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NMR-Study of Structure and Diffusion Processes in Li,N 

R. Messer, H. Birli and K. Differt 

Max-Planck-lnstitut fiir Metallforschung, lnstitut fur Phys~k, Stuttgart, Germany 

R6sum6. - Nous avons anal~lst les spectres quadrupolaires de 7Li et 14N dans des monocristaux de Li3N en fonc- 
tion de I'orientation dans le champ magnktique. Les rksultats sont en bon accord avec le modele de liaison ionique. 
L'evolution des spectres quadrupolaires et des relaxations spin-rkseau Tl en fonction de la temperature conduit 
au moins a deux processus de diffusion, en accord avec la forte anisotropie de la conductivite ionique. Au-dessous 
de 300 K la diffusion est realiste dans les couches de Li2N avec une enthalpie d'activation d'environ 0,25 eV. La 
mobilitt des noyaux s'acctlere, si la concentration d'hydrogene dans les echantillons est augmentke. Aux temp& 
ratures plus &vv8 on note une diffusion interplans importante, mettant en jeu les dew sites du lithium. 

Abstract. - Quadrupole split NMR-spectra of 7Li and 14N in single crystals of Li3N were measured as a function 
of orientation to the magnetic field. The results confirm the model of ionic bonding. From the temperature depen- 
dence of both the 7Li spectra and the relaxation rate T1 of 7Li at least two diffusion processes could be determined 
which are in agreement with the strong anisotropy of the ionic conductivity. Below 300 K nearly all diffusion takes 
place in the Li,N layer with an activation enthalpy of about 0.25 eV. The jump rate of the ions can be increased 
by doping the crystals with hydrogen. At higher temperatures there is a considerable amount of interplanar diffu- 
sion involving both Li positions. 

1. Introduction. -The crystal structure of Li3N 
is hexagonal consisting of alternately Li2N and Li 
planes as shown in figure 1 [I]. Zintl and Brauer [2] in 
1935 suggested ionic bonding between N3- and Li+ 
ions while lateron Hiickel [3] and Krebs [4] supposed 
covalent bonding which was supported by NMR 
studies of polycrystalline Li3N [5, 61. By recent mea- 
surements [7] a relatively high ionic conductivity was 
found comparable with that of Li-P-alumina which 
hardly can be understood within a covalent bonding 
model. Now the existence of single crystals of Li3N 
of high quality and sufficient size [8] makes it possible 
to take up again the question if the NMR-data contra- 
dict the ionic bonding model. 

The ionic conductivity in single crystals shows a 
strong anisotropy with oil < (Ckm)-' parallel 
and crL = (Qcm)-l perpendicular to the hexa- 

L = 2.13 8, c= 1.94 8, 

Fig. 1. - Crystal structure of lithium nitride. 

gonal c-axis at RT. The mechanisms of the diffusion 
processes involved are not yet completely understood. 
Schulz et al. [9] concluded from X-ray investigations 
that the ionic conductivity perpendicular to the c- 
axis is a vacancy induced diffusion process in the 
Li,N plane. Wahl [lo] had shown that this process 
depends on the hydrogen concentration in the sample. 
We examined three samples with different hydrogen 
concentration and measured the temperature depen- 
dence of (i) the quadrupolar splitting of the 7Li-NMR- 
spectra, (ii) the linewidth of the resonance lines 
(motional narrowing, lifetime broadening), and (iii) 
the relaxation rate TI in the temperature range from 
80 K to 700 K to get a detailed picture of the microsco- 
pic diffusion processes in Li3N. Details of our inves- 
tigations are given in [I 11. Inthis paper we will restrict 
ourselves to some special aspects. 

2. Experimental. - Single crystals of Li,N were 
grown by the ~zohralski technique [8]. One of the 
samples was dotted with hydr'ogen but also the other 
samples investigated contain a considerable concen- 
tration of hydrogen which was determined by infrared 
transmission and reflexion [lo]. 

3. Discussion of structure and ionic bonding. - 
The orientation dependence of the quadrupole split 
spectra of 7Li and 14N was measured by rotations 
relative to the magnetic field about axis parallel and 
perpendicular to the c-axis. According to the spin 
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quantum numbers the 7Li spectra shows two triplets 
due to the Li(1) and Li(2) positions, whereas the 14N 
spectra consist of a dublett. Within the experimental 
error the orientation dependence follows the theore- 
tical expressions (see e.g. Volkoff [13]) for first and 
second order quadrupole splitting. We found that 
the electric field gradient at all three sites is axially 
symmetric around the c-axis and therefore can be 
described by only one constant, the coupling constant 
A = eZ q.Q/h, where eQ is the nuclear electric qua- 
drupole moment and eq the diagonal component of 
the electric field gradient along the c-axis. 

Table I. - Experimental (exp) and theoretical (th) 
values describing the quadrupole interaction at the sites 
of the nuclei Li(l), Li(2), and N (T = 293 K). The 
opposite signs of the experimental values of Li(1) 
and Li(2) follow from high temperature measurements. 

In table I values of the determined quadrupolar 
coupling constants A together with experimental and 
theoretical values of q. Q are summarized. The theore- 
tical values of q.Q for 7Li(l) and 7Li(2) were calcu- 
lated [ll] with Q = - 4.1 x 10- 26 cm2 and the 
antishielding factor yLi+ = - 0.213 [14] from the elec- 
tric field gradient determined with the assumption of 
point charges Li' and N3- situated at the lattice sites 
(see e.g., Cohen, Reif [15]). The theoretical values of 
q.Q are by a factor 2. . .  3 too high which may arise 
from the uncertainty of the value of the antishielding 
factor y,,+ but they are in correct order which contra- 
dicts the statements of earlier investigations [5, 61. 
Furtheron the theoretical results reflect the experi- 
mental fact that the greater quadrupolar splitting 
comes from the nuclei of Li(1). Also the theoretical 
ratio of (q . Q ) Li( l)/(q . Q) Li(2) = - 2.36 is in accep- 
table agreement with the corresponding experimental 
one of - 2.04. The negative sign of the experimental 
ratio can be derived from the high temperature qua- 
drupole splitting (see the following section). 

The slight discrepancy of the experimental to the 
theoretical ratio can be removed when we take into 
account the experimental result that the chemical 
shift tensor of 14N is not spherical symmetric. The 
electron cloud of the N3- ion has a deformation in c- 
direction which leads to a quadrupole moment of the 
electron cloud of N3- itself and thus gives a contribu- 
tion to the field gradients at the different sites. Finally 
we obtained an antishielding factor for the N3- ion 
of about 20 which is of reasonable order [l 11. 

4. Temperature dependence of the 7Li-NMR-spec- 
tra. - The temperature dependence of the linewidth 

.-""I kHz 

Fig. 2. -Temperature dependence of the linewidth AvIiz of 
satellites and central line. Satellites : Li(2), sample 180, H ,  I c ( x ) ; 
Li(2), sample 113, H ,  l c (0); Li(l), sample 180, H ,  l c (O), 
central line : Li(2), sample 131, H, 11 c (A) .  

Av,,, (linewidth at half intensity of the power spectra) 
of the satellites and central lines are shown in figure 2. 
The rigid lattice value of the dipolar linewidth is 
reached below 130 K to 250 K, depending on the 
sample. It can be calculated from the Van Vleck- 
expression and yield within the experimental accuracy 
the experimental values. The motional narrowing of 
the two Li positions is quite different. Whereas the 
Li(2) position reduces its linewidth with increasing 
temperature down to about 1 kHz the Li(1) position 
reduces only to about half the value of the rigid 
lattice linewidth. If we calculate the contribution 
of the two different Li sites to the total linewidth 
at each site it can be shown that only the Li(1) ions 
contribute to the motional narrowing process. The 
nuclei on the Li(1) position are up to 300 K relative 
immobile and don't affect the low temperature diffu- 
sion process in Li3N. The temperature dependence of 
the motional narrowing is strongly sample dependent. 
In the hydrogen doped sample 180 the diffusion pro- 
cess is more than a factor of 10 faster than in the other 
samples investigated. The conductivity perpendicular 
to the c-axis and the diffusion process in the Li,N 
layers determined by the motional narrowing data 
have nearly the same activation enthalpies. We found 
also that the jump frequencies determined from NMR 
and conductivity are closely correlated. From the 
hydrogen concentration dependence we suppose that 
the intra-layer diffusion process is vacancy induced. 

Above 300 K the satellite lines of both sites broaden 
simultaneously and decrease, the two central lines 
merge into a single, narrow line. To explain this 
broadening behaviour we used the fundamental 
models (see e.g., Abragam [16], p. 445) for the exchange 
of magnetization between two environments which 
are in our case the Li(1) and Li(2) sites. The jump 
rates determined from the broadening data agree 
well with the jump rates derived from the conductivity 
data parallel to the c-axis. Therefore we conclude that 
the essential process for the inter-layer diffusion is 
given by jumps between the Li(1) and Li(2) positions. 
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At temperatures above 500 K the coupling constant 
A is drastically reduced as already shown by Brink- 
mann et al. [12]. We conclude that in this temperature 
range the exchange between the Li sites becomes so 
fast, that the Li ions measure a mean value of the field 
gradients which yield a coupling constant according 
to A,,, = 113 A,,,,, + 213 A,,(,,. If we follow the 
theory that A,,(,) and ALi(2, have opposite signs, A,,, 
takes the value of 4.7 It 2 kHz which is in excellent 
agreement with the experimental value of 

3.5 + 0.3 kHz 

5. Measurement of the spin-lattice relaxation rate 
r,.  - The spin-lattice relaxation rates TI are depen- 
dent from temperature, external magnetic field and 
its orientation to the crystal axes. Furtheron espe- 
cially at  lower temperatures the rates increase strongly 
with defect concentration in the samples investigated. 
Restricting ourselves here to the results from one 
sample and the orientation H, I c figure 3 shows TI 
against the reciprocal temperature. 

Flg. 3. - Spin-lattice relaxation rate TI of 'LI as a f'unction of 
reciprocal temperature, orientation H, I c, sample 113. Broadband 
excitation 34.5 MHz (8, O), 8 MHz (A, +) ; narrow-band excita- 
tion on the central lines 34.5 MHz (0) and 8 MHz (A). The dotted- 
dashed line are results from other samples. 

interaction can be neglected. The spin-lattice relaxa- 
tion is determined only by quadrupolar interaction 
of the quadrupole moment of the 7Li nuclei with the 
fluctuating electric field gradient and can be described 
by two relaxation rates I', ,, TI,. The magnitude of the 
relaxation maxima nearby 500 K and the orientation 
dependence of both relaxation rates on the high 
temperature side of these maxima can be calculated 
and yield a satisfying agreement .with experimental 
data previously published [12]. In a first attempt we 
used exponential correlation functions to analyse the 
temperature dependence of the relaxation rates. We 
obtained jump frequencies of the 7Li nuclei which 
agree well with the inter-layer diffusion process. Acti- 
vation enthalpies range from 0.63 to 0.82 eV and are 
probably temperature dependent. 

The highly complex relaxation behaviour below 
450 K strongly depends on the initial conditions. 

If all resonance lines are saturated together by a 
pulse-sequence they recover their equilibrium magne- 
tization very slowly but with almost the same time 
constant for central line and satellites. This relaxation 
process (low relaxation rate in figure 3) comes up 
from (i) quadrupolar interaction showing an almost 
regular frequency dependence and (i).interactions with 
paramagnetic impurities. 

If a narrow band RF-pulse is applied to the two 
central lines or to one of the satellite lines tipping 
the associated magnetization through an angle 7112 
or 7c we observe at least two relaxation rates at each 
resonance line, a faster one, which yield relaxation 
maxima nearby 300 K and a lower one practically 
identical to the relaxation rate of the saturation 
experiments. The fast relaxation rate shows an unfa- 
miliar behaviour because it does not depend on fre- 
quency. We found that it is caused by dipolar interac- 
tions between the 7Li spins and that the relaxation 
maxima is nearby oo-T = 1 where coo is the frequency 
difference of the resonance lines involved and .r the 
reciprocal jump frequency of the Li nuclei. The 
activation enthalpy and the jump frequencies deter- 
mined from this relaxation process are in good agree- 
ment with the motional narrowing data and confirm 
the intra-layer diffusion process. 

As stated in the last section above 490 K the Acknowledgments. - The authors are indebted to 
exchange between all Li ions is so fast, that one Dipl. Phys. L. Schimmele for his assistance in theo- 
effective spin system has to be considered. The dipolar retical work. 

References 

[l] RABENAU, A,, SCHULZ, H., J. Less-Common Met. SO(1976) 155. [6] BURKERT, P. K., FRITZ, H. P., STEFAMAK, G., Z. Naturforsch. 

[2] ZINTL, E., BRAUER, G., Z. Elektrochem. 41 (1935) 102. 25 b (1970) 1220. 
[7] VON ALPEN, U., RABENAU, A., TALAT, G. H., Appl. Phys. Lett. 

[3] HUCKEL, W., Structural Chemistry of Inorganic Compounds 
(Elsevier Publ. Co., New York) 1950. 

30 (1976) 621. 
[8] SCHONHERR, E., M ~ L E R ,  G., WINCKLER, E., J. Crystal Growth 

[4] KREBS, H., Acta Crystallogr. 9 (1956) 95. 43 (1978) 469. 
[5] BISHOP, S. G., RING, P. J., BRAY, P. J., J. Chem. Phys. 45 [9] SCHULZ, H., SCHWARZ, K. H., Acta Crystallogr. A 34 (1978) 

(1966) 1525. 999. 



NMR-STUDY OF STRUCTURE AND DIFFUSION PROCESSES IN Li,N C6-31 

SCHWARZ, K. H., SCHULZ, H., Acta Crystallogr. A 34 (1978) 
994. 

SCHULZ, H., THIEMANN, K. H., Acta Crystallogr. A 35 (1979) 
309. 

SCHULZ, H., ZUCKER, U., Proceedings of the International 
Conference a Fast Ion Transport in Solids n, Lake Geneva, 
Interlaken, Wisconsin, U.S.A., 1979, in press 

[lo] WAHL, J. ,  Solid State Commun. 29 (1979) 485. 
[I 1] DIFWRT, K., MESSER, R. ,  J. Phys. C 13 (1980) 717. 

[I21 BRINKMANN, O., FREUDENREICH, W., ROOS, J., Solid State 
Commun. 28 (1978) 233. 

[13] VOLKOFF, G., Can. J. Phys. 31 (1953) 820. 
[I41 ORTH, H., ACKERMANN, H., OTTEN, E. W., 2. Phys. A 273 

(1975) 221. 
[IS] COHEN, M. H., REIF, F., Solid State Phys. 5 (1957) 321. 
[I 61 ABRAGAM, A., The Principles of Nuclear Magnetism (Clarendon, 

Oxford) 1962. 


