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Sodium ion motion in Nal+,Zr2~,Inx(P0& Nasicon-related materials (0 5 x 5 1.85) has been studied by 
NMR at two resonance frequencies from 170 to 450 K. At 8 MHz the resonance lines due to Ml- and 
M2-type sites are well resolved. They are split by a strong second-order quadrupolar effect (vo = 1.5 
Megacycles (Mc)/sec). For NaZrz(PO& only the MI site is occupied at RT, while a new site MS 
appears at rising temperature (410 K). At 21 Mc/sec the line narrowing observed at increasing tempera- 
ture illustrates the Nat ion mobility within the skeleton. According to the temperature and the value of 
the ionic conductivity two diffusion mechanisms seem to occur. o 1986 Academic press. IIK 

Introduction 

Since the discovery by Goodenough, 
Hong, and Kafalas of the high Na+ conduc- 
tivity in the Nasicon type structure, many 
studies have been devoted to this family of 
materials (I, 2). Most of them concern the 
highest conductive Na3Zr2Si2P0r2 phase 
which belongs in fact to the Nal+,Zrz 
SiXP3-x012 (0 5 x 5 3) solid solution. 

Due to the lack of single crystals and the 
complexity of the structure, the exact diffu- 
sion mechanism is not well understood and 
various hypotheses have been proposed 
(3-5). Moreover these difficulties are in- 
creased by the occurrence of a Na+ order- 
disorder transition when the sodium rate is 
close to three (6, 7). 

To get better knowledge of this class of 
materials, numerous studies have been de- 
voted to other ionic conductors exhibiting 
this structural type. A few years ago it was 
shown in this laboratory that the substitu- 

tion of a trivalent element for Z14+ in 
NaZrz(PO& allows the insertion of sodium 
ions in the framework (8, 9). Na3M2(P0& 
(it4 = Ti, V, Cr, Fe) and the Nar+, 
Zt--,L,(PO.& (L = Cr, In, Yb) solid solu- 
tion have been obtained and characterized 
from the crystal chemical and ionic conduc- 
tivity point of view. 

Up to now very few NMR studies have 
been carried out on this type of materials 
(10, II). Since NMR is sensitive to static 
and dynamic distribution a general study 
has been undertaken to determine the rela- 
tions between diffusion mechanism, con- 
ductivity, and composition. Attention has 
been focused on the simplest materials such 
as NaZr2(P0& and NaT&(PO& and on the 
Nar+,Zr,-,In,(PO,)~ solid solution. 

Structure Description 

The structure of NaZrz(PO&, a related 
material of the same family, has been deter- 
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FIG. 1. Polyhedra connected in the NaZrz(P04)s type 
structure. 

mined by Hagman and Kierkegaard (22). It 
can be described from 03Zr03Na(M1) 
OsZr03 groups linked by PO:- anions 
to form infinite ribbons parallel to the c 
axis (Fig. 1). These ribbons are connected 
by PO:- tetrahedra perpendicularly to 
the c direction to build a 3D skeleton 
(Fig. 2). In th_e rhombohedral symmetry 
(space group R3c) two sites are available in 
the framework for Na+ ions. For the 
NaZrz(PO& composition the octahedral 
Ml(6b) site is fully occupied, while the 
eight fold coordinated M2(18e) position is 
empty. Figure 3 shows the environment of 
both sites. Among the 14 oxygens sur- 
rounding the il42 cavity, only the 8 nearest 
(d~SoXyg. < 3.0 A) (A-C-J-Z-H-G-L-K) form 
the coordination polyhedron. This figure 
has been drawn from the atomic positions 
published by d’Yvoire et al. for y- 

X / 

FIG. 2. Projection of the NaZrz(PO& type structure 
on the xOy plane in the vicinity of z = 0.25. 0 Ml site 
at z; n M2 site at z - c&12; A M2 site at z + c&12. 
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FIG. 3. Surrounding of the Ml and M2 sites in the 
Nasicon type structure. 

Na+&(PO& (13). The two possible diffu- 
sion jumps, the M2-M2 direct transfer and 
the Ml-M2-Ml indirect transfer, are rep- 
resented. 

In NaZr2(P0& the Na+-Na+ interac- 
tions are very weak due to the high Ml-Ml 
distance (11.38 A). 

When the it42 site is filling the strong 
Na+(Ml)-Na+(F2) electrostatic repulsion 
(&I-M;? = 3.38 A) brings about a migration 
of Na+ ions from Ml to h42 which de- 
creases the repulsion @m-m = 4.71 A). 
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FIG. 4. 
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Variation of the linewidth at 21 Mcisec vs temperature for NaTi2(POJ3 

Experimental 

Materials preparation. All the materials 
have been elaborated from mixtures of 
NazCO,, (NH4)2HP04 and TiOz, ZrOz, and 
In203 oxides in stoichiometric proportions. 

The mixtures are preheated 10 hr at 
200°C to decompose (NH&HP04 and 15 hr 
at 800°C to dissociate Na*COs. Final treat- 
ments need 15 hr at 950°C except for 
NaTi2(POdJ and NaZrz(PO& which need a 
reaction temperature of 1200°C. 

NMR investigation. The 23Na NMR stud- 
ies were carried out by continuous wave 
(cw) method, using a cross-coil variable- 
frequency Bruker SWL 100 spectrometer. 
The magnetic field was supplied by a Drush 
magnet and monitored by a Hall probe. 
Suitable temperatures with fluctuations be- 
low 1 K were obtained thanks to a home- 
made gas flow system blowing the sample. 

Experiments were made at 21 and 8 
megacycles (Mc)/sec. At the latter fre- 
quency, because of the low value of the sig- 
nal/noise ratio, the spectra were accumu- 
lated 64 times, each scan during 10 min. 
The signal was transferred to a signal avera- 

and for 

ger Nicolet 527, then integrated 
Hewlett-Packard HP 9825 computer. 

Results 

by a 

At 21 Mc/sec and at room temperature 
(295 K) the spectrum is composed of a sin- 
gle broad line (AH = 3.0 mT, i.e., 34 kc/ 
set). This width is too large to be attributed 
only to dipolar interactions (23Na-23Na and 
23Na-3*P). One must take into account the 
second-order quadrupolar broadening cor- 
responding to the unresolved structure of 
the 4 ---, t transition, and the observed 
width is due to the contribution of both di- 
polar and quadrupolar effects. 

The variation of the linewidth with tem- 
perature is given in Fig. 4. One can observe 
an increase of AH from 30 to 40 kc/set when 
the temperature increases from 200 to 420 
K. This behavior is a priori quite anoma- 
lous. 

At 8 Mclsec the second-order quadrupo- 
lar structure is well resolved at room tem- 
perature (Fig. 5a), with a separation of 140 
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140 Kc/s pears in the thermal behavior. Now the line 
narrows for each composition when the 
temperature increases above 250 K, proba- 
bly due to some motion of Na+ ions (Figs. 4 
and 6). The linewidth decreases to 17 kc/set 
at 420 K for the highest sodium concentra- 
tions . 

* -.-.-.-.-.-.-.-.-.* 

a) 

140 Kc/s d- .-.- _-___-___- 

\ 

50 Kc/s 

L 
Structural Data b) 

From the spectra obtained at 8 MC/S, the 
quadrupolar coupling constant associated 
with the Ml site can be derived. The crystal 
structure of NaZrz(PO& shows that the Ml 
site exhibits an axial symmetry (Fig. 3) so 
that the asymmetry parameter 7 vanishes. 

es60 H(G) 

FIG. 5. Shape of the resonance line at 8 Mc/sec for 
NaZr2(PO& (a) at 300 K, (b) at 413 K. 

kc/set between the two maxima. This split- 
ting value can be obviously ascribed to the 
noncubic symmetry of the Ml site occupied 
by the Na+ ions. With increasing tempera- 
ture a second line appears with a splitting of 
50 kc/set (Fig. 5b), which shows the migra- 
tion of some Na+ ions from the Ml site into 
a different one. 

Nal+,.%--,Zn,(PO& withx = 0.5,l .O, 1.5 
and 1.85 L 

18450 

At 21 Mc/sec, one can observe the same H(G) 

broad unresolved line as that of FIG. 6. Thermal modification of the resonance line 
NaZrz(PO& but a striking difference ap- (derivated) at 21 Mc/sec for Na21nZr(P0&. 

At 8 Mc/sec the second-order quadrupo- 
lar structure is well resolved even at the 
lowest investigated temperature (Fig. 7). 
According to the crystal structure of these 
phases (12, 2), the line whose splitting is 
140 kc/set is ascribed to Na+ ions in the Ml 
site, while (as we have seen above) the line 
whose splitting is 80 kc/set seems to be due 
to Na+ ions in M2 sites. 

Analysis of the Results 
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FIG. 7. Shape of the resonance line at 8 Mc/sec for 
NaJnZr(PO&. 

This being so, the quadrupolar coupling 
constant is obtained from the simple ex- 
pression (14) 

9 = 144voAv 
25Z(Z + 1) - 2 

where vQ = e*qQ/2h for Z = $, eQ is the 
quadrupolar momentum of 23Na, eq the 
electric field gradient at the Na nucleus, Z = 
3 the spin of 23Na, vo is the working fre- 
quency (here ~0 = 8 Mc/sec), and Av is the 
observed splitting of the central line due to 
second-order quadrupolar effect. Hence 
one obtains vQ = 1.47 Mc/sec, value nearly 
independent on temperature and composi- 
tion (Fig. 8). The very small decrease of VQ 

(< 1%) with increasing x for a given temper- 
ature does not appear significant, nor the 
very Small increase of VQ with T for a given 
concentration. 

The analysis of the line corresponding to 
Na+ in the M2 site is more ambiguous. As a 
matter of fact, the local environment of so- 
dium clearly does not exhibit an axial sym- 
metry so that the asymmetry parameter 71 is 
unknown (0 5 q 5 1) (Fig. 3). Recently it 
has been shown that the splitting strongly 
depends on the value of 71 (14). Thus the 
observed splitting (80 kc/set) for the M2 site 
does not inevitably correspond to a smaller 

electric field gradient at the Na nucleus, but 
rather to a nonzero value of r). Neverthe- 
less it appears that the quadrupolar splitting 
(i.e., the electric field gradient at the M2 
site) is composition independent. 

Let us return to NaZr2(P0& at high tem- 
perature: the extra line that appears above 
400 K seems to be due to a migration of 
some sodium ions from Ml to another site, 
with an exchange slow enough to allow 
both sites to be well distinguished. Never- 
theless the value of the splitting is much 
lower than that characterizing the sodium 
ions in M2 site in Na1+.InXZr2-,(PO~)3. 

A neutron diffraction study of y- 
Na3Cr2(P04)3 at 573 K recently performed 
by Soubeyroux has shown the existence of 
a small residual electronic density in the 
center of the ACGE polyhedron (x = 0.98, 
y = 0.84, z = 0.96) (Fig. 3) (15). This posi- 
tion will be called here M.5. Moreover all 
crystallographic studies realized on Nasi- 
con-type materials have shown a very high 
thermal agitation factor for Na+ (Ml) in the 
xOy plane. It can be thought that at 413 K a 
small amount of Na+ occupies this new 
site. Kohler and Schulz have shown that in 
Na3.10Zr1.78Si1.24PI.76012 the limiting bottle- 
neck between the Ml and M2 positions is 
the ACG triangle rather than ACE (4, 5). A 
similar result has been found for y- 
NaO-2(%)3. 

I I I e 
0 1 1.85 x 

FIG. 8. Variation of quadrupolar effect constant vs 
composition and temperature. 



FIG. 9. Variation of the logarithm of the UT product 
vs reciprocal temperature. 

All these facts emphasize the hypothesis 
of a relative occupancy of the site localized 
in the center of the ACGE polyhedron. A 
high-temperature neutron diffraction study 
of NaZr2(P0& is in progress to confirm this 
Na+ distribution. 15 

We have pointed out the quite anomalous 
behavior of NaZr;?(PO& at 21 Mc/sec with 
respect to the classical models describing 
the influence of the atomic diffusion on the 
NMR linewidth. At present we cannot ex- 
plain this behavior unless we assume that 
mechanisms other than diffusion are re- 
sponsible for the relaxation (II). 

t 

/X=1.65 

Ionic Mobility of Na+ 

At 8 Mc/sec the spectra are nearly tem- 
perature independent, but at 21 Mc/sec a 
line narrowing is observed above 250 K for 
Na~+xZr2-xInx(P04)3 (X > 0) (Fig. 4). This 
behavior is due to Na+ jumps whose fre- 
quency is higher than the intrinsic line- ciprocal temperature. 

I I 
* 

2 3 4 5 6 7 

103/TIK, 

FIG. 10. Variation of the linewidth logarithm vs re- 
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width, i.e., vj Z 3 X lo4 set-’ at 250 K. The 
narrowing is unobservable at 8 Mc/sec 
probably because the spectra width is due 
to second-order quadrupolar effect (uo = 
1.5 Mc/sec). 

Starting from the value vj = 3 x lo4 set-* 
one can calculate the related conductivity 
value using the Nernst-Einstein equation 
ulD = Nq2/kT where the diffusion coeffi- 
cient D is obtained from the NMR jump 
frequency vj according to the relation D = 
1 ‘vj/6 (where N is the number of mobile ions 
per volume unit, q their charge, and 1 the 
jump distance). 

This calculation has been made for the 
Na2.&r~.~Zr0.~(P0& composition (N = 102= 
Na+ ions/cm3) and 1 = 3.3 A. At 250 K (line 
narrowing temperature) the calculated con- 
ductivity is 4 IO-’ Sz-l cm-r, the value of 
which is not too far from the extrapolated 
experimental one: cr,,, = 4 10m8 fiR-’ cm-’ 
(Fig. 9). 

Figure 10 shows the variation of the line- 
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width logarithm vs reciprocal temperature 
for the various compositions investigated. 
Those corresponding to x = 1.5 and x = 1.85 
clearly exhibit a narrowing occurring in two 
steps, as if two diffusion mechanisms co- 
exist, the first one prevailing at low temper- 
ature, the second one at high temperature. 
The latter should appear at higher tempera- 
tureforx = OSandx = 1. 

Two diffusion methods have been pro- 
posed: direct M2-M2 or indirect Ml-M2- 
Ml transfers. Tran Qui et al. have shown 
that the first is predominant in the nonva- 
cancy N&Zr2Si4012 compound, while the 
second appears at high temperature (t > 
620°C) (3). On the contrary for Na3,10 
Zr1.78Si,.24P1.76012, Kohler and Schulz have 
shown that the indirect transfer is already 
prevailing at 300°C. 

The comparison of the sizes of the bottle- 
necks in Y-Na3Cr2(P04)3 at 300°C indicates 
an easier diffusion by the indirect pathway. 
Furthermore the small occupancy of the 
MS position is in accordance with this as- 
sumption as the M5 site is situated in the 
Ml-M2 pathway. 

In any case the two steps observed dur- 
ing the NMR line narrowing can be related 
to these two diffusion mechanisms. 

General Discussion 

From the previous results it is interesting 
to discuss the variation of the conductivity 
with the Na+ rate in the skeleton. As shown 
in Fig. 9 the conductivity strongly increases 
when alkali ions are inserted in the frame- 
work: that of Na~,s~Zro.lsIn,.85(PO~)~ is about 
500 times higher than that of NaZr2(P0&. 
Furthermore it should be noticed that the 
activation energy remains nearly constant. 

From this conductivity difference on one 
hand and the strong Na+ localization at RT 
in the Ml site for the NaZr2(P0& composi- 
tion on the other hand, one can conclude 
that in this phase only a small amount of 
Na+ participates in the conduction process. 

x.2 
L/---l- 

Ml M5 M2 M5 Ml 

FIG. 11. Potential barrier modifications due to in- 
creasing sodium rates. 

Whatever the Na+ transfer considered, one 
can assume the occurrence of a high-energy 
interstitial site in NaZrz(PO& as the activa- 
tion energy remains nearly constant (-0.5 
eV) for the overall solid solution. This 
result agrees with the existence of the new 
site detected by NMR at 410 K. Its occu- 
pancy increases with temperature. We have 
made the assumption that this site is the MS 
one (center of the ACGE polyhedron) found 
in r-Na&r,(PO& at high temperature. 

The activation energy determined for 
NaZrz(PO& AE’m corresponds to a migra- 
tion energy, the energy difference between 
Ml and the interstitial M5 site being not 
involved. Figure 11 shows the energy 
scheme. 

For sodium rates exceeding 1, Na+-Na+ 
interactions lead to a progressive delocal- 
ization of Na+ ions in the two types of sites 
Ml and M2. The intensity of this interac- 
tion (i.e., the delocalization) is directly re- 
lated to the sodium content. As a result the 
energy difference between the Ml and M2 
sites decreases, the lowest value being ob- 
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tained in the vicinity of three Na+ ions by 
formula. In this case all alkali ions partici- 
pate in the conduction process. This behav- 
ior is general and explains the conductivity 
evolution of all Nal+,(L, L’)(PO& systems. 
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