA).?® Previous work using these
techniques gave excellent agreement with experimental stud-
ies of the structural properties and phonon spectra of
¥-Li;P0,.?8 Details of the calculational methods and conver-
gence parameters were the same as in the previous work.?”-?
For convenience, the partial densities of states and charge-
density contours were evaluated using the PWPAW code’”-3®
which is based on the projector-augmented wave formalism
developed by Blochl.*® Some energy differences and
structural optimizations determined by the PWSCF code
were checked using the PWPAW code and also the ABINIT
code.*0

The results of the calculations allow us to predict and
analyze stable and metastable structures, estimate heats of
formation and phonon vibrational spectra, and to develop
qualitative bonding pictures of these materials based on the
partial densities of states and electron contour diagrams.
These calculations provide the basis for further study of the
technologically interesting electrolyte properties of this fam-
ily of materials.

III. FORMATION ENERGIES

From the total energies of the valence electrons deter-
mined from the Kohn-Sham results of all of the materials, we
can estimate standard heats of formation. The reference en-
ergies, as defined in the CRC Handbook,*! are solid Li in its
body-centered cubic structure, solid P in the “white” struc-
tural form, and O, and N, in their gaseous molecular form.
In this work, the reference energy for Li was calculated di-
rectly. In order to determine the reference energy for P, we
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first calculated the energy of the lowest-energy structure—
“black” phosphorus which has been determined*’ to have
an orthorhombic structure Cmce (#64).** The energy of
white P was determined by adding the experimental value*!
of the heat of formation for white P relative to black P of
39.3 kJ/mol=0.4073 eV/P. For the molecular reference
materials, additional steps had to be taken because, while the
Kohn-Sham formalism using the LDA exchange-correlation
functional is known to do an excellent job of comparing the
energies of materials in the solid state, molecular energies
are treated less well. Accordingly, we followed the approach
of Wang et al.** and adjusted our calculated molecular ener-
gies of both molecular reference materials O, and N, by
making a least-squares fit to standard heats of formation for
the seven compounds indicated in Table I. The fit indicated
that the calculated total energies of O, and N, should be
shifted by —0.4159 eV and —1.5356 eV, respectively. With
these shifts, the reference energies in electron volt per atom
are —194.8150, —355.9719, —-435.4027, and —273.5136 for
Li, P, O, and N, respectively. Of course these numbers are
dependent on internal energy references within the calcula-
tion scheme. On the other hand, energy differences are reli-
able and have been checked using several codes as discussed
above.

While all calculations are based on results for idealized
crystals corresponding to experimental temperatures of 0 K,
we estimate that the additional heat and work needed to
bring the materials to the standard temperature of 298.15 K
is negligible compared to the overall error of the calcula-
tional methods. The results of our calculations of the total
energies of all of the materials of this study, including the
materials used in the fit are given in Table I. The calculated
results agree with the available experimental results within
0.4 eV. It is expected that relative energies between structur-
ally and chemically similar materials are considerably more
accurate than the overall error.

The results shown in Table I show interesting relation-
ships. Among the Li,PO,N_ family members, the highest for-
mation energy per P is found in Li;PO, which is character-
ized by isolated [PO4] polyions. The next highest
formation energy per P is found in Li,PO;,, which is char-
acterized by isolated phosphate dimers [P,0,]™*.!® The third
highest formation energy per P is found in the phosphate
chain structure LiPO;5 in which each phosphate tetrahedron is
connected to two others forming an infinite chain. The ex-
perimentally determined structure (P2/c #13) (Ref. 20) has a
slightly lower formation energy than any of the simpler
structures found in our computer simulations. While there is
not a one-to-one structural correspondence between the ox-
ide (Li,PO,) and nitride (Li,PN,) materials, it is generally
the case that the oxide materials have a lower formation en-
ergy than the nitrides. Intriguing new materials with the sto-
ichiometry Li,PO,N were found in several high-symmetry
structures as will be discussed below.

One would hope that the calculated formations are accu-
rate enough to estimate heats of reaction. We have listed
several observed reactions and our estimate of their exother-
mic energy release in Table II. In making these estimates,
when there was some ambiguity in the form of the starting
materials, we chose the more stable materials. While this is
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TABLE I. Summary of optimization results for Li,PO,N_ and
related materials. For each formula unit (given in first column of the
table), the space-group symbol and (number) (Ref. 43) is listed in
the second column. The calculated heat of formation AH in units of
electron volts per formula unit is given in the third column and
compared with (experimental values) when available. Experimental
values indicated with “*” were used fitting the O, and N, reference
energies as explained in the text. The calculated volume per formula
unit V in units of A3 is given in the fourth column and compared

with (experimental values) when available.

Material Structure AH 1%
Li,O Fm3m (#225) -6.13 (-6.20" ?)

a-LisN P6/mmm (#191)  —1.59 (-1.71* ?)

LiNO, R3¢ (#167)! —-5.43 (-5.01" 3

h-POs)» R3c (#161)] —7.74 (<7.73%°) 46 (52)
0-POs), Fdd2 (#43)% 791 (-7.88 %) 42 (44)
a-PNs; C2/c (#15)! -1.07 (-1.11* %) 33 (33)
PON 142d (#122)™ -4.03 (-3.85*°) 37 (37)
Li,PN, P43n (#219)" -9.69 97 (103)
LiPN, 142d (#122)° -3.70 36 (37)
Li; 4PN, P2,/c (#14) f» -1.79 32
Li; 4PNy C2/c (#15)249 -1.78 30
¥-LisPO, Pnma (#62)"  —21.28 (=21.72* % 75 (79)
Li,PO;,, P1 (#2)° -17.05 68 (71)
Lis;,PO;N ) P1(#2)h -16.67 68
LiPO; P2/c (#13) -12.80 56 (57)
51-LiPO5 Pbcm (#57) -12.73 58
5,-LiPO5 Aem?2 (#39)" -12.73 58
53-LiPO; Pmc2; (#26)" -12.70 67
51-Li,PO,N Pbcem (#57) -12.42 57
$5-Li,PO,N Aem?2 (#39)" -1245 57
53-Li,PO,N Pmc2, (#26)" -12.08 66

From CRC Handbook (Ref. 41).

"From NIST website (Ref. 45).

‘From Ref. 46.
dFrom Ref. 47.

°From Ref. 48; calculated value corresponds to lowest energy con-

figuration of disordered N and O sites.

fOptimized structure based on structure of HP,P;.
£0ptimized structure based on structure of NaP,P,.
"Optimized structure found in this work.

iReference 49.
JReference 50.
kReference 21.
Reference 24.
MReference 51.
"Reference 17.

%References 23 and 52.

PReference 25.
dReference 26.
"Reference 16.
SReference 18.
Reference 20.
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TABLE II. Some predicted reactions from first-principles calcu-
lations. The first column indicates the reaction. The second column
gives the exothermic energy release (AH in electron volts for given
stoichiometry) estimated by our calculations. The last column gives
a literature reference where the reaction was mentioned.

Reaction AH Reference
L13N+P3N5—>3L1PN2 6.3 23
P205+P3N5—>PON 1.1 54

not a quantitative comparison, it is encouraging and provides
some confidence for the prediction of new reaction discussed
further below.

In order to make a qualitative correlation of the
formation-energy trends with the structural properties, we list
in Table I the experimental and calculated volume per for-
mula unit for members of the LiPON family of materials. As
expected for calculations using the LDA exchange-
correlation functional, the volumes are systematically calcu-
lated to be smaller than experiment but close enough to see
the qualitative trends. The largest volume per P is found in
materials with isolated tetrahedral—Li;PO, and Li;PN,. The
next largest volume per P is found in the material with iso-
lated phosphate dimmers—Li,PO;,, which is discussed in
more detail in Sec. IV A below. The chain structure materials
LiPO; have a considerably smaller volume per P than either
of these classes of materials. The volume for experimentally
realized structure® (56—57 A3) is smaller than the computer
generated structures (58—67 A3). These structures are dis-
cussed in more detail in Sec. IV B. The most compact struc-
tures in this family are found with multiply connected phos-
phate and phosphonitride groups as discussed in more detail
in Sec. IV C.

IV. DETAILED RESULTS
A. Phosphate clusters
1. Structural forms

Crystals of LisPO4 in y and B structures are based on
isolated PO’ ions. As has been discussed in previous
work,2”2° the two structures are very similar in terms of
their total energies and their packing volumes; differing pri-
marily in the relative orientations of the phosphate tetrahe-
dra.

Crystals of LiyP,0; are based on phosphate dimers where
two phosphate groups share a “bridging” O. This material

has been found'® to crystallize in the P1 structure with 26
atoms per unit cell. Figure 2 shows a ball and stick diagram
of the structure indicating the relative alignment of the
dimers.

The optimized structure determined in the calculation is in
very good agreement with the single crystal x-ray results
reported in Ref. 18 as shown in the quantitative results given
in Table III. The calculated values of the lattice parameters
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FIG. 2. (Color online) Ball and stick diagram of eight unit cells

of LiyP,07 in the P1 structure (using a nonstandard origin). The
atomic sites are indicated with the following ball styles: Li (light), P
[gray (yellow)], and O [dark (blue)].

are systematically smaller than experiment as is consistent
with previous experiences with LDA calculations. The com-
parison between calculated and measured fractional coordi-
nates generally shows a difference smaller than +0.01 frac-
tional units.

TABLE III. Top table lists lattice parameters (in A) and angles
(in degrees) for Li,P,O; in the P1 structure, comparing experi-
mental results of Ref. 18 with calculations of the original and
nitrided materials. Second table lists inequivalent fractional coor-
dinates of a conventional cell of LiyP,0; comparing computed

and (experimental values).

a B Y

a b c (deg) (deg) (deg)
Li,P,0,
(expt.) 8.56 7.11 5.19 111.4 90.0 103.1
Li,P,0,
(calc.) 8.40 7.01 5.13  111.7 90.0 103.6
LisP,OgN
(calc.) 8.46 7.20 486 109.9 90.3 100.2
Atom b y Z
P(1) 0.850 (0.846) 0.227 (0.222) 0.444 (0.438)
P(2) 0.626 (0.631) -0.216(-0.214) 0.215 (0.214)
o(1) 0.680 (0.684) 0.042 (0.038) 0.315 (0.308)
0o2) 0.882 (0.875)  0.268 (0.259) 0.752 (0.741)
0(3) 0.798 (0.794)  0.407 (0.398) 0.394 (0.390)
0(4) 0.985 (0.982) 0.149 (0.151) 0.268 (0.270)
0(5) 0.618 (0.622) -0.264(-0.261) 0.482 (0.476)
0(6) 0.463 (0.472) -0.276(-0.270) 0.045 (0.047)
o(7) 0.763 (0.763) —0.296(-0.297) 0.041 (0.041)
Li(1) 0.788 (0.791)  0.677 (0.673) 0.653 (0.644)
Li(2) 0.444 (0.452) 0.745 (0.755) 0.699 (0.702)
Li(3) 0.763 (0.754) 0.422 (0.412) 0.027 (0.016)
Li(4) 0.987 (0.988) 0.855 (0.854) 0.106 (0.110)
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FIG. 3. (Color online) Partial densities of states plots for
Li,P,0; and LisP,O¢N in the P1 structure compared with that of
v-Li;PO,. The abbreviations “tetr.” and “br.” are used to distinguish
sites with tetrahedral and bridge bond coordination of O or N with
neighboring P, respectively.

In addition to considering the reported material, we also
considered the possibility of introducing N into this struc-
ture. From past experience,?’ we know that it is energetically
favorable for N to substitute for an O in a bridging site be-
tween two phosphate groups (or corner sharing site) rather
than an tetrahedral site. If every bridging O were replaced by
N (plus Li to ensure charge neutrality), the stoichiometry
would be LisP,O¢N. Of the several possible structures of this

material which maintain the P1 structure, the lowest-energy
structure reported in Table I has the lattice parameters given
in Table III and its inequivalent atom positions are given in
Table XII in the Appendix. We did verify that if the N’s were
to have replaced tetrahedral O’s instead of the bridging O’s,
the total energy per formula unit was higher than that re-
ported in Table I by at least 1.7 eV. The optimized structure
of LisP,O¢N is very close to that of LiyP,O; as shown in
Table XII. The extra Li sites are positioned 2.0 A from a N
site in a dimer and 1.9 A from two O sites in an adjacent
dimer.

2. Densities of states

The partial densities of states of these materials contain
useful qualitative information about covalent bonding prop-
erties. Using Eq. 1 of Ref. 28, we have evaluated the partial
densities of states for LiyP,O- and LisP,O¢N and compared
them with those of LisPO, in the vy structure as shown in Fig.
3. Each plot of (N“(E)) represents the density of states
weighted by the charge within each atomic sphere a, aver-
aged over spheres of each atom type. The pattern of the
partial densities of states for both Liy,P,O; and LisP,O¢N are
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FIG. 4. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations (in units of per centimeter) for
LisP,0;. The lengths of the lines segments indicate the contribution
of each atomic type as defined in Eq. (1). In this case, we distin-
guish the O sites having a tetrahedral configuration to P by “O
(tet.)” and the O sites associated with the bridge bonds by “O (br.).”

very similar; the bridging O contributions are at lower en-
ergy than those of the bridging N, as expected from the
greater nuclear attraction of O compared to that of N. Both
materials have a low-energy state of 2po character associ-
ated with the bridging O or N ion, similar to that previously
identified in PNP and POP defect structures in LisPO,
crystals.?” Presumably these states contribute to the stability
of the dimer structures.

3. Lattice vibrations

The zone-center vibrational modes including both
infrared- and Raman-active modes were calculated. In ana-
lyzing the phonon spectra of the materials, we developed the
following method for qualitative interpretation of the modes.
For the equilibrium configuration of the system with atomic
positions {R§}, where a indexes the atomic sites, the QUAN-
TUM ESPRESSO package determines the dynamical matrix and
solves for the normal-mode displacements {SR“} for all at-
oms in the unit cell. In general, we are interested in the
magnitudes of the displacements of each type of atom in
order to distinguish Li-ion motions from those of P, O, and
N. Accordingly, we can define an average displacement for
each type of atom according to

EISR“

taet

(|oR) =

(1)

where the sum is taken over the N, sites in the unit cell
corresponding to atom type a=t. For plotting purposes these
average displacements (|SR'|) are then scaled to unity.
Results for LiyP,O5 are presented in Fig. 4. This spectrum
has some similarity to the phonon spectra of Li;PO, pre-
sented in Ref. 28. There is a gap in the spectrum between
720=v=910 cm~'. The highest-frequency mode is
1200 cm™! while for Li;PO,, the highest-frequency mode is
1150 cm™'. Modes with the largest involvement of the
bridging O occur at 920 and 1000 cm™!. The modes with the
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FIG. 5. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations (in units of per centimeter) for
LisP,OgN plotted in the same scheme as in Fig. 4 except that bridge
bonds are occupied by N’s and the amplitudes are labeled “N (br.).”

largest involvement of Li motion occur at frequencies 0= v
=700 cm™'. We will see that this pattern is common to this
family of materials. Results for our structure of LisP,OgN
are presented in Fig. 5. The spectrum covers a slightly
smaller frequency range than that of Liy,P,O; and the modes
with the largest involvement of bridging N motions occur at
780 and 1130 cm™.

B. Linear phosphate chains
1. Structural forms

Crystals of LiPO; are characterized by infinite linear
chains of phosphate, where in each formula unit, two O’s
make tetrahedral bonds with P while the third O is involved
with a bridge bond between two phosphate groups. LiPO;
can be prepared from a Li,O-P,O5 glass by heating to the
crystallization temperature of 486 °C.3 The structure of
crystalline LiPO; was analyzed by Murashova and
Chudinova.?® It was found to have the space group P2/c
(#13 in the International Tables of Crystallography) (Ref.
43) with 100 atoms per primitive unit cell. Earlier structural
analysis by Guitel and Tordjman!® is equivalent. Figure 6

a+c

FIG. 6. (Color online) Ball and stick model of natural LiPO;
using the same ball styles as given in Fig. 2. The chain direction is
perpendicular to the plane of the diagram.
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FIG. 7. (Color online) Single chain view of natural LiPO;
shown in Fig. 6.

shows a ball and stick model of the structure, showing the
arrangement of the chains using lattice parameter labels con-
sistent with Ref. 20. It is also helpful to visualize the chain
structure itself shown in Fig. 7. This figure shows the chain
to be twisted about its axis with a periodicity of ten phos-
phate groups.

Table IV shows the comparison between the calculated
and experimental lattice parameters while the calculated and
measured fractional coordinates are given in Table XIII in
the Appendix. Again, the agreement between experiment and
calculation is quite good.

In addition to studying this naturally occurring structure,
we constructed several related stable and metastable struc-
tures, primarily motivated by the question of the role of N in
the LiPON materials.

First, we considered the possibility of substituting N for O
in natural LiPO5. From past experience?’ including the study
of LisP,O¢N described above, we know that it is energeti-
cally favorable for N to substitute for an O in a bridging site
between two phosphate groups (or corner-sharing site) rather
than an tetrahedral site. Therefore, starting with the P2/c
structure of natural LiPOs, we substituted the 20 bridging
oxygen with nitrogen and also introduced 20 additional Li
atoms into the structure. The relaxation results were remark-
able; showing that the nitrided chain has a very stable struc-
ture with a periodicity of (PO,N), groups. The optimized
structure (which we call s,-Li,PO,N) was found to have 24
atoms per unit cell with Pbcm symmetry (#57). The most
intriguing structural feature of s;-Li,PO,N compared to
LiPOs; in its natural monoclinic P2/c structure, is the regu-
larization of the chain structure with a planar -P-N-P-N-
backbone.

In the s;-Li,PO,N structure, there are two orientationally
inequivalent phosphonitride chains. If one of the chains is
rotated by 180° about a perpendicular axis, the s,-Li,PO,N
structure is obtained. This second structure has 12 atoms
per unit cell with Aem2 (#39) symmetry. As shown in
Table I, the energies and volumes of these two structures
are very similar. Once these two new compounds were ob-
tained, we found corresponding metastable structures of

TABLE IV. Lattice parameters (in A) for the P2/¢ structure of
LiPO; comparing calculated results with the experimental results of
Ref. 20.

a b c B (deg)
Expt. 13.074 5.4068 16.452 99.00
Calc. 13.00 5.30 16.31 98.8
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2a

2¢

FIG. 8. (Color online) Ball and stick model of s;-Li,PO,N
structure using same ball styles as in Fig. 2 with the addition of N
[dark gray (green)].

LiPO3—s;-LiPO; and s,-LiPO; with Pbcm and Aem?2 sym-
metries, respectively. Figures 8 and 9 show several unit cells
of Pbcm crystals for s,-Li,PO,N and s,-LiPO3, respectively,
in a similar perspective as the natural structure shown in Fig.
6. More detail of the chain structures are shown in Fig. 10
which also shows charge-density contours in the plane of the
chains. The chain structure of s;-LiPO; shown in Fig. 10 is
clearly a regularized version of the chain structure in the
natural LiPO5 shown in Fig. 7, with a strict planar structure
for the backbone P-O-P groups. Since the energy of this
structure is 0.06 eV higher than that of natural LiPOs, it is
unlikely that it could be physically realized. However, it is a
useful structure as an idealized model of the natural structure
and perhaps short sections of the glass. The chain structure
of the corresponding Aem?2 structures is virtually identical to
those of the Pbcm structures. The s-LiPO3 and s,-LiPO4
structures provide useful references for their nitrided counter
parts—s;-Li,PO,N and s,-Li,PO,N, which we predict to be
physically realizable materials. The s;-Li,PO,N chain struc-
ture shown in Fig. 10 has a very similar backbone structure
with a strict planar structure for the backbone P-N-P groups.
The main difference is that while in s,-LiPO;, the Li’s
are shared between tetrahedral O’s in different chains,
s;-Li,PO,N has one Li for every tetrahedral O. In fact, in
both s;-Li,PO,N and s,-Li,PO,N structures, each Li has
both N and O nearest neighbors. The electron charge-density
contours in the backbone planes of Fig. 10 show that in the
P-N-P structure the density is more dispersed than in the

. 7>

222

A <Ly

2a

FIG. 9. (Color online) Ball and stick model of s,-LiPO; struc-
ture using same ball styles as in Fig. 2.
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FIG. 10. (Color online) Single chain views of s;-Li,PO,N (a)
and s;-LiPOj; (b) with superimposed contours of valence densities
plotted in a plane passing through each chain.

corresponding P-O-P structure. A similar trend was seen in
previous work?” on dimer P-N-P and P-O-P structures.

Table V lists the lattice parameters and inequivalent frac-
tional coordinates for the four materials. The primitive unit
cells of the Aem?2 structured materials contain half as many
atoms as the corresponding Pbcm structured materials. These
tables quantify that for each crystal type, the phosphate chain
structures found in Li,PO,N and LiPO; materials are very
similar.

There are many other metastable structures of the phos-
phonitride chain materials. For example, we were able to
construct a so-named s3-Li,PO,N with Pmc2, (#26) symme-
try in the following way. Our previous studies of O and N
defects in y-LizPO, showed that if one O is removed and
another O is replaced by N in a given PO, group, it is pos-
sible to form phosphate dimers with P-N-P bonds. Starting
with a supercell of y-Li;PO,, we were able to form a meta-
stable structure with periodic P-N-P chain structure by sys-
temically removing one O, removing one Li, and substituting
one O with N for each formula unit, with several intermedi-
ate optimization steps. As reported in Table I, the resulting
s3-Li,PO,N structure has an energy 0.35 eV higher than that
of 5,-Li,PO,N and the corresponding s3-LiPO5 structure has
an energy 0.03 eV higher than that of s;-LiPO;. Figure 11
presents a ball and stick model of the nitrided structure. This
structure has 24 atoms in the primitive unit cell and its chains
are characterized by a repeat unit of (PO,N), but in contrast
to the s; and s, structures, the phosphate groups within a
repeat unit are twisted by 90° relative to each other. This
structure is also characterized by greater void spaces than the
other structures.

The optimized lattice constants for both s5-Li,PO,N and
s3-LiPO; are given in Table VI and the corresponding
fractional coordinates are in Table XIV given in the Appen-
dix. While it may not be possible for these structures to be
physically realized, they also are good examples of idealized
chain structures which may represent local geometries in
glass phase materials. They also clearly demonstrate the flex-
ibility of the phosphate chain geometries.

PHYSICAL REVIEW B 81, 184106 (2010)

TABLE V. Top table lists computed lattice parameters (in A) for
the Pbcm structures of s1-Li,PO,N and s;-LiPO; and the Aem2
structures of s,-Li,PO,N and s,-LiPOj3. Second table lists computed
inequivalent fractional coordinates in conventional cells of these
crystals. The “Pos” column indicates the conventional cell multi-
plicity and Wyckoff label (Ref. 43).

a b c
s1-Li,PO,N 5.35 4.68 9.16
s1-LiPO; 5.27 4.73 9.28
5,-Li,PO,N 5.35 9.08 4.68
5,-LiPO; 5.29 9.28 4.75
Atom Pos X y Z
s1-Li,PO,N
Li 8e 0.167 —0.454 —-0.408
P 4d 0.341 0.456 0.250
(0] 8e 0.184 —-0.039 —-0.386
N 4d -0.387 —-0.388 0.250
51-LiPO;
Li 4c -0.021 0.250 0.000
P 4d 0.323 0.438 0.250
o(1) 8e 0.185 0.014 -0.388
0(2) 4d -0.421 -0.383 0.250
$,-Li,PO,N
Li 8d 0.168 0.409 —-0.049
P 4c 0.341 -0.250 —-0.043
(6] 8d 0.185 -0.113 0.040
N 4c —-0.387 —-0.250 0.113
5,-LiPO;

Li 4a 0.000 0.000 0.219
P 4c 0.323 —-0.250 -0.076
o(1) 8d 0.185 -0.112 -0.029
0(2) 4c —-0.423 —-0.250 0.106

2. Densities of states

The partial densities of states of these materials contain
useful qualitative information about covalent bonding prop-
erties. Figure 12 compares the partial densities of states of
three forms of the phosphate chain materials. (The partial
densities of states of s;-LiPO5; and s,-LiPO; are nearly iden-

2b

| 2a

2¢

FIG. 11. (Color online) Ball and stick model of s3-Li,PO,N
structure using same ball styles as in Fig. 8.
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TABLE VI. Computed lattice parameters (in A) for the Pmc2,
structures of s3-Li,PO,N and s3-LiPOs5.

a b c
s3-Li,PO,N 5.13 5.14 10.04
s53-LiPO; 4.97 5.36 10.12

tical so only one is presented.) From these plots, it is evident
that the low-energy 2po state associated with the P-O-P
bridge bonds found in the dimer material Li,P,O; has now
become a one-dimensional band. (In fact, the spiky structure
seen in these plots is due to the sensitivity of the density of
states to the k-point sampling of one-dimensional bands.)
These o-bond chain bands have a width of approximately 3
eV and they are separated from the main contributions of the
tetrahedral O states by approximately 2 eV. Because of these
low-energy o-bond bands, the overall valence bandwidth of
the LiPO; materials is considerably larger than that of
'}’-Li3PO4.

The partial densities of states of two structural forms of
Li,PO,N are shown in Fig. 13. The qualitative features of the
plots are quite similar to those of the corresponding LiPO4
materials, although the states due to N are generally shifted
to higher-energy relative to those of O. The low-energy o
bands associated with the P-N-P chains have a bandwidth of
roughly 3 eV and are located just below the main contribu-
tions due to the tetrahedral oxygen. In both of the structures,
the highest occupied states correspond to the upper 7 bands
on the N sites. Further analysis of the s,-Li,PO,N structure
indicates that these states have most of their density perpen-
dicular to the plane of the chains, consistent with the notion
of “lone-pair” states® of N.

3. Lattice vibrations

In order to further evaluate the lattice properties of these
materials, we also calculated the zone-center lattice vibra-

o
4

e |
=
O4
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—Li
10 (tet.)
0.5+ — O (br.)
g 1) SN
'§ 0——1 1 —— =
§ 1+s -LiPO -
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R o1- natural
k= LiPO,
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FIG. 12. (Color online) Partial densities of states plots for natu-
ral LiPOj3, s;-LiPO3, and s3-LiPO;5 using the same notation as in
Fig. 3.
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FIG. 13. (Color online) Partial densities of states plots for
s1-Li,PO,N, and s3-Li,PO,N using the same notation as in Fig. 3.

tions. Figure 14 shows both the Raman-active and infrared
active modes of s;-Li,PO,N while Figs. 15 and 16 give the
corresponding plots for s;-LiPO; and natural LiPO;, respec-
tively.

In general, the vibrational modes for the nitrided crystal
are at lower frequency than the corresponding modes for the
pure phosphate crystals. The highest frequency for the LiPO5
structures is 1350 (cm)~™' while for s,-Li,PO,N, it is
1130 (cm)~!. We see that the main involvement of Li mo-
tions comes in the lower-frequency modes in the range
0=v=700 (cm)~!, which couple to local rotations of
the phosphonitride tetrahedra. Not surprisingly, there is
a much denser distribution of those modes in natural
LiPO;, than for the simpler s;-LiPO; structure. The
modes corresponding to stretching vibrations of the tetrahe-
dral P-O bonds are the highest-frequency modes 1100=v
=1350 (cm)~! in the LiPO5 materials. For s,-Li,PO,N, the
corresponding modes occur in the lowered-frequency range
960=v=1130 (cm)~!. Modes that have significant involve-
ment of the bridging N occur at the frequencies 850, 1060,
and 1120 (cm)~! for s,-Li,PO,N. The corresponding bridge
bond O modes occur at the frequencies 940 and 1070 (cm)~!
for s;-LiPO; and in a similar range for natural LiPO;. There
are similarities between the vibrational modes of the infinite

i O(tet) —N(br) P
Hi
i || || ‘ l lll ‘ !

I|| ®

200 600 1000L * 12‘00 1400
I I

| J| I‘Ihnll‘ Lo

0 200 400 600 800 1000 1200 1400

Y (cm)'1

FIG. 14. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for s;-Li,PO,N using the same nota-
tion as that given in Fig. 5.
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FIG. 15. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for s,-LiPO; using the same notation
as that given in Fig. 4.

chain structures s;-Li,PO,N and s,-LiPO5 shown in Figs. 14
and 15 and the corresponding dimer materials LisP,OgN and
LiyP,0; in Figs. 5 and 4, respectively.

C. Network structure materials
1. Structural forms

The next level of complication for the phosphate struc-
tures can be described in terms of “networks” of phosphate
groups connected in multiple dimensions and multiple bond-
ing configurations. An example of a network structure mate-
rials is 0-P,O5 which has been crystallized in the Fdd2
structure.?! The primitive cell has 14 atoms. Figure 17 shows
the conventional cell structure. Each PO, group is connected
to three other PO,’s through bridging O sites, leaving 1 iso-
lated tetrahedral O for each phosphate.

Table VII compares the calculated and experimental lat-
tice parameters and fractional coordinates, respectively, gen-
erally showing very good agreement.

Another example of a network structured material is
a-P;Ns which has the C2/c structure.’** It is one of the

—_ Ll O(tet )

N ARy I

0

200 400 600
T T I

—O(br ) P

(R)

1000 1200 1400

||. “I"' il
@

0 200 400 600 800 1000 1200 1400
-1
v (cm)

FIG. 16. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for natural LiPO5 using the same no-
tation as that given in Fig. 4.
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FIG. 17. (Color online) Ball and stick model of conventional
unit cell 0-P,O5 in its Fdd2 structure using ball styles of previous
figures.

most densely packed materials with respect to the volume
per P as indicated in Table I characterized with both doubly
and triply coordinated N’s. The primitive unit cell contains
16 atoms. A ball and stick diagram of the conventional unit
cell is given in Fig. 18.

Table VIII lists the lattice constants and fractional coordi-
nates in comparison with experiment. In this notation,>* the
triply coordinated N site is labeled N(3). The structural pa-
rameters from our calculations are in good agreement with
both experiment and the previous computational results of
Kroll and Schnick®® and Dong et al.”’ Interestingly, our com-
puted lattice constants for a-P;Ns are slightly larger than
experimental and previous calculational results. Since this
trend is unusual for LDA calculations of this type, the result
was rechecked using both the PWSCF and ABINIT codes.

An example of a network structure which also contains Li

is LiPN, which has been crystallized in the 142d (#122)
structure. 32 In this structure, each P is bonded to four
bridging N’s. The primitive cell has eight atoms and contains
three inequivalent sites (one for each atom type) as shown in
Fig. 19. In Table IX, the calculated and experimental lattice
parameters are compared. Our calculated results are very
similar to those recently reported by Basalaev et al.>®

As far as we know, no other Li-containing network struc-
tures have been reported. However, based on reported struc-
tures for HP,PN; (P2,/c, Ref. 25) and NaP,PN; (C2/c Ref.
26), we have found two metastable structures for LiP,PN;
which are shown in Fig. 20. These structures are closely
packed and the nitrogens have multiple bonding configura-

TABLE VII. Top table lists lattice parameters (in A) for the
Fdd2 structure of 0-P,O5 comparing calculated results with the
experimental results of Ref. 21. Second table lists computed in-
equivalent fractional coordinates for a conventional cell of this
crystal compared with the (experimental values).

a b c
Expt. 16314 8.115 5.265
Calc. 16.29 8.13 5.12
Atom Pos X y Z

16b  0.176 (0.175) 0.165 (0.169) —0.001 (0.000)

o(1) 160 0.197 (0.194) 0.083 (0.085) 0.244 (0.234)
0(2) 160 0.112 (0.113) 0.311 (0.320)  0.021 (0.026)
0(3) 8a 0.250 (0.250) 0.250 (0.250)  0.848 (0.857)
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FIG. 18. (Color online) Ball and stick model of conventional
unit cell of a-P3;N5 in the C2/c¢ structure using the ball styles given
in previous diagrams.

tions. A comparison of the calculated and experimental lat-
tice parameters is given in Table X. Fraction atomic positions
are given in the Tables XV and XVI in the Appendix.

2. Densities of states

It is interesting to compare the densities of states of some
of these network structured materials which are shown in
Fig. 21. From these results, we see that the bandwidths for
these structures are considerably larger than those of the iso-
lated clusters and of the linear chain materials. The triply
coordinated N states in a-P3;Ns and in LiP;N; contribute
throughout the spectrum, having larger contributions in the
lower-energy range where N 2po bridge bond states also
contribute. Our density of states for LiPN, are in good agree-
ment with the previously reported results of Basalaev et al.>®
In all of these density of states plots, there is a separation
between the upper states having mostly N or O 2p7r charac-
ter and the lower-energy states having mostly N or O 2po
character. The bandwidth for the O 2pr states in 0-P,O5 is
larger roughly 2 eV larger than the corresponding band-
widths for the N 2p 7 states in the phosphorus nitride mate-
rials.

3. Lattice vibrations

Figures 22-25 show the analyzed zone-center vibrational
spectral for the network structure materials. To the best of

TABLE VIII. Top table lists lattice parameters (in A) for the
C2/c structure of a-P3Ns comparing calculated results with the
experimental results of Ref. 24. Second table lists computed in-
equivalent fractional coordinates of a conventional of this crystal
compared with the (experimental values).

a b c B (deg)
Expt.  8.12077 5.83433 9.16005 115.809
Calc. 8.14 5.85 9.17 116
Atom Pos X y z
P(1) de 0.000 (0.000) 0.517 (0.518)  0.750 (0.750)
P(2) 8f 0.135 (0.136) 0.204 (0.204)  0.056 (0.057)
N(1) 4a 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)
N(2) 8f 0.132 (0.129) 0.362 (0.362)  0.192 (0.192)
N(3) 8f 0.145 (0.143) 0.355 (0.357) -0.100(=0.101)
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FIG. 19. (Color online) Ball and stick model of several conven-

tional unit cells of LiPN, in the /42d structure using the ball styles
of previous diagrams.

our knowledge, the only experimental measurement to which
we can compare these results is the infrared spectrum of
a-P;N5 which has been measured by several groups.?*>%
In Fig. 26, we show the results of our infrared-active fre-
quency modes superposed on the experimental measure-
ments of Horstmann et al.,* showing excellent agreement
especially in the range of the highest-frequency modes at v
=1410 cm™'. Early calculations on this same system by
Kroll et al.>% were also in reasonable agreement with ex-
periment, although in that work the highest modes were cal-
culated to be 50 cm™' lower than those measured experi-
mentally. For LiPN,, the vibrational spectrum was also
calculated in the earlier work of Basalaev et al.’® while there
is some agreement of our results with theirs, there are some
disagreements particularly at higher frequencies.

V. DISCUSSION AND SUMMARY
A. Predicted Li,PO,N structures

The prediction of several high-symmetry stable crystals
having the composition of Li,PO,N is very intriguing. To the
best of our knowledge, these structures have not
been yet realized experimentally. However, from the cal-
culations of heats of formation, we can predict several
possible exothermic reactions that could produce s;-Li,PO,N
or s,-Li,PO,N. Some of these are listed in Table XI below.

TABLE IX. Structural parameters of LiPN, in the I42d struc-
ture, comparing calculated results with the experimental results of
Ref. 52. For this structure, the inequivalent atomic positions are Li
at 4b sites (0,0, 3), P at 4a sites (0,0,0), and N at 84 sites (x, 7, 3)-
The table lists lattice constants (in A) and x.

a c X
Expt. 4.575 7.118 0.1699
Calc. 4.47 7.26 0.173
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FIG. 20. (Color online) Ball and stick models of multiple con-
ventional cells of LiP,N; using the ball styles of previous diagrams.
The (a) diagram shows the P2,/c structure using the conventions of
Ref. 25 and the (b) diagram shows C2/c structure using the con-
ventions of Ref. 26.

From the viewpoint of testing the predictive capabilities
of first-principles calculations, we would like to challenge
our experimental colleagues to study some of these reactions
as well as others. The fact that Li,PO,N has not been re-
ported in the literature may indicate that the computer mod-
els are incorrect but it may also be simply that no experimen-
tal study has yet included the conditions which would allow
Li,PO,N to be produced. For example, in their study of
glassy LiNaPON materials, Le Sauze et al.%! used the com-
position range LijsNaysPOs;_5,»,N,, with 0<x=0.55. By
keeping the Liy;Najs concentration constant, it would not
have been possible to reach the equivalent stoichiometry of
LiNaPO,N.

Our preliminary results on the electrolyte properties of
Li,PO,N indicate that activation energies for Li-ion conduc-
tion are similar to that of natural LiPO;. While Li,PO,N may
or may not turn out to be technologically useful as an elec-
trolyte, it will at least provide a valuable reference material
for unraveling the properties of the LiPON family of electro-
Iytes.

B. Triply coordinated N in LiPON materials

There is considerable experimental evidence that N con-
tent in disordered oxynitride and phosphorus oxynitride ma-
terials improves the mechanical and chemical properties of
the material in terms of increased chemical stability and

TABLE X. Lattice parameters (in A) for metastable structures
of LiP,PN; compared with corresponding experimental structures
of HP,PN; (P2,/c Ref. 25) and NaP,PN; (C2/c Ref. 26).

a b c B (deg)
P2,/c Expt. 15.0795  4.80304  7.10722 92.191
P2,/c Calc. 15.09 4.86 7.06 91
C2/c Expt. 12.3345 8.5230 5.1397 102.572
C2/c Calc. 11.77 8.26 5.10 102
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FIG. 21. (Color online) Partial densities of states of some net-
work structured materials. The notation is similar to that used in

previous diagrams with the addition of “(trp.)” to indicate triply
coordinated N site contributions.
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physical hardness and decreasing the thermal-expansion
coefficient.®? As a possible mechanism for the stabilizing ef-
fects of N, the literature on LiPON films has many references
to doubly and triply coordinated N sites.»?261:93 n addition
to their stability, the electrolyte properties of these materials
are also of interest which means that they should also contain
mobile Li ions. At the extreme concentration of triply coor-
dinated N exhibited by @-P;Ns, there are no mobile Li ions.
The two possible forms of LiP,O; that we have analyzed
have a small concentration of mobile Li ions and some triply
coordinated N sites. Thus for crystalline forms of LiPON
materials, it seems that triply coordinated N materials can
only occur at low Li concentrations. The structural condi-
tions of disordered thin films are of course less restrictive
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FIG. 22. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for 0-P,O5 using scheme of previous
diagrams.
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FIG. 23. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for a-P3;Ns using scheme of previous
diagrams with the addition of the notation (trp.) to indicate triply
coordinated N amplitudes.

that those of the crystal but this reasoning leads to the sug-
gestion that in order to sustain the Li concentrations of typi-
cal LiPON films, only a small number of triply coordinated
N sites are possible. Here we have defined a triply coordi-
nated N site to refer to a N which is bonded to 3 P’s whereas
the experimental detection of triply coordinated N sites may
be more general. For example, in the s;-Li,PO,N and
s,-Li,PO,N structures, the N’s are each bonded to two phos-
phate groups but they are also each positioned close to a Li
site as well. If this would be detected as a triply coordinated
N site, it seems conceivable that s;-Li,PO,N-like structures
might be present in small regions of LiPON films.

The experimental detection of triply coordinated N sites,
as well as other bonding configurations has used x-ray
absorption, nuclear magnetic resonance, and vibrational
spectroscopy.*?261:63 In terms of the vibrational spectros-
copy, we see that it is difficult to identify “signature” vibra-
tional modes associated with N sites or with other compo-
nents of the system. For example, by comparing the Raman
spectra LiyP,O5 and LisP,O¢N in Figs. 4 and 5, we see that
one of the modes involving the bridging O and N sites has a
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0 200 400 600 800 1000 1200 1400
T T T T T T
@
1 1 1 1
0 200 400 600 800 1000 1200 1400
-1
v (cm)

FIG. 24. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for LiPN, using scheme of previous
diagrams.

FIG. 25. (Color online) Raman-active (R) and infrared-active (I)
zone-center lattice vibrations for LiP4N; in the P2,/c structure us-
ing scheme of previous diagrams.

frequency of 920 cm™' in Li,P,O, and 780 cm™' in

LisP,OgN. Since we have not yet analyzed the amplitudes of
these spectra, more work needs to be done. On the other
hand, it is clear that the phonon spectra are not localized
probes of the structure. For example, the bridge-bonding N
contribution which is found at the frequency 780 ¢cm™! in the
dimer material LisP,O¢N is found at frequency 850 cm™ in
the infinite chain material s,-Li,PO,N. The modes associated
with bond stretching of the tetrahedral P-O bonds are also
not invariant to the other structural properties of these mate-
rials. The same argument applies to identify modes associ-
ated with the triply coordinated N sites in a-P;Ns5 or LiP4N;.
On the other hand, it is clear that, if vibrational spectra of a
material are available, calculations such as those reported
here can be helpful for analyzing possible structural forms.

C. Summary

In this paper, we have presented a comprehensive survey
of crystalline members of the LiPON family, including both
known and predicted materials. Having demonstrated reason-
ably good agreement with experimental measurements of

ission
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FIG. 26. (Color online) Infrared spectrum of a-P;N5 reproduced
from Ref. 24 and superposed with the corresponding frequencies
calculated in this work (also shown in Fig. 23).
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TABLE XI. Some predicted reactions to produce s;-Li,PO,N or
5,-Li,PO,N with AH in electron volts indicating the predicted exo-
thermic energy release as in Table II.

Reaction AH
1P,05+1P;Ns—Li,PO,N 2.5
LiPO;+Li3N — Li,PO,N+Li,O 45
LiNO;+Li+P— Li,PO,N+10, 7.0

some structural parameters, heats of formation, and lattice
vibrational spectra, we have some confidence in the accuracy
of our results. We hope that as new structural analyses, calo-
rimetry, and vibrational spectroscopy measurements of these
materials become available, they will be used to refine this
database both for the purpose of better understanding this
interesting family of materials and for the purpose of testing
the capabilities of first-principles calculations. We are par-
ticularly excited about the prediction of the new materials
s;-Li,PO,N and s,-Li,PO,N. It will be very interesting to see
if they can be physically realized.
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APPENDIX: ADDITIONAL STRUCTURAL TABLES

We present here some of the longer structural tables men-
tioned in the body of the paper.

TABLE XII. Computed inequivalent fractional coordinates of a

conventional cell of the P1 structure of LisP,OgN, using atomic
labels consistent with LiyP,O, described in Table III.

Atom X y z

P(1) 0.830 0.208 0.422
P(2) 0.637 -0.193 0.218
N(1) 0.673 0.042 0.245
0(2) 0.843 0.223 0.747
0(3) 0.791 0.406 0.402
0O(4) 0.986 0.154 0.279
0(5) 0.638 -0.213 0.528
0(6) 0.468 —-0.281 0.059
O(7) 0.768 -0.301 0.048
Li(1) 0.806 0.676 0.643
Li(2) 0.442 0.716 0.673
Li(3) 0.754 0.430 0.020
Li(4) 0.984 0.862 0.121
Li(5) —-0.346 0.055 -0.175

PHYSICAL REVIEW B 81, 184106 (2010)

TABLE XIII. Computed inequivalent fractional coordinates of a
conventional cell of LiPO; in the P2/c¢ structure compared with
(experimental values) reported in Ref. 20. The Pos column gives the

multiplicity and Wyckoff label (Ref. 43).

Site Pos X y Z

P(1) 4g  0.453 (0.452) 0.678 (0.673)  0.319 (0.317)
P(2) 4g  0.351 (0.352) 0.337 (0.340)  0.418 (0.417)
P(3) 4g  0.236 (0.239) 0.695 (0.688)  0.510 (0.509)
P4) 4g  0.124 (0.126) 0.344 (0.345)  0.603 (0.602)
P(5) 4g  0.032 (0.033) 0.694 (0.688)  0.708 (0.706)
o(1) 4g  0.357 (0.359) 0.756 (0.756)  0.262 (0.261)
0(2) 4g  0.542 (0.541) 0.855 (0.844)  0.339 (0.339)
0(3) 4g  0.492 (0.494) 0.412 (0.416)  0.289 (0.286)
04) 4g  0.419 (0.422) 0.584 (0.577)  0.405 (0.402)
0o(5) 4g  0.423 (0.423) 0.135 (0.145)  0.455 (0.454)
0(6) 4g  0.278 (0.280) 0.283 (0.283)  0.340 (0.341)
o(7) 4g  0.289 (0.295) 0.433 (0.436)  0.489 (0.488)
0(8) 4g  0.310 (0.310) 0.826 (0.819)  0.576 (0.573)
009) 4g  0.193 (0.194) 0.833 (0.826)  0.433 (0.435)
O(10) 4g  0.138 (0.143) 0.589 (0.584)  0.548 (0.547)
o(11) 4g  0.076 (0.076) 0.138 (0.150)  0.548 (0.548)
0O(12) 4g  0.222 (0.221) 0.299 (0.296)  0.662 (0.659)
O(13) 4g  0.035 (0.036) 0.442 (0.445)  0.653 (0.651)
O(14) 4g  0.142 (0.139) 0.787 (0.779)  0.733 (0.731)
O(15) 4g -0.049(-0.047)  0.865 (0.859)  0.664 (0.663)
Li(1) 4g  0.182 (0.184)  -0.006(-0.010) 0.326 (0.325)
Li(2) 4g  0.321 (0.323) 0.025 (0.021)  0.675 (0.674)
Li(3) 4g  -0.060(-0.061)  1.009 (0.999)  0.558 (0.558)
Li(4) 4g  0.560 (0.558) 0.035 (0.020)  0.442 (0.442)
Li(5) 2f  0.250 (0.250) 0.508 (0.504)  0.250 (0.250)
Li(6) 2f  0.250 (0.250) 0.544 (0.535)  0.750 (0.750)

TABLE XIV. Computed inequivalent conventional cell frac-
tional coordinates for the Pmc2; structures of s3-Li,PO,N and

S3-LiPO3.
Atom Pos X y z
53-Li,PO,N
Li(1) 4c 0.252 -0.468 0.349
Li(2) 2b 0.500 -0.006 0.229
Li(3) 2a 0.000 0.267 0.091
P(1) 2a 0.000 -0.238 0.081
P(2) 2b 0.500 0.042 0.474
o(1) 2b 0.500 -0.211 0.390
0(2) 2b 0.500 0.260 0.368
0(3) 2a 0.000 -0.400 0.212
04) 2a 0.000 0.447 0.471
N 4c -0.250 —-0.045 0.074
S3-LiPO3

Li 4c 0.250 -0.402 0.361
P(1) 2a 0.000 -0.286 0.083
P(2) 2b 0.500 0.102 0.453
o(1) 2b 0.500 —0.148 0.388
0(2) 2b 0.500 0.333 0.370
0(3) 2a 0.000 -0.337 0.228
04) 2a 0.000 0.501 0.489
0(5) 4c -0.250 -0.107 0.053
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TABLE XV. Computed inequivalent fractional coordinates of a
conventional cell for the P2;/c structure of LiP;N; compared with
the experimental values (in parentheses) of HP,N; from Ref. 25,
except for the H positions which are unknown.
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TABLE XVI. Computed inequivalent fractional coordinates of a
conventional cell for the C2/c structure of LiP;N; compared with
the experimental values (in parentheses) of NaP,N; from Ref. 26,
assuming Li occupies the Na sites.

Atom  Pos X y z Atom Pos X y Z

Li 4e 0.095 0.186 0.480 Li 4e 0.000 (0.000)  0.217 (0.211)  0.250 (0.250)
P(1) 4e  0.451 (0.445) 0.197 (0.198) 0.761 (0.760) P(1) 8f 0341 (0.330) 0.425(0.426)  0.175 (0.197)
P(2) 4e  0.701 (0.701)  —0.143(=0.126)  0.954 (0.953) P(2) 8f 0377 (0.376)  0.075 (0.078)  0.229 (0.205)
P(3) 4e  0.302 (0.304) 0.180 (0.191) 0.482 (0.482) N(1) 4e 0.000 (0.000)  0.491 (0.522)  0.250 (0.250)
P(4) 4e  0.556 (0.557) —0.304(-0.305)  0.805 (0.805) N(2) 8f  0.118 (0.135)  0.067 (0.050)  0.107 (0.073)
N(1) 4e  0.658 (0.657) —0.219(-0.222) 0.738 (0.741) N(3) 8f  0.373 (0.360)  0.256 (0.247)  0.322 (0.392)
N(2) 4e  0.540 (0.538) 0.379 (0.374) 0.764 (0.784) N(4) 8f  0.193 (0.185)  0.456 (0.449)  0.086 (0.116)
N(3) 4e 0476 (0.474) -0.122(-0.127)  0.726 (0.722)

N(4) 4e  0.382 (0.382) 0.303 (0.307) 0.607 (0.609)

N(5) 4e 0287 (0.284) —0.142(-0.144)  0.510 (0.521)

N(6) 4e  0.779 (0.782) —0.327(-0.283)  0.026 (0.032)

N(7) 4e  0.404 (0.402) 0.226 (0.212) 0.974 (0.976)
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