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NMR investigations of cation diffusion in some solids 
with antifluorite structure 

M. Mousa, Y. S. Oei and H. Richtering 

Department of Chemistry, Ruhr University Bochum, F.R. Germany 

Rhumb. - Temps de relaxation spin-rbeau et largeur de la raie de rksonance de 7Li et 23Na ont Cte mesures 
jusqu'a 800 O C  pour Li2S, Li20, Na2S et Na20. La relaxation qui est due a la diffusion du cation est observke; 
ici dans Li2S et Li20 les interactions dipolaires et dans Na2S et Na20  les interactions quadrupolaires sont pre- 
dominantes. RCtrCcissement des raies de rCsonance dii au mouvement est trouvi: au-dessous de 300 O C .  Pour 
Li2S, Li20 et Na2S les frhuences de saut des cations sont dCterminCes dans les rCgions qui correspondent au 
desordre intrinstque ou extrinseque avec des energies d'activation apparentes approximatives de 1,4 et 0,7 eV 
pour Li2S, 1,3 et 0,55 eV pour Li20 et 1,3 et 0,7 eV pour Na2S. Les conductivitCs ioniques qui sont calculCes a 
partir des dates rmn s'accordent avec les conductivites determindes directement au mieux d'un facteur 3. 

Abstract. - Spin-lattice relaxation rates and nmr linewidths of 7Li and 23Na have been measured up to 800 OC 
for Li2S, Li20, Na2S-and for Na20. Relaxation due to cation diffusion is observed with predominant dipole 
interactions in Li2S and LizO and quadrupole interactions in Na2S and Na20. Motional narrowing occurs below 
300 OC. For Li2S, Li20 and Na2S cation jump frequencies in the regions of intrinsic and of extrinsic disorder are 
determined with apparent activation energies of about 1.4 and 0.7 eV for Li2S, 1.3 and 0.55 eV for Li20 and 1.3 
and 0.7 eV for Na2S. Ionic conductivities calculated from the nmr data agree with conductivities determined 
directly within a factor 3. 

1. Introduction. - Investigations of atomic trans- 
port in ionic crystals with antifiuorite structure are 
scarce. By analogy with the fluorites a Frenkel type 
disorder of the cations and a comparatively high 
cationic conductivity is to be expected. For Na2S 
such a behaviour has been demonstrated by Mobius 
el al. [I]. Since 7Li and 23Na are suitable for nmr- 
detection, we have measured nmr relaxation rates 
in Li2S, Li,O [2], Na2S and Na20 up to 800 OC in 
order to study the cationic diffusion. Such investiga- 
tions do not require single crystals which were not 
available to us. In addition the electrical conductivity 
was determined in order to compare the results of 
the two methods. Pellets made from powdered mate- 
rial under pressure were used for these measurements. 
Because of their reactivity in the presence of moisture 
and the tendency of Li2S and Na2S to form poly- 
sulfides the purity of the materials used was not of 
as high a standard as achieved in the case of the alkali 
halides of CaF2. Foreign anions were probably the 
most important impurities. 

2. Materials and techniques of measurement. - 
Li2S was prepared from lithium m e ~ i  (Merck) 
and a stream of dry H2S in redistilled absolute etha- 
nol [3]. The preparation of Li,O has been described 
previously [2]. Li20 as well as NazO are easily spoiled 
by reaction with quartz (used as container material) 

at  elevated temperature if traces of moisture are 
present. Na2S was prepared from Na2S.9 H 2 0  
(Merck) as described by Courtois [4]. Na20  as 
commercially available (Merck) was carefully dried 
under vacuum at elevated temperature and treated 
with sodium metal. All substances were handled 
in a dry box and sealed in sample tubes of quartz 
under vacuum. 

The spin-lattice relaxation rates were determined 
by standard pulse techniques with a Bruker spectro- 
meter (BKR 321). Linewidths of the nmr absorption 
signals were recorded by a Varian wide-line spectro- 
meter. The electrical conductivity of polycrystalline 
pellets was measured between platinum electrodes at 
1 to 10 kHz with an impedance bridge (General 
Radio, model 1656). The pellets were annealed for 
several days between the electrodes in an inert atmo- 
sphere before reproducible results could be obtained. 

3. Results. - The spin-lattice relaxation rate 1/T, 
for 7Li in Li2S as function of temperature exhibits a 
pronounced maximum. The position of the maximum 
is shifted to lower temperature with decreasing Lar- 
mor-frequency o ,  the peak height is found to be pro- 
portional to l /o.  This is the expected behaviour for 
relaxation caused by diffusion of Li+ ions. At the 
temperature of maximum relaxation rate the mean 
jump frequency v of these ions approximately equals 
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o. For magnetic dipole interaction between the diffus- 
ing nuclei the following relation holds : 

The constant A can be calculated from nuclear data 
of ' ~ i .  J(o) and J(2 w) are spectral densities of the 
fluctuations in dipole interaction due to diffusion. 
These spectral densities have been calculated for 
several types of lattice diffusion by Torrey [5, 61 and 
Sholl [7]. They contain an nmr correlation time as a 
parameter and depend to some extent on the diffusion 
mechanism. The nmr correlation time T is related to 
the mean jump frequency v by (l/r) = 2.v.J The 
nmr correlation factor f is introduced to account for 
the spatial and temporal correlation in a given mecha- 
nism [8]. Numerical values have been calculated by 
Wolf et al. [9] for small concentration of atomic 
defects. For diffusion via vacancies on nearest neigh- 
bour positions (mechanism 1) or on third nearest 
neighbour positions (mechanism 2) the numerical 
values are f = 0.35 and f FZ 0.25 respectively. The 
blocking of half the elementary cation cubes by the 
anions was taken into account in the case of mecha- 
nism 2. The jump distances for mechanism 1 and 2 
are r = d/2 and r = (d/2) f i  respectively (d : lattice 
constant). From v and the mean jump distance r the 
cationic .conductivity can be calculated by the 
Nernst-Einstein relation o. T - v.r2. Results are 
shown in figure 1. The data obtained from measure- 

Fig. 1. - Cationic conductivity in LI,S derived from 'Li relaxa- 
tion rates. -- - : conductivity measured directly. 

ments with three Larmor frequencies are explicitely 
indicated for mechanism 1 only. The Arrhenius plot 
exhibits two linear branches which are typical for 
extrinsic and intrinsic conduction. In the intrinsic 
region the measured conductivity is between the 
calculated curves for mechanisms 1 and 2 respectively. 
The nmr results show a smaller slope and exceed 
our measured conductivity considerably at low tem- 

peratures. Huggins [lo], however, has reported 
conductivity data in the extrinsic region, which are 
between the calculated curves in figure 1. 

The agreement between calculated and measured 
conductivities is quite satisfactory if one takes into 
account that the experimental methods are fundamen- 
tally different, that uncertainties with the spectral 
densities remain, and that experimental difficulties 
exist with the conductivity measurements. It is not 
possible, however, to derive which diffusion mecha- 
nism is operative in Li2S. Activation energies of 
about c1 = 1.4 eV for intrinsic disorder and of 
E Z  = 0.7 eV for vacancy diffusion can be estimated. 

Similar measurements have been performed for 
Li20. The most important impurity in this solid are 
probably OH- ions. The presence of the correspond- 
ing cation vacancies can be detected by the nmr 
measurements simultaneously with the determina- 
tion of v 121. Figure 2 shows nmr results for two diffe- 

sample 1 

sample 2 

' 1 0 3 ~  
-2  , I , , , , .  , . ;T 
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Rg. 2. - Cationic conductivity in Li,O derived from 'Li relaxation 
rates. - - - : conductivity measured directly. 

rent samples (mechanism 1). With sample 1 which 
contains less concentration of OH- ions than sample 2, 
v is larger in the intririsic region aild smaller in the 
extrinsic region. The level of OH- impurities in the 
sample used for the conductivity measurements is 
not known since it might have been increased during 
the preparation. Our measured conductivity is some- 
what smaller than that obtained from the relaxation 
rate for mechanism 1. Other simple diffusion mecha- 
nisms have larger jump distances and would lead, 
therefore, to higher calculated values for a. T. The 
conductivity reported by Huggins [lo] for the extrinsic 
region is about 10 times larger than that measured by 
us. The activation energies obtained from the relaxa- 
tion rates with the spectral density for mechanism 1 
are = (1.3 f 0.1) eV for the intrinsic region and 
c2 = (0.55 k 0.05) eV for the diffusion of vacancies. 

The spin-lattice relaxation rate f a  23Na in Na2S 
behaves qualitatively similar as observed for 7Li 
in Li2S and Li20. The peak rate, however, is about 
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100 times faster than calculated for dipole interaction 
and the nuclear magnetisation decays with time in a 
way which is typical for quadrupolar interaction. The 
relaxation is therefore attributed to the fluctuating 
interactions, which originate from the relative diffu- 
sion of NaC ions (carrying a nuclear quadrupole * 
moment) and atomic defects (which generate an elec- 
tric field gradient in the cubic Na2S lattice) [ll]. 0 

The most important defects in NazS are probably 
SZ- ions or other foreign anions. Since these defects 

-- -- Na,SQdOJNaCI ---- are immobile as compared with the cations, the 
correlation time derived from the relaxation rate is 
given by (117) = v . f .  The nmr correlation factor for 
mechanism 1 is f = 0.54 with this type of quadru- 
pole relaxation. Figure 3 shows a comparison of the O 

cationic conductivity calculated from v for mecha- Fig, 4, - Motional narrowing of 7Li and 2 3 ~ ~  nmr linewidths 
nism 1 with the directly determined conductivity in Li,s, Li20, Na2S and NazO, 
(our data coincide with those of Mobius et al. [I]). 

Fig. 3. - Cationic conductivity in NazS derived from Z3Na relaxa- 
tion rates. - - - : conductivity measured directly. 

For Na20, the relaxation rate rises between 250 
and 500 OC in a similar manner as for NazS between 
300 and 500 OC but then remains constant instead 
of falling off again. From the high values and the 
rate law of the relaxation it is concluded that quadru- 
pole interactions prevail. Since no maximum is 
observed, absolute values of jump frequencies cannot 
be obtained. From the increase in relaxation rate 
an activation energy of about 0.7 eV is inferred. An 
independence of relaxation rate on temperature, 
frequency and addition of foreign substances, similar 
to that of 2 3 ~ a  in Na20 above 500 OC is observed for 
35C1 in SrC12 above 700 OC. SrC12 shows a pronounced 
anomaly of specific heat between 600 and 800 OC [12]. 

It has been reported, that such an anomaly also 
shows up with NazO at  about 300 OC 1131. 

The addition of monovalent anions and of divalent 
cations to Li2S, LizO, Na2S and NazO enhances the 
cation jump frequency at low temperatures. This is 
shown in figure 4 : the motional narrowing of the 
nmr absorption lines is shifted to lower temperatures 
under the additions. The high amounts of additives 
were used in order to get as large an enhancement as 
possible. The limit of solubility probably in no case 
exceeds at  150 OC. 

4. Conclusions. - For LizS, Li20 and Na2S jump 
frequencies of the cations in the intrinsic region could 
be determined. The apparent activation energies do 
not exceed 1.5 eV. Diffusion of cations in NazS 
is about 2 times faster than in LizS and about 20 times 
faster than in LizO. In the extrinsic region diffusion 
via cation vacancies prevails with an apparent activa- 
tion energy not smaller than 0.5 eV. The results for 
Li2S and LizO are more reliable since dipole inter- 
action predominates. For LizO the finding that in 
sample 2 (containing more vacancies than sample 1) 
the cation jump frequency is larger at low and smaller 
at high temperature than in sample 1 indicates Frenkel 
disorder of the cations. 

The comparison of the nmr results with conducti- 
vities measured directly excludes a marked anionic 
contribution to the conduction but does not allow 
the elucidation of the jump mechanism. It favors, 
however, a jump process into vacancies on nearest 
neighbour positions. 

For Na20  the relaxation rates above 500 OC cannot 
be explained by any simple jump mechanism. 

DISCUSSION 

Question. - E. E. HELLSTROM. analogous to that seen in the fluorites. In the fluorites, 
Several anti-fluorites have been shown to have a at temperatures just above the temperature at which 

high-temperature heat capacity anomally which is the heat capacity anomally occurs, the ionic conduc- 
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tivity levels off as a function of temperature. An Question. - 0. KANERT. 
analogous levelling off region Was not shown in the 1. How have you determined the strength of the 
log ( o ~ )  vs. I / T  curves for the anti-fluorites, over the quadruple interaction in your 23Na relaxation results ? 
temperature range investigated. Do you expect a 

2. Is it possible to get more information by TIP 
levelling off in the conductivity at higher tempera- 
tures ? measurements in the case of the system Na20. 

Reply. - H .  RICHTERING. 

Reply. - H .  RICHTERING. 
We measured the conductivity up to 700 OC, 780 OC 

and 850 OC for Li,S, Na,S and Li2O respectively. We 
did not observe a levelling off in this range. I cannot 
predict what may happen at higher temperatures. I am 
not aware of any observation of a specific heat ano- 
mally with these substances. For Na,O, however, 
such an anomaly has been reported. 

1. The peak relaxation rate in Na,S occurs at 
540 OC and is 45 s-I at 15 MHz. If the field gradients 
are assumed to be caused by singley charged anions 
(represented by point charges) the concentration of 
these defects must be about 2 000 ppm. 

2. It should be possible to get cation jump frequen- 
cies from TIP measurements. These frequencies, how- 
ever, would probably not extend into the intrinsic 
region. 
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