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Lithium imide �Li2NH� is a candidate material for hydrogen storage but its structure has proven difficult to
fully characterize. The key problem is to identify the location of the hydrogen positions and N-H bond
orientations in the structure. By searching an effective Hamiltonian in which the energy of lithium imide is
expressed as a function of imide group orientations it is shown that nearest-neighbor imide groups prefer to
orient antiparallel within a �110� plane of the antifluorite host structure. Although this orientation is frustrated
in the antifluorite structure we suggest a ground state for Li2NH which has the lowest energy of any known
structure as calculated by density functional theory.

DOI: 10.1103/PhysRevB.74.134104 PACS number�s�: 61.50.Ah, 61.66.Fn, 71.15.Nc, 71.20.Ps

I. INTRODUCTION

The ground-state structure of lithium imide �Li2NH� is not
fully known. While general agreement exists that the average
positions of the Li and N atoms form an antifluorite struc-
ture, very different assignments of the H positions have been
proposed.1–6 Establishing the details of this structure has be-
come more relevant with the observations of Chen et al.7 that
the combination of lithium amide �LiNH2� and lithium hy-
dride �LiH� releases hydrogen in a two-step reaction:

LiNH2 + 2LiH ↔ Li2NH + LiH + H2 ↔ Li3N + 2H2.

The first step in this reaction, in which lithium amide reacts
with lithium hydride to form lithium imide �Li2NH�, is of
interest as a hydrogen storage system because it releases up
to 6.5 wt. % hydrogen and is reversible at temperatures be-
low 300 °C.7 The structures of lithium amide and lithium
hydride are well characterized, but despite the recent high
levels of interest in lithium imide a consensus on a complete
specification of its structure remains lacking. The distinction
between structural models is significant, as recent ab initio
calculations indicate that the energy of the imide depends
rather strongly on the H positions.3,5,6 Hence a good struc-
tural model and insight into the factors that determine the
arrangement of hydrogen nuclei in these imides is required.
In this paper we develop a model to obtain the effective H
-H interaction in Li imide and use it to obtain a structure
with lower energy than any previously proposed structure.

Using x-ray diffraction, Juza and Opp concluded that
lithium imide is most likely antifluorite with lithium cations
and nitrogen anions, but they were unable to resolve the
positions of the hydrogen ions.8 Several studies since have
indicated that each hydrogen nucleus is bonded to a nitrogen
nucleus to form an imide �N-H� anion1–6 though the orienta-
tion of these N-H groups is unknown. Using neutron powder
diffraction �NPD�, Ohoyama et al. proposed a structure in
which hydrogen randomly occupies one of four symmetri-
cally equivalent sites around the nitrogen ion.1 Based on syn-
chrotron x-ray diffraction results, Noritake et al. supported
another structure, in which the hydrogen randomly occupies
one of twelve sites around the nitrogen ion.2 Zhang et al.

treated the hydrogen nucleus as a quantum mechanical par-
ticle and found that when nitrogen and lithium ions are fixed
at their antifluorite positions the wave function of a hydrogen
nucleus is centered at the nitrogen nucleus with density
maxima along the �100� directions.4

Herbst and Hector, based on experimental work by
Balogh et al.5 and density functional theory9 �DFT� calcula-
tions, have proposed a fully occupied low-symmetry struc-
ture in which one in eight lithium ions have moved to the
empty octahedral sites between nitrogen ions.3 They calcu-
lated the enthalpy of formation of their proposed structure to
be approximately 17 to 38 kJ per mol formula unit �f.u.�
higher than the experimentally derived enthalpy of formation
for lithium imide, as opposed to a difference of 3 kJ per mol
f.u. for LiNH2.3 This suggests that although the structure
they propose produces diffraction patterns similar to those
observed experimentally it may not be the energetic ground
state. Very recently Magyari-Köpe et al. discovered several
structures with significantly lower calculated energies than
any previously suggested structure.6

It is worth considering whether lithium imide might be
thermally disordered at room temperature. Ohoyama et al.
find no evidence of a structural phase transition between
10 K and room temperature,1 suggesting that if the structure
is disordered at room temperature the disorder persists to a
very low temperature. A differential thermal analysis �DTA�
study of lithium imide indicates that there is a second-order
phase transition at about 356 K, which has been attributed to
an order-disorder transition.10 Balogh et al. have found a
similar result.5 These results suggest that the hydrogen posi-
tions in lithium imide are fully or partially ordered at room
temperature.

Kojima and Kawai have shown that lithium imide shows
two broad N-H stretching peaks in the infrared, unlike
lithium amide for which the absorption peaks are sharp.11

Although the authors suggest that the peak broadening could
be due to small crystallite size or thermal disorder, their re-
sults might also indicate a wide variety of local environments
for N-H groups, implying either partial disorder or a large
unit cell for the imide.

The challenge in determining the ground-state structure of
lithium imide is primarily one of determining the lowest-
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energy orientations for the imide groups. The N-H bond
length varies little; its average length in 99 relaxed structures
calculated for this paper is 1.038 Å and the standard devia-
tion is 0.003 Å. However the orientation of one N-H bond
substantially affects the orientations of N-H bonds in neigh-
boring cells. To perform a thorough search of possible
ground states and to clarify the interaction between N-H
bond orientations we develop an effective Hamiltonian for
N-H bond orientations in lithium imide. The objective is to
write the energy of the system directly in terms of the orien-
tation of the N-H groups with the other degrees of freedom
implicitly minimized over. The model is parametrized with
ab initio calculations and used to predict a structure with
lower calculated energy than any structure known to date.

II. METHODOLOGY

The effective Hamiltonian for the N-H orientations is
based on a modification of the cluster expansion12,13 formal-
ism to include continuous variables describing the imide
group orientation. The N-H bond orientation on the ith imide
group can be characterized with a polar and azimuthal coor-
dinate, ��i ,�i�. The objective of our model is to find an ex-
pression for the function

F��1,�1,�2,�2,�3,�3, . . . � , �1�

where F is the energy of the system with the N-H groups in
the specified orientations, and with all other coordinates re-
laxed �e.g., the N-H bond length and the Li positions�. This
coarse-grained energy function is similar to the cluster ex-
pansion for configurational disorder in alloy theory where
displacements �and sometimes vibrations� are coarse grained
over to obtain an energy expression solely in terms of site
occupation variables.12–14

For each domain ��i ,�i� we define a local basis of func-
tions fni

��i ,�i�, where fni
indicates the nth basis function for

the ith imide group. The tensor product of these local bases
forms a basis for the function F,

F��1,�1, . . . � = �
n�
�Vn�	

i

fni
��i,�i�
 ,

where n� is a vector of basis function indices in which the ith
element is ni. The sum is over all possible n�, and Vn� are
coefficients to be determined later.

For example, if F is square integrable over imide group
orientations, fni

can be chosen as spherical harmonics. As
with a discrete cluster expansion, it is convenient to choose
fni

such that f0i
is a constant for all i. The function F can then

be expanded as a linear combination of functions of the ori-
entations of single imide groups, functions of the orientations
of pairs of imide groups, etc.,

F��1,�1, . . . � = V0 + �
i

�
ni�0

Vni
fni

��i,�i�

+ �
i,j

�
ni�0,nj�0

Vni,nj
fni

��i,�i�fnj
�� j,� j� + ¯ .

�2�

The symmetry properties of the crystal can be used to
group terms that share the same coefficient. Hence, it is more
convenient to choose basis functions fni

that form closed
orbits under the operations in the space group of the crystal.
One result of this step is that terms that are antisymmetric
with respect to the symmetry operations of the crystal disap-
pear.

The expansion in Eq. �2� is in principle an exact represen-
tation of Eq. �1�, but to reduce this to a finite problem it is
necessary to make approximations based on physical intu-
ition. As with a discrete cluster expansion, we assume that
Eq. �2� will be dominated by the constant term and terms
representing the interactions between physically small clus-
ters of imide groups. In this paper, we include only terms
representing single imide groups and imide pair interactions
up to the next-next-nearest neighbor.

For continuous domains there are an infinite number of
basis functions fni

in the complete basis. In practice we in-
clude only the basis functions that should have the most
physical relevance. For example, for a basis of spherical har-
monics one might truncate the basis at a certain angular mo-
mentum. For lithium imide we have generated a truncated
basis from hybridized spherical harmonics,

f0i
= 1,

f1i
=

1

2
�30xiyi,

f2i
=

1

2
�210xiyizi,

f3i
=

1

4
��175xi

3 − �63xi + �105xi�yi
2 − zi

2� ,

f4i
=

5

8
�7�xi

4 + yi
4 + zi

4� +
1

2
�5

6
�3xi

2 − 1� +
1

2
�3xi −

3

8
�7,

where xi=cos �i sin �i, yi=sin �i sin �i, and zi=cos �i. The
full truncated basis used can be generated by applying the
cubic symmetry operations to these functions and keeping
the ones that are linearly independent.

To determine the coefficients Vn of this expansion we cal-
culated a library of 98 relaxed structures with different rela-
tive N-H orientations using the projector augmented wave
function.15 �PAW� method with the Perdew-Burke-
Eznerhof16 �PBE� generalized gradient approximation
�GGA� to DFT as implemented in the Vienna ab initio simu-
lation package �VASP�.17 The standard hydrogen and nitro-
gen PAW potentials and s-valence Li PAW potentials in
VASP were used with a plane wave cutoff energy of 520 eV.
Calculations were considered converged when forces
reached less than 80 meV/Å. For a primitive cell calcula-
tion, total energy convergence within 1 meV per formula
unit was reached with a 7�7�7 Monkhorst-Pack18 k-point
grid shifted to include the � point. For supercell calculations
this grid was scaled down proportionately to the size of the
supercell. The coefficients were evaluated using a least-
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squares regression. To help prevent overfitting the coeffi-
cients were fit to both the energies in eV per formula unit and
the forces in eV/Å, with the energies given ten times the
weight of the forces. To more accurately represent low-
energy interactions, structures with lower energy were as-
signed higher weights. To ensure the cluster expansion had
predictive power a Metropolis algorithm19 was used to find a
subset of terms in the expansion that had a low leave-one-out
cross-validation score.20 The coefficients for this model gen-
erated from the original library of 98 structures and the new-
found orthorhombic structure are given in Table I .

The enthalpies of formation of several low-energy struc-
tures were calculated. To ensure accurate results the elec-
tronic energies were recalculated using hard hydrogen and
nitrogen PAW potentials and the cutoff energy was increased
to 900 eV. Calculations were considered converged when the
forces on the ions were less than 1 meV/Å. Vibrations
within the harmonic approximation were evaluated within
the linear response approach as implemented in ABINIT21

with the PBE GGA exchange-correlation functional. The
Fritz-Haber Institute pseudopotentials provided with ABINIT
were used, and the cutoff energy was 35 Ry. For the elec-
tronic supercell calculations a 4�4�4 k-point grid includ-
ing the � point was used, and interatomic forces were calcu-
lated on a 2�2�2 grid. For the layered structure a 6�6
�6 electronic k-point grid and 3�3�3 interatomic force
grid were used. Ideal gas behavior was assumed for the stan-
dard state of the reference molecules H2 and N2. The values
for H2 and N2 reference molecules were calculated in cubic
cells with length 15 Å. It was found that increasing the size
of the cell to 17 Å changed the calculated energies by less
than 0.01 meV.

III. RESULTS

Within our model, the interaction between a single pair of
nearest-neighbor imide groups is represented by

�
ni�0

Vni
fn1

��1,�1� + �
n2�0

Vn2
fn2

��2,�2�

+ �
n1�0,n2�0

Vn1,n2
fn1

��1,�1�fn2
��2,�2� , �3�

where we have included the contributions from single-imide
terms.

The minimum of Eq. �3� represents the most favorable
nearest-neighbor imide group orientations and can be visual-
ized in Fig. 1�a�. This interaction will be referred to as the
“preferred” nearest-neighbor orientation. Similar to the ob-
servation made in Ref. 6, we find that neighboring imide
groups tend to align antiparallel to one another. The nitrogen
and hydrogen nuclei are coplanar with the two lithium nuclei

between the imide groups in the �11̄0� plane, and a N-N-H
bond angle of 36.3°. The hydrogen nucleus on each group
tilts towards the nitrogen of the other group, possibly to form
a hydrogen bond. In practice the apparent unfavorable prox-
imity between the hydrogen ions and the lithium ions be-
tween groups is resolved as these lithium ions move towards
nearby empty octahedral sites. We find only relaxation to-

wards octahedral sites unlike the full displacement suggested
in Ref. 3.

It is impossible for a single imide group to be in the
preferred orientation with more than one of its nearest neigh-
bors. To see this, let one imide group, “group A,” be in the
preferred orientation with a nearest-neighbor imide group,
“group B,” with the vector from group A to group B in the
�110 direction. Let group B be oriented such that it is at an

angle of 1.1° to the �1̄1̄1 direction �Fig. 1�a�. All ways in
which group B can be in the preferred orientation with any of
its nearest neighbors can be generated by applying the 48 fcc
point symmetry operations at group B to imide groups A and
B. It is only possible for imide group B to be in the preferred
orientation with two different imide groups simultaneously if
an operation leaves the orientation of group B unchanged but
maps group A onto a different nearest neighbor. The only
operation that results in group B having the exact same ori-

entation is reflection about the �11̄0� plane, but this maps
group A onto itself. This frustration can be partially resolved
if the N-H bonds rotate slightly so that they are aligned in

the high-symmetry �1̄1̄1 direction �Fig. 1�b�. This is still a
low-energy orientation because of the ability for the lithium
ions to relax towards the empty octahedral sites. We will
refer to this as the near-preferred orientation. If groups A and
B are in the near-preferred orientation, the symmetry opera-

tions corresponding to 120° rotations about the �1̄1̄1 axis all
map the orientation of group B onto itself, but maps group A
onto three different nearest neighbors. This allows group B to
be in the near-preferred orientation relative to three nearest
neighbors at the same time �Fig. 2�. For every imide group to
be in the near-preferred orientation relative to three nearest
neighbors, the structure must consist of �111� planes of al-
ternating antiparallel imide groups where the imide groups in
each plane are aligned orthogonally to the plane. This struc-
ture, after relaxation with DFT, becomes the one shown in
Fig. 3. Nuclear coordinates for the relaxed structure, which
will be referred to as the “layered” structure, are given in
Table II.

In addition to providing insight into the effective N-H
interactions, the cluster expansion can also be used to very
rapidly search for low-energy structures of lithium imide. A
search for the ground state of this model was performed with
Monte Carlo simulation in all supercells up to eight formula
units. The lowest energy configuration is shown in Fig. 4�a�.
A DFT calculation relaxes this structure to the one shown in
Fig. 4�b�, which will be referred to as the “orthorhombic”
structure. This structure, although not in the initial library of
structures used to fit the coefficients, was added when deter-
mining the preferred orientations. The lithium ions in the
relaxed structure have moved significantly from their ideal
antifluorite positions. The new structure has an orthorhombic
unit cell, with coordinates given in Table III and calculated
lattice parameters of 5.12, 10.51, and 5.27 Å, although these
are probably overestimated by a few percent as is typical in
the GGA approximation.22–24 The space group of the struc-
ture as determined by ABINIT is Pbca �#61�. Every imide
group in this structure is involved in a nearest-neighbor pair
interaction resembling the preferred nearest-neighbor orien-
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TABLE I. The parameters for the model Hamiltonian. Each row lists a sample term from an included orbit of functions and the coefficient
for functions in that orbit. The imide groups for the sample functions, in conventional antifluorite reduced coordinates, are located at �0,0 ,0�
for site 1 and �0.5,0.5,0� for site 2 for nearest neighbors, �0,0 ,0� and �1,0 ,0� for next-nearest neighbors, and �0,0 ,0� and �1,0.5,0.5� for
next-next-nearest neighbors. The functions are f1�a ,b�= 1

2
�30ab, f2�a ,b ,c�= 1

2
�210abc, f3�a ,b ,c�= 1

4 ��175a3−�63a+�105a�b2−c2�, and
f4�a�= 5

8
�7�x4+y4+z4�+ 1

2
� 5

6 �3a2−1�+ 1
2
�3a− 3

8
�7. All functions symmetrically equivalent to those listed were included in the Hamiltonian.

Cluster
Site 1

function
Site 2

function Terms per formula unit Vn �kJ/mol f .u . � Vn �meV/mol f .u . �

Empty 1 1 1 −179.73607 −1862.78463

Point f4�−x� 1 6 0.91880 9.52246

Nearest neighbor f1�x ,y� f1�x ,y� 6 0.38115 3.95020

f1�x ,y� f4�x� 24 0.04595 0.47620

f1�x ,y� f3�x ,z ,y� 24 0.01690 0.17514

f1�x ,z� f1�y ,z� 12 0.11320 1.17316

f1�x ,z� f4�−z� 48 −0.06256 −0.64833

f2�x ,y ,z� f2�x ,y ,z� 6 0.31453 3.25979

f2�x ,y ,z� f4�−z� 24 −0.08269 −0.85699

f2�x ,y ,z� f3�z ,y ,x� 24 −0.05846 −0.60589

f4�−x� f4�−x� 24 −0.07591 −0.78672

f4�−x� f4�−y� 24 0.18900 1.95885

f4�−x� f3�y ,x ,z� 24 0.06545 0.67832

f4�−z� f4�−z� 12 0.33858 3.50904

f4�−z� f4�z� 12 −0.35140 −3.64189

f4�−z� f3�x ,y ,z� 48 −0.03802 −0.39408

f4�−z� f3�z ,y ,x� 48 −0.11254 −1.16640

f4�x� f3�y ,x ,z� 24 −0.09816 −1.01732

f3�x ,z ,y� f3�x ,z ,y� 12 0.16971 1.75887

f3�x ,z ,y� f3�y ,x ,z� 24 −0.05320 −0.55134

f3�x ,y ,z� f3�x ,y ,z� 12 −0.09459 −0.98028

Next-nearest
neighbor

f1�x ,y� f1�x ,y� 6 −0.17086 −1.77076

f1�x ,y� f4�−y� 24 −0.04874 −0.50514

f1�x ,y� f3�y ,x ,z� 12 −0.05271 −0.54629

f1�y ,z� f1�y ,z� 3 0.24773 2.56743

f1�y ,z� f2�x ,y ,z� 6 0.07267 0.75319

f4�−y� f4�−x� 24 0.21403 2.21818

f4�−y� f4�−y� 12 0.16783 1.73940

f4�−y� f3�x ,y ,z� 24 0.11144 1.15501

f3�x ,z ,y� f3�x ,z ,y� 6 0.06158 0.63821

f3�y ,z ,x� f3�y ,z ,x� 6 −0.13240 −1.37220

Next-nearest
neighbors

f1�x ,y� f2�x ,y ,z� 48 −0.01022 −0.10591

f1�x ,y� f4�−x� 48 −0.06696 −0.69393

f1�x ,y� f4�−z� 48 −0.02955 −0.30624

f1�x ,y� f4�z� 48 −0.02770 −0.28705

f1�x ,y� f3�x ,z ,y� 48 −0.03402 −0.35262

f1�x ,y� f3�y ,z ,x� 48 −0.03412 −0.35366

f1�x ,y� f3�z ,x ,y� 48 0.03978 0.41224

f1�y ,z� f1�y ,z� 12 −0.10254 −1.06277

f1�y ,z� f4�x� 24 0.02594 0.26880

f2�x ,y ,z� f3�y ,z ,x� 48 −0.03278 −0.33972

f4�−x� f4�−y� 48 −0.05105 −0.52904
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tation, although the imide groups are rotated 25.4° from the
preferred nearest-neighbor orientations to be in the low sym-
metry �0.79,0.58,0.20 and equivalent directions. The exis-
tence of nearest-neighbor orientations similar to the preferred
orientation suggests that preference for this type of nearest-
neighbor orientation remains high even in an infinite crystal.

We have calculated the formation energies for the layered
and orthorhombic structures and the lowest-energy structures
proposed in Refs. 3 and 6. We show in Table IV the results of
these calculations. The calculated energy of formation for the

new orthorhombic structure is significantly lower than that of
any other known low-energy structure.

IV. DISCUSSION

Given that it has both the lowest energy known to date in
the cluster expansion model, and with GGA, the orthorhom-
bic structure we propose seems like a reasonable candidate
for the ground state of lithium imide. The density of this
structure, 0.028 formula units per Å3, is approximately 8% to
10% lower than the experimentally derived density for
lithium imide.1,2,5 A portion of this density difference is
likely due to the use of GGA, which typically overestimates

TABLE I. �Continued.�

Cluster
Site 1

function
Site 2

function Terms per formula unit Vn �kJ/mol f .u . � Vn �meV/mol f .u . �

f4�−x� f3�y ,z ,x� 48 −0.02563 −0.26559

f4�−y� f4�−x� 48 0.06118 0.63411

f4�−y� f4�y� 24 −0.23445 −2.42980

f4�−y� f3�x ,y ,z� 48 0.06373 0.66049

f4�−y� f3�y ,x ,z� 48 0.05022 0.52049

f4�x� f4�−x� 12 −0.07956 −0.82452

f4�x� f3�y ,x ,z� 48 0.02032 0.21061

f4�x� f3�y ,z ,x� 48 0.04955 0.51353

f4�y� f4�−z� 24 0.10778 1.11707

f4�y� f3�x ,z ,y� 48 0.02108 0.21842

f4�y� f3�z ,y ,x� 48 −0.06593 −0.68325

f4�y� f3�z ,x ,y� 48 −0.02153 −0.22311

f3�x ,z ,y� f3�x ,y ,z� 24 0.03629 0.37610

f3�x ,z ,y� f3�y ,x ,z� 48 0.01857 0.19244

f3�x ,z ,y� f3�y ,z ,x� 48 −0.03569 −0.36987

f3�y ,x ,z� f3�z ,y ,x� 48 −0.03856 −0.39968

f3�y ,x ,z� f3�z ,x ,y� 24 0.05823 0.60350

f3�y ,z ,x� f3�z ,y ,x� 24 −0.02714 −0.28129

FIG. 1. �Color online� �a� The “preferred” nearest-neighbor ori-
entation. The lithium ions are shown in the ideal antifluorite posi-

tions for reference. Both N-H bonds are in the �11̄0� plane, which is
shown. �b� The more high-symmetry “near-preferred” nearest-
neighbor orientation in which the N-H bonds are aligned along

�1̄1̄1 in the �11̄0� plane. Dotted lines indicate the lithium ions to
which the N-H bonds point. Large spheres represent nitrogen, me-
dium represent lithium, and small represent hydrogen.

FIG. 2. �Color online� A tetrahedron of nearest-neighbor imide
groups. The lower right group is in the near-preferred nearest-
neighbor orientation with each of the other three groups, but as a
result these groups are not in the near-preferred orientation with
each other. Large spheres represent nitrogen, medium represent
lithium, and small represent hydrogen.
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the lattice parameter of materials by 1 to 2 percent.22–24 More
significant is the fact that this structure has different symme-
try than that indicated by diffraction studies.1,2,5 There may
be several reasons for this discrepancy:

�1� While our search was extensive it is not exhaustive,
and it is possible that structures with even lower energy exist
which are in better agreement with the experimentally mea-
sured diffraction pattern. It is possible that we did not find
these because of the limits on our search space or the limits
of the model Hamiltonian with which we looked for candi-
date structures. We want to stress however that the accuracy
of the model Hamiltonian does not affect the statement that
the orthorhombic structure is lower in energy than all previ-
ously suggested structures as that comparison is based on the
complete GGA calculation. Because the nearest-neighbor in-
teractions and their topology in the fluorite structure lead to
some frustration, it is possible that more complex ordering
patterns with larger unit cells have even lower energy as
often is the case for frustrated systems.

�2� It is possible that the experimentally observed struc-
ture is not the energetic ground state but is stabilized by

equilibrium finite-temperature entropy effects that are not
captured by the harmonic approximation.

�3� It is possible that the experimentally observed struc-
ture is not the energetic ground state, but may be instead a
higher-symmetry metastable state with some level of
frozen-in disorder. This state may be a partially disordered
variation of the structure proposed in this paper, or it may be
an entirely different structure.

�4� It is possible that GGA or the approach of treating
hydrogen classically is not accurate enough for this material.

Better agreement with experiment might be achieved by
determining a more complete solution of the hydrogen
nuclear wave function. Even at low temperatures there may
be rapid tunneling of the hydrogen atoms between low-
energy sites, similar to that proposed by Zhang et al.4 The
potential energy surface of one hydrogen nucleus is affected

TABLE III. The reduced coordinates of the orthorhombic struc-
ture. All atoms are at Wyckoff position 8c for space group #61
�Pbca�. a=5.12 Å, b=10.51 Å, and c=5.27 Å.

Atom X Y Z

Lithium 0.372 0.540 0.651

Lithium 0.480 0.256 0.191

Nitrogen 0.297 0.370 0.451

Hydrogen 0.363 0.610 0.066

FIG. 4. �Color online� �a� The imide group orientations with the
lowest predicted energy after searching structures with up to eight
formula units per unit cell. Lithium ions are shown in the ideal
antifluorite sites for reference. �b� The structure after relaxation
with density functional theory. Large spheres represent nitrogen,
medium represent lithium, and small represent hydrogen.

FIG. 3. �Color online� A 2�2�1 supercell of the layered struc-
ture with the unit cell highlighted. Large spheres represent nitrogen,
medium represent lithium, and small represent hydrogen.

TABLE II. The reduced coordinates of the layered structure. All
atoms are at Wyckoff position 2i for space group #2 �P−1�. a
=3.57 Å, b=3.58 Å, c=6.80 Å, �=77.83°, �=82.23°, and �
=59.91°.

Atom X Y Z

Lithium 0.980 0.405 0.258

Lithium 0.674 0.202 0.905

Nitrogen 0.653 0.090 0.203

Hydrogen 0.364 0.956 0.640
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by location of nearby nuclei, so we believe it is likely that
any motion of hydrogen ions is locally correlated and depen-
dent on lithium and nitrogen positions at low temperatures.

In summary, we have developed a model to express the
formation energy of lithium imide as a function of the orien-
tations of imide groups and used this model to identify low-
energy interactions between nearby imide groups. Our results
in conjunction with previous studies1–6 point at the difficulty
in predicting the ground state of lithium imide and of mate-
rials in general.25 Our model predicts the existence of a
structure that has been confirmed to have a lower energy, as
determined by DFT, than any known structure. Although this
model has been applied to the formation energy of lithium

imide in this paper, we believe that the general approach of
expanding local interactions between nuclear coordinates can
be used to model the properties of a variety of materials.
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Orthorhombic
structure
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