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Reversible Monoclinic-Rhombohedral Transformation 
in LiSn2(PO4)3 with NASICON-Type Structure 
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A reversible monoclinic-rhombohedral transformation has been found in LiSnz(P04)~ with 
NASICON-type structure. The transformation has been followed by XRD, NMR (l19Sn, 31P, 
and 7Li), and DSC techniques, while the sample is heated and cooled in the range 10-250 
"C. The monoclinic-to-rhombohedral transformation progresses at temperatures above 100 
"C, the transformation goes back between 60 and 10 "C, and it defines a hysteresis cycle in 
temperature. The enthalpy involved in the transition is 8 kJ/mol, and the cell volume 
becomes greater by 1.17% in the rhombohedral phase. The electrical conductivity due to 
diffusion of Li+ ions has been estimated as  a function of sample temperature from impedance 
measurements. The conductivity values are higher in the monoclinic phase, and the 
activation energy is 0.49 and 0.71 eV for the monoclinic and rhombohedral phases, 
respectively. A change in conductivity during the phase transition has been observed. 

Introduction 

In materials of composition LiMdP04)3, MIV = Ge, Ti, 
Sn, Zr, etc., with NASICON-type structure the frame- 
work is built up by M2(P04)3 units, which consist of two 
MO6 octahedra linked to  each other by three PO4 

The Li+ ions can be placed in two 
different sites: one, in a distorted octahedral oxygen 
environment at  the intersection of three conduction 
channels (M1 site) and the other, at  each bend of the 
conduction channel in a polyhedron of eight neighboring 
oxygens (M2 site). 

For the compositions in which the crystal structure 
has been solved a rhombohedral R3c symmetry has been 
found.l-1° However, in several cases, a lower symmetry 
has been reported.lJ-13 In fact, samples of LiSnz(PO& 
with different symmetry have been prepared from a 
stoichiometric mixture of Li2CO3, SnOz, and (NH4)2- 
HP04 calcined at  different temperatures. A powder 
sample was first obtained a t  950 "C, and its X-ray 
difiactogram was indexed by using a rhombohedral R3c 
cell.14 Later, two phases were prepared:15 one by 
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calcination at  950 "C, and the other at  1250 "C. Their 
X-ray diffraction patterns were indexed on the basis of 
two different rhombohedral R3c cells, although some of 
the peaks observed in the pattern of the sample pre- 
pared at  950 "C could not be indexed. Recently, the 
formation process of LiSnz(PO4)s from the already 
mentioned stoichiometric mixture has been studied16 by 
XRD, NMR P9Sn,  31P, and 7Li), and TG techniques. By 
calcination the stoichiometric mixture at  1200 "C a pure 
phase of LiSnz(PO4)3, called phase I, was obtained. The 
NMR and XRD data supported a monoclinic Cc sym- 
metry. Another phase of LiSnz(PO4)3, called phase 11, 
was obtained by calcination the stoichiometric mixture 
in the range 450-1100 "C. However, this phase always 
coexisted with other products such as phase I, SnO2 and 
SnP207, the last one being an intermediate compound 
easily formed.16J7 The X-ray diffraction pattern of 
phase I1 could not be indexed, and the spectroscopic data 
agreed with a rhombohedral R3c symmetry.16 

On the other hand, it is known that the NASICON 
structure can change with temperature, and some phase 
transformations have been detected. For instance, 
LiZrz(POd3 shows two phase transitions:lJ2 one about 
40 "C in which the symmetry changes from monoclinic 
to rhombohedral, and the other about 300 "C in which 
the rhombohedral structure is transformed into another 
rhombohedral one. Furthermore, phase transitions of 
the NASICON-type materials, which are in general good 
conductors of alkali ions,4J8-39 affect notably the electri- 
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cal properties. Thus, a change in conductivity and 
activation energy has been often observed.1J1J2,28 

The aim of this work is to study the structural 
modifications of LiSnz(POd3 when it is heated and 
cooled in the range 10-250 "C. In particular, the 
change of symmetry and the enthalpy associated with 
it have been ascertained by XRD, NMR (l19Sn, 31P, and 
7Li), and DSC techniques. The ionic conductivity cor- 
responding to  each symmetry as well as its variation 
during the phase transformation have been also deter- 
mined. 

Martinez-Juarez et al. 

Experimental Section 

Phase I of LiSnz(PO& was prepared by calcination at 1200 
"C of a stoichiometric mixture of Li2CO3 (Fluka, >99%), SnOz 
(Aldrich, 99.9%), and (NH4)zHPOd (Fluka, '99%). The re- 
agents were dried at 100 "C for 12 h, and then stoichiometric 
amounts of these compounds were thoroughly mixed and 
calcined in a platinum crucible at the following tempera- 
tures: 180, 300, 450, 600, 700, 800, 1000, and 1200 "C. 
Thermal treatments were accumulative up to 1200 "C. The 
heating and cooling rates between room temperature and those 
temperatures were 5 "C/min. At each defined temperature the 
time spent was 6 h in the range 180-700 "C and 24 h above 
700 "C. The mixture was ground before and aRer each thermal 
treatment. 

X-ray powder diffractograms were taken at  different tem- 
peratures in the range 20-200 "C by using a high-temperature 
Ap HTK 10 camera adapted to a PW 1050/25 Philips diffrac- 
tometer. The sample was suspended in acetone and trans- 
ferred as a slurry to a platinum heating plate, where capillarity 
held the particles after acetone was evaporated. In the heating 
and cooling experiments the increment of temperature was 10 
"C. The sample was subjected at each temperature for 15 min. 
The patterns were obtained at the indicated temperatures with 
the exception of that at 10 "C, in which case the pattern was 
recorded at  room temperature although the sample was 
previously kept at 10 "C for 15 min. The peaks were fitted 
with Kal-Kaz doublets, and the position of each peak was 
taken to be that of the Kal component, for which a wavelength 
A (Cu Kal) = 1.540 5981 A was assumed. 

l19Sn, 31P, and 7Li MAS NMR spectra were obtained at  
different temperatures in the range 20-140 "C by using a 
B-VT 1000/SU07 unit adapted to  an MSL 400 Bruker spec- 
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trometer. In the heating and cooling runs the increment of 
temperature was 10 "C. The sample was previously kept at  
each temperature for 15 min before the spectra were recorded. 
The spectrum labeled 10 "C was obtained at room temperature 
although the sample was subjected at  10 "C for 15 min. 
Experimental limitations prevented us from obtaining spectra 
above 140 "C. The frequency used for the l19Sn, 31P, and 7Li 
spectra was 149.11,161.96, and 155.50 MHz, respectively. The 
sample was spun in the range 1.5-3.5 kHz. The spectra were 
taken after n/2 pulse irradiation (5 pus for 'Li, and 4 ,us for l19Sn 
and 31P). A time interval between successive scans of 30 s for 
the three types of spectra was chosen. The number of scans 
was in the range 1-10. The 'Li and 31P chemical shift values 
are given relative to 1 M LiCl and 85% aqueous 
solutions, respectively. The reference for the l19Sn spectra was 
a 5% solution of tetramethyltin in dichloromethane. 

A differential scanning calorimeter (Seiko 220 C) was used 
to determine the enthalpy associated with the structural 
transformation of LiSnz(PO& when it is heated and cooled in 
the ranges 20 to 250 and 250 to -90 "C. The heating and 
cooling rates were 5 "C/min. The experiments were carried 
out under a Nz flow (50 mumin). 

Electrical conductivity measurements were carried out by 
the complex impedance method using a 1174 Solartron fre- 
quency response analyzer. Autocoherent pellets of phase I 
could not be used due to their fragility t o  handling.15 To 
overcome this difficulty, a small amount of Teflon (1.2 wt %) 
was added and mixed with the sample, then pellets of ca. 6 
mm diameter and 1 mm thickness were prepared. Teflon was 
chosen because its electrical conductivity is negligible and that 
amount was the minimal one to ensure good mechanical 
properties. Gold electrodes were deposited on the two faces 
of the pellets by vacuum evaporation. The frequency range 
used was 10-'-105 Hz. The measurements were carried out 
at  different temperatures in the range 60-250 "C with the 
pellet under a nitrogen flow. In the heating and cooling runs 
the increment of temperature was 10 "C, and before each 
measurement the sample was kept at  the indicated temper- 
ature for 20 min. 

Results 

XRD. The X-ray diffraction patterns (28 = 19-22') 
corresponding to  phase I of LiSnz(PO& heated at 
increasing temperatures between 20 and 200 "C and 
then cooled from 200 to 10 "C are shown in Figure 1 
(top). At 20 "C two peaks at  4.213 and 4.438 A are 
observed. When the sample is heated up to 120 "C the 
doublet is not appreciably modified but between 120 and 
200 "C the doublet disappears from the pattern, and two 
new peaks at  4.321 and 4.376 A are progressively 
developed. At 200 "C only the new internal doublet is 
observed. After this treatment the sample was cooled. 
Between 200 and 60 "C the pattern is not appreciably 
modified, and below 60 "C the external doublet grows 
at  the expense of the internal one. At 10 "C only the 
external doublet, characteristic of phase I, is observed. 

The X-ray diffraction patterns recorded at  20 and 200 
"C in the range 28 = 5-60" are shown in Figure 1 
(bottom). The pattern at  20 'C, corresponding to phase 
I, has been previously indexed16 while the pattern at 
200 "C has been indexed in this work. 

l%n, slP, and 'Li MAS NMR. The NMR spectra 
of phase I heated in the range 20-140 "C and then 
cooled from 140 to 10 "C are shown in Figure 2. The 
l19Sn spectrum at 20 "C consists of two lines at  -816 
and -833 ppm, and sidebands associated with those 
lines. The intensity of each line is affected by the 
contribution of a sideband belonging to  the other line. 
When each line plus its associated sidebands are 
considered, a 1:l intensity ratio is obtained. At increas- 
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Figure 1. Top: X-ray diffraction patterns (28 = 19-22') 
recorded at  the indicated temperatures. Phase I was heated 
between 20 and 200 "C,  and then cooled from 200 to 10 "C.  
Bottom: X-ray diffraction patterns recorded at  20 and 200 "C 
in the range 28 = 5-60". 
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Figure 2. Il9Sn, 31P, and 7Li MAS NMR spectra recorded at  
the indicated temperatures. Phase I was heated between 20 
and 200 " C ,  and then cooled from 200 to 10 "C.  

ing temperatures between 20 and 100 "C the spectrum 
is not appreciably modified. Above 100 "C a new line 
at -829 ppm is observed; this line grows a t  the expense 
of the two former ones with temperature, and at 140 
"C the spectrum is mostly formed by the new line. After 
the heating treatment, the sample was progressively 
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Figure 3. DSC curves corresponding to the heating and 
cooling treatments of LiSnz(PO&. The starting phase I was 
heated in the range 20-250 "C (top) and then cooled to 
between 250 and -90 "C (bottom). 

cooled. Between 140 and 60 "C the spectrum is not 
appreciably modified showing the line at  -829 ppm. At 
60 "C the two lines a t  -816 and -833 ppm are again 
observed, and they grow at the expense of the -829 ppm 
line between 60 and 10 "C. At 10 "C the spectrum 
shows only the starting lines a t  -816 and -833 ppm. 

The 31P spectrum recorded at 20 "C is formed by three 
lines at -21.4, -22.4, and -24.9 ppm. From the 
intensity of these lines and their associated sidebands, 
a 1:l : l  ratio has been deduced. When phase I is heated 
to  between 20 and 100 "C, the spectrum is not ap- 
preciably modified. At 100 "C a new line a t  -27.0 ppm 
is observed, and above 100 "C the -27.0 ppm line grows 
as the three former lines diminish. At 140 "C the 
spectrum is mostly formed by the new line. After this 
treatment the sample was progressively cooled. Be- 
tween 60 and 10 "C, the intensity of the -27.0 ppm line 
decreases while an increase in intensity of the -21.4, 
-22.4, and -24.9 ppm lines is observed. At 10 "C the 
spectrum coincides with the one started with. 

The 7Li spectrum recorded at 20 "C shows a line at  
-0.7 ppm. This spectrum does not change between 20 
and 100 "C, but between 100 and 140 "C a new line a t  
-2.1 ppm, which grows at the expense of the former 
one, is observed. At 140 "C the spectrum is mostly 
formed by the new line. After this treatment the sample 
was cooled in the range 140-10 "C. No modifications 
in the spectrum are observed between 140 and 60 "C, 
and below 60 "C the line at -2.1 ppm diminishes while 
that a t  -0.7 ppm grows. At 10 "C the spectrum only 
shows the initial -0.7 ppm line. 

DSC. The calorimetric curves obtained by heating 
phase I in the range 25-250 "C, and then by cooling 
the sample from 250 to  -100 "C are shown in Figure 3. 
In the heating treatment (top) an endothermic peak 
whose temperature a t  the onset and minimum is 126 
and 145 "C, respectively, is clearly observed. From the 
peak area an enthalpy of 15.3 J/g (8.09 kJ/mol) is 
deduced. In the cooling treatment (bottom) an exother- 
mic peak appears. The temperature corresponding to 
the onset and maximum of the peak is 45 and 26 "C, 
respectively. An enthalpy of 15.1 J/g (7.99 kJ/mol) is 
deduced. 
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Figure 4. Impedance plots (imaginary vs real part) obtained 
at  the indicated temperatures. Phase I was heated in the 
range 60-250 "C and then cooled from 250 to 60 "C. Selected 
frequencies (in hertz) are marked in the plots at  240 "C. 

Electrical Measurements. The impedance plots 
(imaginary - 2  vs real 2') obtained a t  the indicated 
temperatures in the heating and cooling treatments are 
shown in Figure 4. An arc is observed. In addition, at  
the high temperatures an almost linear spur, which is 
normally related to blocked charge at  the electrode 
surface, is also detected. The resistance values are 
derived by extrapolation to the real axis of the low- 
frequency region of the arcs. 

Discussion 

Phase I of LiSnz(PO4)s shows a monoclinic Cc sym- 
metry as deduced from the NMR and XRD data.16 In 
particular, the l19Sn and 31P MAS NMR spectra (Figure 
2) consist of two and three equal lines, respectively, 
indicating the presence of two crystallographic sites for 
tin and three for phosphorus. The 7Li MAS NMR 
spectrum shows a line at  -0.7 ppm that has been 
ascribed16 to  Li+ ions placed in M2 sites. The X-ray 
diffraction pattern of phase I (pattern recorded a t  20 
"C in Figure 1) was indexed in a previous worklG by 
using a monoclinic cell of parameters a = 14.665, b = 
8.405, c = 8.893 A, /3 = 122.98". 

When phase I is heated above 100 "C, it is trans- 
formed into another phase. Thus, the l19Sn, 31P, and 
7Li lines at  -816 and -833 ppm, -21.4, -22.4, and 
-24.9 ppm, and -0.7 ppm, respectively, which are 
characteristic of phase I, are progressively removed, and 
new lines at -829, -27.0, and -2.1 ppm grow at the 
expense of the first ones. In addition, the X-ray doublet 
of phase I at  4.438 and 4.213 A disappears from the 

atterns, and a new internal doublet at  4.376 and 4.321 x is observed. The frequency of the new spectral lines 
and the position of the internal diffraction doublet 
coincide with the values found for phase 11, which was 
obtained during the formation process.16 Therefore 
phase I is transformed into phase I1 above 100 "C, and 
at  about 160 "C the transformation has finished. 

The X-ray diffraction pattern of phase I1 (see the 
pattern recorded at  200 "C in Figure 1) has been indexed 
(Table 1) by using a rhombohedral lattice described by 
the hexagonal axes: aH = 8.642, CH = 21.574 A. The 
usual NASICON R3c symmetry is supported for phase 
I1 by XRD and NMR data. Thus, the l19Sn, and 31P 

Table 1. XRD Powder Pattern of Phase I1 Recorded at 
200 "C 

0 1 2 14.39 14.44 
1 0 4 20.28 20.33 
1 1 0 20.54 20.60 
1 1 3 24.01 24.04 
0 2 4 29.02 29.05 
2 1 1 31.88 31.89 
1 1 6 32.37 32.40 
1 2 2 32.70 32.71 
0 1 8 35.35 35.31 
2 1 4 35.82 35.82 
3 0 0 35.97 35.98 
2 0 8 41.23 41.24 
2 2 0 41.78 41.79 
1 1 9 43.12 43.17 
1 0 10 43.63 43.63 
0 3 6 44.15 44.17 
3 1 2 44.41 44.44 
1 2 8 46.49 46.49 
1 3 4 46.86 46.84 
0 2 10 48.68 48.66 
2 2 6 49.16 49.17 
4 0 4 51.66 51.61 
2 1 10 53.36 53.32 
1 1 12 55.30 55.29 
3 2 4 56.17 56.12 
4 1 0 56.28 56.27 

6.149 
4.376 
4.321 
3.704 
3.075 
2.805 
2.764 
2.736 
2.537 
2.505 
2.495 
2.188 
2.1605 
2.0962 
2.0730 
2.0497 
2.0384 
1.9519 
1.9372 
1.8691 
1.8519 
1.7677 
1.7155 
1.6599 
1.6361 
1.6332 

6.127 
4.370 
4.320 
3.699 
3.071 
2.804 
2.761 
2.735 
2.540 
2.505 
2.494 
2.187 
2.1600 
2.0935 
2.0728 
2.0489 
2.0369 
1.9519 
1.9379 
1.8699 
1.8516 
1.7694 
1.7169 
1.6602 
1.6376 
1.6336 

5 
100 
90 
64 
80 
16 
85 
8 
7 

71 
56 
1 2  

7 
5 

28 
16 

9 
56 
54 
32 
48 
10 
40 

5 
40 
35 

spectra show one line in both cases (Figure 2), indicating 
the existence of only one site for tin and another one 
for phosphorus. The 7Li spectrum shows a line at -2.1 
ppm whose frequency is different from that found for 
phase I. This line has been assigned16 to Lif ions placed 
in the M1 site, which is the position often reported for 
NASICON materials with R3c symmetry.l-lo From 
these results it is clear that the transition from phase 
I to phase I1 produces a change of symmetry in the 
structure from monoclinic to rhombohedral. 

To study the reversibility of the transformation, phase 
I1 was cooled in the range 140-10 "C. Between 140 and 
60 "C the XRD patterns and the NMR spectra are not 
modified (Figures 1 and 2). However below 60 "C the 
NMR lines and the external X-ray doublet ascribed to  
phase I grow at the expense of those corresponding to 
phase 11. At 10 "C only the spectroscopic and diffraction 
features of phase I are observed. Therefore, phase I1 is 
transformed into phase I in a reversible way. 

The proportion of transformed phase with tempera- 
ture has been determined from the intensity of the NMR 
lines associated with the two phases. These lines, the 
principal ones and the sidebands, are well fitted by 
using Lorentzian functions. The percentage of phase 
I1 vs sample temperature is plotted in Figure 5. In the 
heating treatment only above 100 "C a significant 
increase of phase I1 is observed, the extent of phase I1 
being close to 90% at 140 "C. In the cooling treatment, 
between 140 and 60 "C, the relative proportion of both 
phases does not change; however, below 60 "C a 
significant decrease of phase I1 happens, and at  10 "C 
phase I is completely recovered. Then, a hysteresis cycle 
in temperature associated with the phase transforma- 
tion is observed. 

Although the detailed crystal structures of the two 
phases are not available yet, an estimation of the 
structural change can be made from a comparison of 
the cell parameters of both phases. For that, monoclinic 
axes of phase I1 have been calculated from the hexago- 
nal ones, and they are outlined together with the 
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Figure 5. Effect of temperature on the relative proportion of 
phase 11. The values deduced from the intensity of the '19Sn, 
31P, and 7Li lines are represented by circles, squares, and 
triangles, respectively. Open and closed symbols correspond 
to the heating and cooling treatments, respectively. 

T ("C) 

Table 2. Cell Parameters of Phases I and 11" (The 
Variation of the Parameters for the Phase I to Phase I1 

Transformation Is Also Included) 
parameters phase I phase I1 re1 variation (%) 

a (A) 14.666 14.968 2.06 
b (A) 8.405 8.642 2.82 

/3 (deg) 122.986 124.754 1.44 
v (-43) 919.51 930.25 1.17 

c (A, 8.893 8.753 -1.57 

a In both cases monoclinic axes are used. For the rhombohedral 
phase the monoclinic lattice parameters have been derived from 
the hexagonal parameters (obvexse rhombohedron) through the 
transformation matrix (1 io11  IO/'/^'/^'/^). 

monoclinic axes of phase I in Table 2. A slight variation 
of the cell parameters in the phase I to phase I1 
transformation can be observed: a ,  b, and p increase 
while c decreases. The fact that some parameters 
increase while others decrease agrees with a modifica- 
tion of the structure more complex than that expected 
for a pure dilatation. The cell volume becomes greater 
indicating a first-order transition. The discontinuity 
observed in the DSC curves supports also the first-order 
character. The monoclinic-to-rhombohedral transition 
is endothermic, the reaction going back is exothermic, 
and in both cases the enthalpy involved is ca. 8 kJ/mol. 
The coexistence of the two phases in the temperature 
ranges 100-140 and 60-10 "C points to a transition 
progressing through nucleation and growth. 

From the results reported in this paper it is clear that 
phase I is stable at low temperatures (about room 
temperature), while phase I1 is stable only at higher 
temperatures (> 160 "C). In a previous work16 we have 
found that both phases coexist a t  room temperature in 
some intermediate stages during the formation of LiSnz- 
(P04)3. This apparent contradiction would be due to an 
incomplete relaxation of phase I1 into phase I. To study 
this point, we have estimated the relative proportion of 
the two phases in two samples stored a t  room temper- 
ature for -1.5 years, and we have compared these 
values with those found during the formation process. 
One sample is the stoichiometric mixture of Li2CO3, 
(NH&HPOd, and SnOz which was calcined a t  550 "C, 
and the other the same mixture calcined at 700 "C. In 
the two samples the phase II/phase I ratio was ap- 
proximately 0.5/0.5,16 but the amount of other products 
(SnOz, SnPzO,, and amorphous Li compounds) ac- 
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Figure 6. Plot of log u vs 1000/T. The starting phase I was 
heated in the range 60-250 "C (open triangles) and then cooled 
from 250 to  60 "C (closed triangles). The experimental points 
are well fitted by two Arrhenius dependences, which are 
associated with phases I and 11. 

companying phases I and I1 were clearly different: 
about 45% and 15% for the samples calcined at 550 and 
700 "C, respectively. After the storage at room tem- 
perature the unreacted products have remained in the 
same proportion, but the phase II/phase I ratios have 
changed. The new values are 0.3/0.7 for the sample 
calcined at 550 "C and O.VO.9 for the sample treated a t  
700 "C; these values are not appreciably modified by 
keeping the samples at 10 "C, even a t  lower tempera- 
tures. Then, a portion of phase I1 has relaxed to phase 
I in the two cases and is higher when the amount of 
unreacted products is lower. The last feature suggests 
that the stabilization of phase I1 at room temperature 
is favored by the presence of the unreacted products. 

On the other hand, NASICON materials are, in 
general, good conductors of alkali ions.4J9-39 Moreover, 
LiSnz(PO& shows a phase transition that could affect 
the conductivity associated with diffusion of Li+ ions. 
Taking into account that the pellets were prepared by 
adding a small amount of Teflon, the conductivity values 
can be considered only relative. Nevertheless, differ- 
ences in conductivity and activation energy for the two 
phases have been found. 

The variation of conductivity (log (T) vs inverse tem- 
perature (lOOO/T) is shown in Figure 6 .  The values 
corresponding to the heating and cooling treatments are 
represented by open and closed triangles, respectively. 
The experimental points are well fitted by an Arrhenius 
equation, (T = (TO exp(-EIKBT), where (TO is a preexpo- 
nential factor, E the activation energy, and KB the 
Boltzman constant. In that figure two linear depend- 
ences are observed. According to the XRD and NMR 
data the straight line found in the heating treatment 
between 60 and 100 "C is ascribed to phase I. The slight 
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variation of u occurring between 100 and 150 "C is 
related to the monoclinic - rhombohedral transforma- 
tion. Above 150 "C another linear dependence associ- 
ated with phase II is observed. In the cooling treatment 
between 250 and 60 "C,  u follows the last dependence 
in agreement with stabilization of phase I1 up to  60 "C, 
and below 60 "C a change of 0 going to the typical 
dependence of phase I is expected. However, experi- 
mental limitations prevented us from measuring of such 
low u values. In any case, when the sample was cooled 
to 10 "C, and impedance measurements were carried 
out in a second heating-cooling run, the u values 
coincided with those obtained in the first cycle, in 
agreement with the reversible character of the phase 
transition. 

From the slope of the two straight lines, the activation 
energy (E) associated with motion of Li+ ions has been 
determined: values of 0.49 and 0.71 eV are obtained 
for phases I and 11, respectively. Taking into account 
that in the NASICON structure alkali ions can diffuse 
within the  channel^.^^^,^^,^^,^^ by jumping between the 
sites M1 and M2, the activation energy deduced from 
the conductivity data should give a measurement of the 

(40) Kohler, H.; Schulz, H.; Melnikov, 0. Muter. Res. Bull. 1983, 

(41) Kohler, H.; Schulz, H. Muter. Res. Bull. 1985, 20, 1461. 
18, 1143. 

Martinez-Juarez et al. 

energy needed to pass the ions through the bottleneck 
between the two sites. In our case, the lower E value 
found in phase I suggests a bigger size of the bottlenecks 
as compared with phase 11. 

Conclusions 
LiSn2(PO& shows a first-order reversible transition 

accompanied by a hysteresis cycle in temperature. The 
two phases, I and 11, coexist in the temperature ranges 
100-160 and 60-10 "C, which points to the transition 
happening through nucleation and growth. 

The symmetry of the low-temperature phase (phase 
I) is monoclinic Cc, and that of the high-temperature 
one (phase 11) is rhombohedral R3c. By using a hex- 
agonal cell of parameters UH = 8.642 and CH = 21.574 
8, the X-ray diffraction pattern of phase I1 has been 
indexed. 

The ionic conductivity is higher in phase I as com- 
pared to  phase 11. The activation energies are 0.49 and 
0.71 eV for the phases I and 11, respectively. A change 
in conductivity during the phase transition has been 
also observed. 
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