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For negative ions such as N3~ or O*", however, the
form factors obtained by the Watson-sphere model
deviate significantly from renormalized values, which
do not account for changes in the wave functions
between the negative ion and the neutral atom.
However, the valence wave functions and con-
sequently the total form factor (mainly for small sin 6/4
values) depend on the Watson-sphere radius and
therefore on the crystalline environment. Thus there is
not just one form factor for a negative ion, but a
variation with r,. The importance of this variation is
demonstrated in the structure investigation of Li;N in
the following paper.

In the calculation of scattering factors for C the Xa,,
method has been found (§ 3) to be accurate to about
1%. This seems to be sufficiently accurate for the
present work, since we discuss larger differences.
Recently, however, in connection with a study of the
ionization potentials of atoms, it has been pointed out
(Schwarz, 1978) that there is a fundamental difference
between the HF and X« methods in that the instability
for free negative ions is always found at smaller
ionicities in the Xa method (leading to more diffuse
wave functions) than is the case with HF theory. [A
similar statement has been made for H™ by Shore, Rose
& Zaremba (1977).] The stabilization of the negative
ions provided by the Watson sphere makes this
problem less critical here. In addition it seems likely
that a small reduction of r, (ie. an increasing
stabilization) will effectively compensate for this dif-
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ference between the Xa and HF wave functions to a
large extent.

The authors are pleased to acknowledge valuable
discussions with Dr H. Vollenkle. All calculations were
carried out at the Rechenzentrum der Technischen
Universitat Wien.
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Is there an N3~ Ion in the Crystal Structure of the Ionic Conductor
Lithium Nitride (Li;N)?
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The structure parameters of Li;N in the temperature range —120 to 20°C were refined both for neutral atoms
(Li® and N°) and for ions (Li* and N3-). For N3~ new scattering curves were used which were calculated by
applying stabilizing Watson-sphere potentials for different radii. All structure parameters depend critically on
the scattering curves used. However, only on the assumption of ions, and only for N3~ scattering curves
corresponding to a small range of Watson radii, were physically meaningful structure parameters and R
values down to 0-9% obtained. These structure refinements demonstrate that Li;N can be considered as an
ionic crystal in which the N3~ ion, though unstable as a free ion, is stabilized by the surrounding Li* ions.
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1. Introduction

The crystal structure of lithium nitride, Li;N, was first
derived from the cubic ammonia structure (Brill, 1927).
Later, Zintl & Brauer (1935) proposed a hexagonal
structure model in space group P6/mmm, in which the
N atoms are surrounded by eight Li atoms in the form
of a hexagonal bipyramid (Fig. 1). The structure may
also be described as a layer structure with Li,N and Li
layers perpendicular to ¢. Within the Li,N layers each
N and Li atom forms six and three Li—N bonds respec-
tively. These layers are connected with each other by
only one N—Li—N bond per elementary cell; this
coincides in length and direction with the ¢ axis.

Five space groups have Laue symmetry 6/mmm;
some of these allow a decrease of the crystal symmetry
by small deviations from the atomic positions proposed
by Zintl & Brauer (1935). Owing to the limited
accuracy of their diffraction data, it was impossible to
resolve such deviations and to ensure the correct space
group. Therefore, a reinvestigation of the structure was
carried out by Rabenau & Schulz (1976); this
confirmed the space group and the structural model of
Zintl & Brauer (1935).

The nature of the bonding in Li,N has long been a
subject of dispute. Zintl & Brauer (1935) concluded
from crystal-chemical considerations that Li;N is
composed of Li* and N3 ions. Masdupuy (1957)
reported ionic conductivity with an activation enthalpy
of 0-53 eV, in agreement with the ionic model.
However, the crystals have a ruby red colour, whereas
ionic crystals should be colourless or white. Further-
more, the structure shows strongly directed bonds.
These crystal properties support the covalent bonding
of Li,N suggested by Krebs (1968) and Suchet (1961).
Krebs (1968) proposed bonding in the Li,N layers by
sp? hybrid functions of the Li atoms and the p orbitals
of the N atoms. The sp? hybrid functions of the Li
atoms overlap with two p orbitals of the N atoms as
shown in Fig. 2(a). There are three different orien-
tations of two p orbitals, which together form resonant
Li—N bonds. The Li atoms of the N-free layers form sp
hybrid functions parallel to ¢ which overlap with the p,
orbital of the N atoms. In this bonding model all Li
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Fig. 1. Projection of the Li;N structure along c.

Lif2) z=0
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atoms are covalently bonded. Suchet (1961) assumed
that all N and half of the Li atoms of a Li,N layer form
sp? hybrid functions which overlap as shown in Fig.
2(b). The remaining Li atoms appear as Li* ions. There
are two different orientations of this arrangement which
together form the resonant bonding system in these
layers. Suchet (1961) proposed the same bonding type
as Krebs (1968) for the Li—N bonds perpendicular to
these layers.

Some NMR studies have supplied additional infor-
mation. However, they could not resolve the problem of
the nature of the chemical bond in this compound. The
results of Bishop, Ring & Bray (1966) referred to the
covalent bonds and to a diffusion of Li atoms above
—75°C. The diffusion was assigned to the atoms
forming Li layers at z = 3. A rather high jump
frequency of 10-100 kHz and an activation energy of
0-55 eV were derived from the NMR data for the
diffusing Li atoms. Burkert, Fritz & Stefaniak (1970)
found that some of the Li atoms can be replaced by Mg
atoms. Mg atoms occupy Li and additional sites in the
N-free layers. Hendrickson & Bray (1973) reported
long-range diffusion of the Li atoms with an activation
energy of 0-57 eV.

Fig. 2. Schematic drawings of two concepts for covalent bonds in
the Li,N layers at z = 0. (@) Covalent bonds are formed by over-
lapping sp? hybrid functions of the Li atoms with two p orbitals
of the N atoms. The three different orientations of the p orbitals
form the resonant Li—N bonds (Krebs, 1968). () Covalent
bonds between half the Li atoms and the N atoms are formed by
overlapping sp? hybrid functions. The remaining Li atoms appear
as Li* ions. The two different orientations of this bonding scheme
form the resonant Li—N bonds (Suchet, 1961).
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Recently the ionic conductivity has been examined,
both for polycrystalline samples (Bourkamp & Hug-
gins, 1976) for which an activation energy of 0-61 eV
was found, and for single-crystal samples (Alpen,
Rabenau & Talat, 1977). For the latter, up to 300°C,
the Li conductivity perpendicular to ¢ (the highest Li
conductivity reported so far) is two orders of magnitude
greater than that parallel to ¢, with activation enthalpies
of 0-29 eV perpendicular to and 0-49 eV parallel to ¢
respectively.

Furthermore it was concluded, from optical
measurements and lattice-dynamical considerations,
that Li;N has an ionic configuration with the nitrogen
ions close to the anomalous N3~ state (Chandrasekhar,
Bhattacharya, Migoni & Bilz, 1978). Dielectric
measurements at low temperatures showed that there
exists a locally ionic motion in shallow potentials (Wahl
& Holland, 1978). A survey of these and other new
results on Li;N is given by Rabenau (1978).

Thus the question of the nature of the bonding in
Li;N is still open. In the present paper this problem is
investigated on the basis of X-ray diffraction data. In
order to assess the ionic model, new atomic form
factors for N3~ have been used. The details of the
calculation are given in Schwarz & Schulz (1978). The
structure investigation has been carried out once for
covalent Li® and N° and once for ionic Li* and N3+
configurations.

2. Experimental

The two crystals used (with diameters of about 300
um) were grown by the Czochralski technique
(Schonherr, Miller & Winkler, 1978). The crystals
were enclosed in an evacuated Lindemann-glass tube to
prevent reaction with atmospheric moisture. The
reflection intensities were measured with mono-
chromated Mo Ka radiation on a four-circle diffract-
ometer in the &-260 mode. All reflections with sin /4 <
1-1 A-! were scanned. The very low absorption
correction factors (mass absorption factor 4 = 0-65
cm~!) and the path lengths of the X-rays were
calculated by Gaussian integration with the crystal
form described by its faces. The set of symmetry-
independent data contained 125 observed and three
unobserved reflections. A reflection was considered as
observed if I > 30(I) [I: net intensity; 6(J): standard
deviation calculated from counting statistics].

The data were collected at room temperature with
the first crystal and at —40 and —120°C with the
second. For these temperatures the following lattice
constants were obtained by refinement of the crystal
orientation from the angular position of 24 reflections:
a = 3-649 (1), 3-646 (1), 3-641 (1) A; c = 3.877 (1),
3-874 (1), 3-872 (1) A. The corresponding interatomic
distances can be calculated by Li(1)-N = ¢/2 and
Li(2)-N =a/,/3.
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3. Structure refinements

A normal least-squares structure refinement seems to
be a suitable tool for deciding whether the Li;N crystal
is predominantly ionic or whether it has a covalent
character. Scattering curves corresponding to LiIN3-
or LiJN° should be used for these calculations.
However, there are two difficulties.

(1) Only scattering curves for Li°% Li*, N° and N—
are published [in this work these were taken from Inter-
national Tables for X-ray Crystallography (1974) and
Fukamachi (1971)]. No scattering curves for N3~ are
available, since it is not a stable free ion. Therefore, as a
first step we followed the usual procedure of estimating
the scattering curve for N3~ by extrapolation from the
data of N° and N~ using the equation

So(N*7) = 3f(N7) — 2/ (NO). )]

(2) There are only a few reflections with sin 6/4 <
0-4 A-'. These are the main carriers of information on
the charge of the N atoms (Fig. 3), since for larger
sin /A4 values the scattering curves for N3~ and N°
coincide almost completely. For the same reason it is
impossible to obtain any information about the charge
of the Li atoms, since the scattering curves for Lit and
Li® are almost identical, even for the 001 reflection (Fig.
3).

In spite of these difficulties three different structure
refinements were carried out using all F, values or using
only those F, values with sin §/4 < 0-65 A~ or sin 6/
> 0-65 A-'. The isotropic extinction factor (Larson,
1967). the anisotropic temperature factors and the
occupation probabilities of the Li atoms were refined.
The weights for these and all other refinements were
calculated with the standard deviations derived from
the counting statistics. The corresponding R values,
extinction factors and occupation probabilities are
listed in Table 1 for the —40°C data. Similar results
were obtained with the other two data sets.

Fig. 3. Atomic scattering curves of N and Li. The arrows point to
the sin 6/4 values for reflections in Li,N with sin 6/4 < 0-3. For
N3~ the extrapolated scattering curve f,(N’-) according to
equation (1) is shown.
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Table 1. R values, extinction coefficients and occupation probabilities of the data set measured at —40°C

R and R(W) mean unweighted and weighted R values respectively. Three refinements were carried out for each set of scattering curves:
all data, low-angle data only, and high-angle data only. For N3~ both the extrapolated scattering curve f,(N*) and the scattering curve
Jw(N37) for the optimum Watson radius r,, = 1-39 A were used.

Occupation Occupation
| Ext}gc@ior: probit?(illi;y for probi?(ilzi;y for
Assumed F, values coefficien i
charge used R R(w) (x10%) ©.04 3:30)
All sin §/4 0-020 0-028 —1.77 (27 0-93 (1) 0-93 (1)
Li®N° sin 8/A < 0-65 0-039 0-048 —2:9(1-2) 0-94 (4) 0-90 (5)
sin /A > 0-65 0-011 0-010 - 1.01 (3) 0-99 (2)
All sin /4 0-011 0-012 0-47(9) 0-962 (5) 0-959 (4)
Li*N*- sin /A < 0-65 0-009 0.011 0-29 (20) 097 (1) 0-95 (1)
SA(N*) sin §/A = 0-65 0-013 0-012 - 0-99 (3) 0-96 (2)
Li*N3- All sin 6/4 0-008 0-009 0-48 (7) 0-998 (4) 0-989 (3)
Sw(N*) sin 6/A < 0-65 0-005 0-006 0-38 (10) 0-999 (5) 0-989 (6)
ry=139A sin /4 =0-65 0.014 0-012 - 1.03 (3) 1.00 (2)
The results show the following inconsistencies, if ok
neutral-atom scattering curves are used. oo} N
(1) The high-order refinement points to a nearly v -m0'c o+ o 20
completely ordered Li distribution, but the refinements R v -0
with all data, or with the low-angle data alone, show a 3
reduction of the Li occupation probability of about %
0-07. §'"
(2) The R values are considerably higher for the o
low-angle data than for the high-angle data, in contrast £
to the expectation from counting statistics. “ N A
(3) The extinction coefficients become negative. W~ ¢
These discrepancies are removed to a large extent in . 9\?
the refinements using the Li* and the extrapolated N3~ o TR
. . . . M 12 13 % 15 16 17 18 19 20 21 1M 12 13 1% 15 16 17 18 19 20
scattering curves (Table 1). The Li positions now seem Watson radius [A] Watson radius [A)
to be incompletely occupied with a deficiency of about (@) ®)
3%. These results suggest that bonding in Li;N is ionic. o oova
In the preceding paper (Schwarz & Schulz, 1978) vof- o 20 vof- 2 L2 3230
new scattering curves for N3- were reported. For these et o me
calculations the unstable N3~ ion was stabilized by an -l o -0
external potential. This potential is produced by a IS z
charge of +3 e uniformly distributed over the surface z 2
. 3 a4 2
of a sphere, a concept first introduced by Watson 5
(1958). The scattering curves denoted in the following g . %
by f,,(N*") are critically dependent on the radius of the gus- \u\u Bowt
sphere, r,, and are tabulated in the preceding paper as
a function of r,. The structure refinements for the osol. wool.
three sets of data were repeated using the new scatter-

ing curves. The weighted R(w) values, isotropic ex-
tinction factors and occupation probabilities from these
refinements are shown as a function of r, in Fig. 4.*
The weighted R(w) curves obtained show minima for
r,, between 1-32 and 1-46 A for all three temperatures

* Lists of structure factors at the three temperatures studied here
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 33716 (4 pp.). Copies may be
obtained through The Executive Secretary, International Union of
Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

Wi 5 e U8 19 20 7 W3 % 15 9617 18 19 25 21
Watson radius [A] Watson radius [A]
© (@)

Fig. 4. Essential results of the refinements (Lit and N3~ being
assumed) using the scattering curves f, (N37) for different
Watson radii. (@) Weighted R values: R(w) = [2w(F, —
F. )X wF2]V2 The higher R(w) value at —120°C (compared
with that at —40°C) is caused by a larger temperature instability
of the cooling equipment at lower temperatures. (b) Isotropic
extinction coefficient. The error bars correspond to the standard
deviations. (¢) Occupation probability of Li(1). The standard
deviations are smaller than the symbols. (d) Occupation
probability of Li(2).
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Table 2. Structure parameters at —120, —40 and 20°C using the scattering curve f,,(N*") forr,, = 1.39 A

The U values are multiplied by 100. From the point symmetry of the atomic positions: U

22 = 2U}3; U,3 = U,y = 0. The anisotropic

n=

3
temperature factor is defined in the form: T = exp (—27z2 2. Uyhhat a,") .

ij=1

U, (A? x 10?)

Atomic position

Occupation probabilities

(Wyckoff notation) —120°C —40°C +20°C -120°C  —40°C 20°C
N 1) U, 0-622 (9) 0-775 (6) 0-929 (9)

. Uy, 0-585 (12) 0-775 (9) 0-950 (12)
Ho '® Z;; o 8; 050 8 Lo 8; 0-997(5)  0-998(4)  1.003 (4)
Li(2) g;; ?:g? E g ;:gg g; ; :(2)‘; 8; 0-990(5)  0-989(3)  0-982 (4)

(Fig. 4a). The extinction factors and the occupation
probabilities of the two Li positions are also strongly
ry-dependent (Figs. 4b—d). From Fig. 4 one can
exclude r,, values leading to physically meaningless
results: extinction factors lower than zero or oc-
cupation probabilities larger than one. There remains
only a small range of ry, between 1.38 and 1-53 A
(marked by a double arrow in Fig. 4a). Obviously, this
range would be smaller still if crystals without
extinction had been available. The scattering curve for
rw = 1-39 A gives the best overall results and has been
used for all calculations and considerations described
below.

The occupation probabilities and coefficients of the
anisotropic temperature factors of the three data sets
are listed in Table 2 for the optimum r, value. In
addition, the results of the high- and low-order refine-
ments with the —40°C data are included in Table 1. No
discrepancies are now observable between these refine-
ments. The Li(1) position is fully occupied, but the
Li(2) position shows an under-occupation of 1-2% at
all investigated temperatures (Table 2).

4. Electron density difference syntheses

The deviations from a purely ionic-bonded crystal were
studied by difference syntheses as follows.

(1) The N3~ scattering curve for the optimized value
of r, and the Li* scattering curve were used. The

occupation probabilities were taken from Fig. 4(c) and
(d) for the optimized r,, value and applied to all three
data sets [1-00 for Li(1) and 0-99 for Li(2)]. In the
same way the extinction correction factor was taken
from Fig. 4(b).

(2) The temperature factors were refined using only
F, values with sin /2 > 0-65 A~'. These temperature
factors were somewhat lower than those obtained from
the refinements with all data (Table 2), but the
differences were smaller than the e.s.d.’s.

(3) The scale factor was determined by a structure
factor calculation with all data to account for thermal
diffuse scattering in an approximate way (Vos, 1977).

In the difference syntheses calculated with the above
data only electron densities up to 0-1 ¢ A~3 were

i t
Li(1) Li(1)
-120°C -40°C +20°C
Fig. 5. Difference electron densities along the Li(1)-N bond at
—120, —40 and 20°C. Full and broken lines correspond to

positive and negative densities respectively. The lines are drawn
at 10-051 and 10-101 ¢ A3,

(a)

/e, (©

Fig. 6. Difference electron densities in the Li,N plane at z = 0. Details are as in Fig. 5. (@) —120°C. (b) —40°C. (c) 20°C.
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observed. Their estimated error is roughly 0-03 e A3,
if the e.s.d.’s of the measured reflections and similar
e.s.d.’s for the unmeasured reflections are taken into
account. Since the maximum densities in these dif-
ference syntheses are only about three times larger than
their e.s.d.’s, this suggests that there is only a small
deviation from pure ionic bonding. In Fig. 5 the
residual electron densities along the Li(1)—N bond, i.e.
along ¢, are shown. The only common feature for the
three temperatures studied is a small amount of
electron density approximately in the middle of the
bond. This density may be interpreted as a polarization
of the N3~ electron cloud in the Li(1) direction. The
residual electron densities in the Li,N plane around the
Li(2) positions at —120°C (Fig. 6a) can be interpreted
in the same way, although these densities disappear at
—40°C (Fig. 6b). The positive and negative densities
around this position at room temperature indicate
anharmonic thermal vibrations which are not included
in the present structure refinements. The negative
electron densities at the Li(2) position at all tem-
peratures suggests that the occupation probability of
Li(2) lies between 0-99 and 0-98.

5. Model calculations

It could be argued that the small Li* ions would
influence the rather diffuse spherical N3~ ions and at
least generate anisotropic polarization effects.
However, such effects are hardly observable in the
residual electron densities of Figs. 5 and 6. It may be
possible that such polarization effects would not be
observed in the difference densities for the following
reasons.

(1) With decreasing volume ¥ of an elementary cell,
the first term of the Fourier summation F(000)/V
increases and the modulation of this term by the
structure factors decreases. This argument will be par-
ticularly cogent for Li,N, owing to the small lattice
constants of the crystal.

(2) The procedure of optimizing the N3 scattering
curves by varying ry,, rather than using a fixed

Fig. 7. Difference density between a model electron density (see
text) and the best fit to it by a pure ionic structure (LiN?"). The
full and broken lines show positive and negative electron
densities, respectively, and are drawn at 10-051, 10-101,... e A-2.
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scattering curve (here used for the first time), could
result in the isotropic contribution to the electron
density being over-emphasized, and cause a nearly
perfect adjustment of the ‘wrong’ purely ionic model to
an anisotropic electron density distribution around the
N3~ jons. Thus its residual anisotropic electron den-
sities may be so small that they become comparable
with the errors of the difference densities.

In order to assess the importance of these two
effects, we have made a model calculation in which the
electron density of N consists of an isotropic and an
anisotropic part. It was assumed that the true electron
distribution in Li;N can be described as follows: The Li
positions are occupied by Li*. The isotropic part of the
N3~ jons is represented by N° The remaining three
electrons generate the anisotropic part. They are
uniformly distributed among the eight Li~N bonds.
These fractional electron densities (3 ) were placed in
the middle of the Li—N bonds and smeared by an
isotropic temperature factor of B = 10 A2, The middle
of these densities is about 1-1 A from the Li and N
positions; this means that it lies outside the Li* and N°
radii, but inside the lower limit of the N3~ ionic radius.
The temperature factors for Li* and N°® were taken
from the —40°C values of Table 2. The structure
factors obtained from the above model were taken as
hypothetical F, values and used for refinements with
the different N3- scattering curves. The best fit
produced an R value of R(w) = 0-034.

A difference density was now calculated with the
correct temperature factors of Li* and N° (this corre-
sponds to a high-order refinement) and an adjusted
scale factor. This difference synthesis (Fig. 7) clearly
shows the artificial polarization densities and, in
addition, a large negative density at the N position.
Thus it is possible to conclude that any anisotropic
term in the electron density of Li;N would readily be
observed in a difference synthesis employing ionic
scattering curves only.

6. Discussion

In the previous sections it was shown that both the
extrapolated scattering curve f,(N3-) and the f,(N*-)
curves indicate that Li;N is an ionic crystal containing
the N3~ ion. For the first time the existence of an N3~
ion has been proved by diffraction methods. An ionic
radius for N3~ is estimated to be r(N*) = 1.5 A by
subtracting the Li* radius r(Li*) = 0-6 A from 2-1 A,
the average interatomic Li—N distance in Li,N.
Although both types of refinements which assume ionic
configuration give low R values of about 1%, the
structural parameters obtained differ considerably. The
extrapolated scattering curve f.(N3) indicates an
under-occupation of both Li sites by about 3% and a
nearly extinction-free crystal (Table 1). A more reliable
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answer to the question of occupational disorder can
only be obtained by using a series of f,, (N3) scatter-
ing curves for the structure refinements. They show
the strong dependence of all structure parameters on the
Watson radius r,, (see Fig. 4). This also holds for the
temperature factors which are not discussed in this
paper. There exists a small range of r, for which
consistent results are obtained and within this range
there exists an optimum r, value which gives the
overall best fit to the observed data. For this optimum
r,, value the occupation probabilities of the Li sites can
be taken from Fig. 4(c) and (d) with an error lower
than 1%. Within this error limit the Li(1) sites at z = }
are completely ordered, whereas the Li(2) sites at z =0
show a weak under-occupation in the range of 1-2%
(Tables 1 and 2 and Fig. 4).

From the point of view of ionic conduction the
following observations can be made.

(1) The Li* ions within the Li,N layers [Li(2)] are
more weakly bonded to the N3~ ions than are the Li*
forming the Li layers [Li(1)], as indicated by the inter-
atomic distances |Li(1)-N = 1.94, Li(2)-N = 2-13 A}
and by the thermal-vibrational amplitudes (Table 2).
Therefore, Li(2) should play a preferred role in the ionic
conduction of Li;N.

(2) From the NMR results mentioned in § 1 it was
deduced that mainly the Li(1) positions contribute to
the ionic conduction.

(3) Refinements with the extrapolated N3~ scattering
curve | f,(N3)] produce an under-occupation at both
Li sites of about 3%.

(4) Refinements with the f},(N37) scattering curves
resulted in completely ordered Li(1) sites and an under-
occupation of the Li(2) sites of about 1-2%.

Results (2) and (3) do not exclude each other,
although they are in contradiction to (1) and (4). Only
(1) and (4) agree and support each other. This corre-
spondence makes it probable that only the Li(2) sites are
involved in ionic conduction. The different conclusions
reached in (3) and (4) again show how sensitive the
structure refinements are to the scattering curves used.

We thank Professors H. Bilz and A. Rabenau for
their stimulating interest in this work and for many
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G. Muiiller for growing the crystals and K. H. Thiemann
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the Max-Planck-Institut fiir Festkorperforschung,
Stuttgart.)
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