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Abstract

The defect structure of Li,N (space group P6/mmm,
a ~ 3-65, ¢ ~ 3-88 A) has been investigated with data
sets measured at seven temperatures in the range 153 to
678 K. The data have been used for normal and high-
order refinements and for the calculation of the
corresponding difference electron densities. The final
R, ranged between 0-7 and 1-3%. The N atom
position at z = 0 and the Li(1) positions at z = 1 are
completely occupied and remain ordered within the
whole temperature range. The Li(2) sites at z = 0
already show a vacancy concentration of 1-2% at low
temperatures, which does not change significantly with
increasing temperature. The Li(2) ions exhibit strong
anharmonic thermal vibrations within the Li,N layers
at z = 0 along the Li(2)-Li(2) connection lines. The
high Li ionic conduction is caused by jumps of Li(2)
ions from an occupied Li(2) site into an unoccupied
one. The anharmonic thermal vibrations are the pre-
cursors of these jumps. Interstitial sites are not involved
in this mechanism.

Introduction

Li,N crystallizes in space group P6/mmm. Its crystal
structure (Figs. 1 and 2) can be described as a sequence
of Li and Li,N layers perpendicular to e. The N atoms
occupy the centre of the elementary cell. They are
surrounded by eight Li atoms in the shape of a
hexagomal bipyramid. The Li atoms at the apices of this
bipyramid form the pure Li layers and the remaining
atoms form the Li,N layers (Zintl & Brauer, 1935;
Rabenau & Schulz, 1976).

Low-temperature investigations have shown that
Li;N forms ionic bonds; therefore, its valence formula
can be written as LifN3~ (Schulz & Schwarz, 1978;
Schwarz & Schulz, 1978). The N?*- ion, which is
unstable as a free ion, has been found to exist in the
solid state for the first time in this compound. Li ions at
the Li(1) and Li(2) positions (Figs. 1 and 2) form two
and three Li—N bonds with lengths of 1-94 and 2-13 A
respectively. The Li(2) ions are more weakly bonded to
the N atoms than the Li(1) ions. This can be seen from
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the thermal motion (Fig. 2). At both Li positions the
thermal-vibration amplitudes are larger perpendicular
to the bond directions than parallel to them, with the
largest amplitudes observed at the Li(2) positions
(Rabenau & Schulz, 1976; Schulz & Schwarz, 1978).

Li;N shows the highest Li ionic conductivity
presently known at ambient and relatively modest tem-
peratures (Boukamp & Huggins, 1976; von Alpen,
Rabenau & Talat, 1977).* The ionic conduction is
anisotropic: it is larger perpendicular to than parallel to
¢ by two orders of magnitude at room temperature.
This difference reduces to a factor of five at 570 K (von
Alpen, Rabenau & Talat, 1977). From dielectric studies
at low temperatures Wahl & Holland (1978) concluded
that the ions lie in shallow potential wells.

* Hong (1978) reported that Li,,Zn(GeO,), shows a Li ionic
conduction comparable to Li,N in the temperature range 520 to
670 K. However, this material is not stable with respect to pure Li.
Its activation energy is higher and its room-temperature con-
ductivity is lower than that of Li;N (von Alpen, Bell, Wichelhaus,
Cheung & Dudley, 1978).
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Fig. 1. Crystal structure of Li,N: (a) perspective drawing, (b)
projection along c.
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The large Li conductivity of Li;N suggests a high
degree of positional Li disorder, as was found, for
example, for the Ag ions in a-Agl (Cava, Reidinger &
Wuensch, 1977). However, X-ray investigations at
room temperature and below (Schulz & Schwarz,
1978) have shown that the Li ions exhibit nearly
complete ordering, except that the Li(2) positions have
an underoccupation of 1-2%. Related electron density
studies did not show residual electron densities outside
the atomic positions that could be attributed to these
missing Li ions residing in interstitial sites.

The large Li conductivity at room temperature and
above and the lack of evidence for Li ions in interstitial
sites, as well as the high degree of positional order at
room temperature and below, stimulated a detailed
investigation of the structural parameters of Li; N as a
function of temperature. These studies are focused on
defects within the Li substructure.
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Fig. 2. Thermal motion in Li,N and coordination polyhedron of
the N atoms. (a) Thermal-vibration ellipsoids of the Li and N
atoms and coordination polyhedron of the N in the form of a
hexagonal bipyramid. (b) Thermal mean-square displacements u
(A?) as a function of temperature.
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Experimental details

Crystal pieces shaped approximately like a sphere or a
cube about 300 pm across were taken from large singie
crystals grown by the Czochralski technique
(Schonherr, Miller & Winkler, 1978). These crystal
pieces were put into a tube of Lindemann glass under
vacuum. The tube was then filled with dry argon and
fused to exclude humidity. The quality of the single
crystals prepared in this way was checked by Laue
photographs.

Three pieces were selected for measurements on
single-crystal diffractometers. The low-temperature
measurements (153 to 233 K) were carried out with a
Syntex P2, diffractometer; measurements at higher
temperatures were carried out with the Philips PW
1100 equipment.* The crystals were cooled by a
nitrogen stream, the temperature being both controlled
and measured with an accuracy of +10 K. They were
heated in a stream of warm air with a temperature
precision of +2 K. The lattice constants were derived
from the angular positions of 14 (Syntex) or 24
reflections (Philips). The intensities were measured in
the w-scan mode up to @ = 45° and in the 6/26 mode
for higher 8 values. The intensities of control reflections
did not change significantly. Further details of the
measurements are listed in Table 1.

Data reduction and structure refinements

Both absorption correction factors and the X-ray path
lengths were calculated. The crystal dimensions and
shape were determined in place on the diffractometer
by optical methods. These measurements were not very
accurate because of the presence of the surrounding
Lindemann tube. The absorption factors differed from
each other by <1% (4 = 0-064 mm~! for Mo Ka
radiation). These correction factors were not applied to
the measured intensities because of the low variation
among them and the limited accuracy of the crystal-
shape measurements; however, the X-ray path lengths
were used. The intensities and the corresponding X-ray
path lengths were averaged. Weights were calculated
from the counting statistics. Further details are listed in
Table 1.

* The low-temperature and room-temperature data from the
second crystal were utilized earlier (Schulz & Schwarz, 1978).

Table 1. Details of the intensity measurements and final R values

T (K) 153 233
f(max.) (°) 50 50
Measured reflections 1188 1188
Symmetry-independent reflections 125 125
0-014 0.008
R(w) 0-013 0-009

293 393 488 588 678
50 35 40 40 40
1188 615 702 702 702
125 60 82 82 82
0-012 0.005 0-008 0-009 0-014
0.011 0-009 0-007 0.010 0.013
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The structure refinements were carried out as
described by Schulz & Schwarz (1978). We used the
scattering curves for Lit taken from International
Tables for X-ray Crystallography (1974) and the N3-
scattering curves for different stabilizing Watson-
sphere potentials (Schwarz & Schulz, 1978). The over-
all best fit for all data sets was again obtained for the
N3- scattering curve calculated with a Watson radius
of 1-39 A. The following ten structure parameters were
refined: anisotropic temperature factors (Fig. 2),
occupation probabilities of the Li positions (Fig. 4), iso-
tropic extinction correction (Larson, 1967) and scaling
factor. For these calculations 60 to 125 symmetrically
independent reflections were used (Table 1). The refine-
ments were carried out once with the complete data sets
and then with reflections with @ > 65° for measure-
ments at room temperature and below and ¢ > 30° for
the high-temperature measurements. The occupation
probabilities and temperature factors refined with these
two types of data sets agreed within one e.s.d. Natural-
ly, the e.s.d.’s for the high-order refinements were higher
than for the refinements with all the data. The results
shown in Figs. 2(b) and 4 were derived from the com-
plete data sets. The final R values are listed in Table 1.*

Lattice constants, anisotropic temperature factors and
occupation probabilities

The lattice constants at different temperatures are
shown in Fig. 3: ¢ varies linearly over the whole tem-
perature range. The temperature dependence of a can
be described by a straight line only up to 570 K ; above
this temperature it deviates from this line to higher
values.

The thermal-vibration parameters have the form of
rotational ellipsoids for all three atomic positions with

* Lists of structure factors obtained at 153, 233, 293, 393, 588
and 678 K have been deposited with the British Library Lending
Division as Supplementary Publication No. SUP 33919 (7 pp.).
Copies may be obtained through The Executive Secretary, Inter-
national Union of Crystallography, 5 Abbey Square, Chester CH 1
2HU, England.
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Fig. 3. Lattice constants as a function of temperature.
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the main axes oriented parallel to and perpendicular to
c respectively (Fig. 2a).

The following relation holds for harmonic thermal
vibrations:

uocT.Q6/T) (m,.6%,

where u = mean-square displacement, T = absolute
temperature, 0 = Debye function, § = Debye tem-
perature and m , = atomic mass. Thus the mean-square
displacements u are proportional to 7. The six
symmetrically independent # values in Li;N follow this
relationship up to 570 K. The u (Lc) value of Li(2)
deviates from the straight line above 570 K. All other u
values follow straight lines up to the highest in-
vestigated temperature. The thermal motion of the N
atoms can be considered to be isotropic over the whole
temperature range, whereas both Li positions exhibit
vibrational amplitudes which are larger perpendicular
to than in the direction of their bonds (Fig. 2). These
results agree with expectations: The environment of the
N atoms is nearly isotropic; however, the coordination
of the Li atoms [linear for Li(1) and planar for Li(2)] is
anisotropic.

The deviation of the u (Lc¢) component of Li(2)
suggests strong anharmonic thermal vibrations of these
ions perpendicular to ¢ above 570 K.

The linear relationship between # and T also
suggests a linear expansion of the lattice constants. This
is, however, not true for a at higher temperatures (Fig.
3). The more than linear expansion of a suggests inter-
actions between Li ions. This assumes that Li—Li inter-
actions take place only perpendicular to e¢. This
expectation is supported by the results presented in the
following section.

The refined occupation probabilities are presented in
Fig. 4, which shows that the Li(1) position at z = 1,
which forms the pure Li layers (Fig. 1), is completely
ordered and remains so at higher temperatures. In
contrast, the Li(2) position at z = 0 is already under-
occupied at low temperatures by about 1-2%. The
underoccupation remains nearly constant until 570 K,
whereas above this temperature the occupation pro-
bability drops, reaching 0-96 at 678 K.
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Fig. 4. Occupation probabilities of the Li positions as a functon of
temperature.
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Difference electron densities and anharmonic thermal
vibrations

Difference electron densities (Figs. 5 and 6) were
calculated to look for the missing Li(2) ions. Structure
parameters determined by a normal least-squares
refinement were used for these calculations. The
development of the difference electron densities in the
Li,N plane with increasing temperature is shown in
Fig. 5(a) to (¢). At 393 K the features around the Li(2)
positions suggest anharmonic thermal vibrations of
these ions (Fig. 5a). One can draw lines from the
negative densities to the positive densities through the
Li(2) position. The extensions of these lines cross N
atom positions at the negative density side and the
center between two Li atoms on the positive density
side. This effect is already observable at room tem-
perature, as was shown by a similar difference electron
density in Fig. 6(c) of Schulz & Schwarz (1978). The
arrangement of negative and positive densities around
the Li(2) ions can be explained by thermal vibration of

Az,

Fig. 5. Difference electron density section through the Li,N layer
at z = 0. Full and dotted lines represent positive and negative
densities respectively. The lines are drawn at +0-03, +0-06,
+0-09 eA-3. (a) 393 K. (b) 588 K. (¢) 678 K.
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excited Li(2) ions in the anharmonic part of the Li(2)
potential, whereas the remaining ions vibrate in a
harmonic or nearly harmonic potential.

The transition of an Li(2) ion from harmonic to
anharmonic thermal vibration is illustrated in Fig. 7.
The two Li ions in the low and medium excited states
both vibrate in a common approximately harmonic
potential, whereas the shape of the potential relevant to
the Li(2) ion in the highly excited state deviates sub-
stantially from that characteristic of harmonic vi-
brations. Compared to the mean positions of all Li(2)
ions at (4, 4,0) or (£40) the highly excited Li(2) ions
vibrate with a large amplitude in the direction of the
neighboring Li(2) ions and with a small amplitude in
the opposite direction, i.e. in the direction of the
Li(2)—N bonds (Fig. 1). These highly excited Li(2) ions
generate positive and negative densities in conventional
difference electron densities in the directions of their
large and small vibration amplitudes respectively. This
distribution of negative and positive densities around
the Li(2) positions in Fig. 5 suggests a potential form
along the line N—Li(2)—Li(2), such as that shown
schematically on the left side of Fig. J.

This interpretation of the residual densities at 393 K
(Fig. Sa) is supported by the corresponding electron
density map at 588 K (Fig. 5b). The positive electron
densities around Li(2) are seen to be already connected
with each other. Both positive and negative parts are
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Fig. 6. (a)-(c) Difference electron density sections along ¢ and
along the connection line N—Li(2)—Li(2)—N, which coincides
'with the vector a,—a,. Electron density lines and temperatures
are as in Fig. 5.
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also expanded compared to those at 393 K (Fig. 5a).
At 678 K the positive parts have grown together to
form a two-dimensional network consistent with the
concept of well defined conduction paths for the Li(2)
ions. However, the residual electron densities are due to
the vibrations of all Li(2) ions in highly excited states,
not just those which jump to adjacent sites.

The densities shown in Fig. 5 are limited to the
immediate neighborhood of the Li,N plane at z = 0, as
shown by the electron density section parallel to ¢ (Fig.
6). No densities other than those in Figs. 5 and 6 were
found, in any part of the elementary cell, to have either
a systematic tendency with temperature or a tem-
perature-independent constant value. Thus it follows
that within the limits of this investigation no interstitial
sites are observable which can be assigned to the
missing Li(2) ions. This was also found for the highest
temperature of 678 K, at which the Li(2) position
shows a vacancy concentration of about 4%.

Defect structure and ionic conduction mechanism

The results presented in the previous sections lead to
the following models of the defect structure and the
ionic conduction mechanism in Li;N.

The Li,N crystals investigated have a natural
vacancy concentration of about 1-2% at the Li(2)
positions within the Li,N layers. This means that about
every third elementary cell contains one unoccupied
Li(2) site. In contrast, the Li(1) sites are completely
occupied. The missing Li(2) ions do not occupy
interstitial sites, as there is no evidence that they are
incorporated into the crystal. Therefore, the in-
vestigated crystals deviate from the exact stoichio-
metric composition in the direction of a Li deficit. This
deviation from complete order may be related to the
crystal-growing procedure which may cause an excess
of nitrogen in the crystal (Schonherr et al., 1978). Some
of the nitrogen may exist as N2~ ions. Another
assumption is that O ions are incorporated into the
crystal during the preparation. The charge deficit at N
atom sites can then be compensated by vacancies at the
Li(2) positions. In this connection it should be taken
into account that the Li(2) ions are more weakly

|
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excited Li(2)-ions

Fig. 7. Schematic drawing of the Li(2) potential within a Li,N
layer (z = 0) along the Li(2)—Li(2) connection lines between an
occupied and an unoccupied Li(2) site. At the occupied site on
the left side three Li(2) ions are shown in low, medium and high
excited states.
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bonded to N than the Li(1) ions. Their Li—N distances
and their thermal-vibration amplitudes are both sig-
nificantly larger than those of Li(1) (¢f. Introduction
and Fig. 2).

The vacancy concentration at the Li(2) sites of about
1-2% and the anharmonic thermal vibrations of the
Li(2) ions described in the previous section play the
most important role in the ionic conduction mechanism
of Li;N. The ionic conduction within the Li,N layers is
undoubtedly related to these anharmonic thermal
vibrations. The excited Li(2) ions vibrate along the
Li(2)—Li(2) connection lines in a shallow and extended
potential (Fig. 7). An excited Li(2) ion needs, there-
fore, only a small increase in energy to jump into a
neighboring unoccupied Li(2) site. Therefore, the ionic
conduction perpendicular to ¢ takes place predomi-
nantly in the Li, N layers along the Li(2)—Li(2) connec-
tion lines. It is a simple vacancy conduction. No inter-
stitial sites seem to be involved in this process.

Ionic conduction parallel to ¢ is also related to the
anharmonic thermal vibrations of the Li(2) ions. This
can be seen from Fig. 6. There are two drop-like
extensions of the residual electron density which stick
out of the Li,N plane and which increase in size and
height with increasing temperature. The bent lines in
Fig. 6(c) follow the shape of these drops. The Li(2) ions
probably move along these lines from one Li,N layer
to the next. During these movements the Li(2) ions
must pass through the positively charged Li(1) layers at
z = 1 which therefore form a potential barrier for the
jumping Li(2) ions. Therefore, only the most excited
Li(2) ions are able to move parallel to e¢. The jump
paths of these ions, shown by the bent lines in Fig. 6, all
meet at either (4,23) or (311). At these points the
jumping Li(2) ions pass through the Li(1) layers at a
maximum distance from the Li(1) ions at (0,0,1). Again
Li(2) vacancies rather than interstitials are involved in
this process. An Li(2) ion jumps directly from an
occupied site to an unoccupied site. There is no
evidence that the rather empty Li(1) layers at z = { play
a role in the ionic conduction either parallel or normal
to ¢. This means that these layers do not embody inter-
stitial sites of the Li(2) ions. Furthermore, the Li(1) ions
do not contribute to the ionic conduction. Their sites
are completely occupied at all investigated tem-
peratures.

The proposed model of the ionic conduction in Li,N
leads to the conclusion that the vacancy mobility is
greater perpendicular to ¢ than parallel to it. This model
explains quite well the observed anisotropic behavior of
the ionic conduction (von Alpen et al., 1977). The
activation energy has been found to be lower perpen-
dicular to ¢ (0-29 eV) than parallel to it (0-49 eV).
Furthermore, at room temperature the specific con-
ductivity of Li;N is two orders of magnitude higher
perpendicular to than parallel to e. This difference is
reduced to a factor of five at 570 K.
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Above 570-K the a axes (Fig. 3), the mean-square
displacement u (Lc) of Li(2) (Fig. 2b) and the
occupation probability of Li(2) (Fig. 4) all deviate from
a linear temperature dependence. These deviations are
also probably caused by the anharmonic thermal
motion of the Li(2) ions.

The number of Li(2) ions vibrating with large
amplitudes in the direction of neighboring occupied
Li(2) sites has increased such that now the Li(2)—Li(2)
interaction results in an additional expansion of a.

The usual structure factor includes only harmonic
thermal vibrations. Therefore, it cannot describe the
strong anharmonic thermal vibrations and the cor-
responding electron density distribution of the Li(2)
sites correctly. Likewise, corresponding least-squares
programs adapt the usual structure parameters to an
assumed harmonic distribution. This results in an over-
proportional decrease of the occupation probability and
an overproportional increase of u (Llc) of Li(2),
whereas the defect concentration at the Li(2) positions
has probably not changed, but only the number of
highly excited Li(2) ions has increased.

The relations between anharmonic thermal vib-
rations and ionic conductivity described here have also
been observed in Agl in a similar way (Cava, Reidinger
& Wuensch, 1977).
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On the Choice of Elastic Constants in Evaluating Thermal Diffuse Scattering Corrections
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Abstract

The elastic stiffness constants for the calculation of the
thermal diffuse scattering correction of X-ray reflexions
should be the isothermal ones. However, adiabatic ones
are mostly used. It is shown that, despite a relatively
large difference between both types of elastic stiffness
constants for pyrazine, the resulting thermal diffuse
scattering correction is hardly affected.

* Present address: Philips Research Laboratories, Eindhoven,
The Netherlands.
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At present thermal diffuse scattering (TDS) corrections
of X-ray reflexions are usually evaluated in the so-
called long-wave approximation. In this approximation
the TDS correction factor a is given by (Cochran,
1969; Harada & Sakata, 1974)

a=Qm~* [ J(q)dg,

scan

with

kT
J(@) =2
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