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Li3InBr6 and NaInBr4 have been synthesized and characterized by means of DTA, 8 'Br NQR, 6Li, 
7Li, 23Na, and l l 5In NMR, and AC conductivity. These measurements revealed the presence of phase 
transitions and cationic diffusion in both compounds. From the spin-lattice relaxation times of 1 Br 
NQR and the peak widths of 7Li and 23Na NMR spectra, it is deduced that the conduction is due to cat-
ionic diffusion. The activity energy for the Li+ diffusion was found to be 24 kJ/mol for Li3InBr6. 
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Introduction 

We have already investigated the structure and dynam-
ics of the compounds MBr-M'Br3 (M = Li, Cu, Ag; 
M' = Al, Ga) [ 1,2]. In these compounds, the central met-
al M' is tetrahedrally coordinated by Br - ions. In some 
halocomplexes of In (III), however, M' is octahedrally 
coordinated by halogen atoms. The difference in the 
In-halogen bonds of the tetrahedral and octahedral an-
ions, and the factors which determine the shape of the 
anions are stereochemically interesting. 

These complexes undergo phase transitions by cation-
ic and anionic motions excited with increasing tempera-
ture. The electric conductivity changes abruptly at the 
temperature of the phase transition [3]. The relation 
between the ionic motions and the conductivity is also 
very interesting. 

In the present study, we examined the bond nature, the 
anionic structure and the ionic motions in the In (III) halo-
complexes by measuring 8 1BrNQR, 6Li, 7Li, 23Na, and 
115In NMR, and the electric conductivity. 

Experimental 

NaInBr4 was obtained by heating an equimolar mix-
ture of NaBr and InBr3, sealed in a glass tube at 600 K. 
Li3InBr6 was prepared by mixing LiBr and InBr3 in the 
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molar ratio 3:1 and heating the mixture for two days at 
about 500 K. A single crystal was grown in a glass am-
pule by the Bridgman method. 

DTA measurements were carried out, and powder 
X-ray diffraction patterns were recorded by a Rigaku 
Rad-B system, using CuKa radiation. The diffraction 
data were analyzed by he Rietveld method, using a pro-
gram developed by Izumi [4], 

8 'Br NQR signals were observed by a Matec pulsed 
spectrometer. The spin-lattice relaxation times T, were 
determined with the 90° - r - 90° pulse sequence. The 
error of the Tx measurement was ca. ±10%. 

6Li, 7Li, 23Na, and U5In NMR was observed by a Ma-
tec gating amplifier at 6.37 T with the Larmor frequen-
cies of39.92, 105.41,71.75,and 59.41 MHz, respective-
ly. The sample temperature was controlled within ±0.5 K. 

Results and Discussion 

Li3InBr6 

Figure 1 shows the DTA curve for Li3InBr6. An endo-
thermic peak appeared at 314 K on heating, and an exo-
thermic one at 270 K on cooling. A rather large hystere-
sis was observed, indicating a first order phase transition. 

We observed three 8 'Br NQR lines of 59.292, 66.380, 
and 69.240 MHz at 77 K of Li3InBr6, suggesting the 
presence of three non-equivalent Br atoms. One reso-
nance frequency is considerably lower than the other two. 
This suggests that the octahedron of the anion is consid-
erably distorted. Figure 2 shows the temperature depen-
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Fig. 3. Temperature dependence of the spin-lattice relaxation 
times of 8 'B r NQR in the low-temperature phase of Li3InBr6. 
©: lowest resonance line, O : middle resonance line, • : high-
est resonance line. 

Table l. The parameters of (1) for Li3InBr6. 

NQR line a n b £ a (kJ/mol) 

Highest 8.0 x 10~7 2 6.1 x 103 29 
Middle 8.3 x IO"7 2 6.3 x IO3 36 
Lowest 1.7 x IO"7 2 2.3 x 105 28 

100 200 
T/K 

300 

Fig. 2. Temperature dependence of the 8 'Br NQR frequencies 
in Li3InBr6. 

dence of the 8 'Br NQR frequencies. With rising temper-
ature, frequencies of two lines decrease slightly, while 
that of the third increases. At the phase transition all lines 
disappeared. Figure 3 shows the temperature dependence 
of the three spin-lattice relaxation times of 8 'Br NQR in 
the low-temperature phase. With rising temperature, the 
relaxation times decreased because of lattice vibrations. 
Above about 200 K they decreased exponentially. At the 
high temperatures, TX is in the order highest resonance 
line < lowest one < middle one. (Tx) is generally ex-

pressed by [5] 

1/7 , =ATN+B exp ( - E J R T ) , (1) 

where £ a is the activation energy of the motion. By fit-
ting (1) to the experimental values, we obtained the pa-
rameters listed in Table 1. 

The 115In NMR spectrum in the low-temperature phase 
was very broad and yielded a full width at half magni-
tude (FWHM) of 7 - 3 8 kHz between 485 and 286 K, as 
shown in Figure 4. These findings suggest that the nu-
clear quadrupole interaction is rather large. A plot of the 
FWHM of the "5In NMR spectrum vs. temperature is 
shown in Figure 5. With increasing temperature, the 
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Fig. 4. 115In NMR spectra ofLi3InBr6 at various temperatures. 

FWHM decreased first abruptly and then gradually. This 
motional narrowing occurs much above the transition 
temperature. When the motional narrowing occurs due 
to the motion of ions in the crystal, the relaxation between 
the FWHM and the correlation time rc of the motion is 
expressed by [6] 

rc = (1 / ab co) 

t a n [ 7 r ( 8 ö r - 8 ö ^ ) / 2 ( 8 c ü g - 8 « i ) ] , (2) 

where 8 (OQ, 51o, and 8 coA are the line widths below, with-
in, and above the motional narrowing, respectively, a is 
constant and usually unity. From the observed 8 0 ^ 8 ft), 
and 81oA, and by assuming a = 1, Tc was obtained and 
plotted against the inverse temperature in Figure 6. As-
suming an Arrhenius activation process for rc, one has 

rc = r0 exp (EJRT). (3) 

From the linear relation between ln rc and 1 / T, the acti-
vation energy was found to be 26 kJ/mol. After the oc-
currence of the motional narrowing, the FWHM was 
7 kHz. We also calculated the FWHM from the second 
moment by assuming that the shape of the spectrum is 
Gaussian. The second moment was evaluated by using 
the In-Br bond length of 2.76 A which was obtained by 
assuming that the crystal structure of Li3InBr6 equals that 
of Li3InBr6 [7] and that the main contribution comes from 
the nearest neighbors. The FWHM thus obtained was 
2.2 kHz for Li+ diffusion. This value is smaller than the 
observed one, suggesting that the line width is affected 
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Fig. 5. Plot of the full width at half magnitude (FWHM) of 
ll<rIn NMR vs. temperature in Li3InBr6. 
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Fig. 6. Plot of the correlation time vs. the inverse temperature 
in Li3InBr6. 

by other factors, such as the quadrupole coupling inter-
action and the aniosotropy of the chemical shift. 

Figure 7 shows the 6Li and 7Li NMR spectra at vari-
ous temperatures in Li3InBr6. Between 77 and 310 K, the 
7Li NMR spectrum does not change and has a constant 
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Fig. 7. 6Li and 7Li NMR spectra at 
various temperatures in Li3InBr6. 
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Fig. 8. Temperature dependences of the 7Li NMR spin-lattice 
relaxation time in Li3InBr6. The squares and circles represent 
the relaxation times in the low and high temperature phases, re-
spectively. 

F W H M of 6.3 kHz, indicating that in the low tempera-
ture phase diffusion of Li + does not occur. Therefore , ac-
cording to the N Q R results, the mot ion in the low tem-
perature phase is reorientation of the I n B r | ~ ion. The 
F W H M in the high temperature phase was 0 .59 k H z for 
7Li N M R and 0.24 kHz for 6 Li N M R , indicat ing that dif-

fus ion of L i + occurs . As the ratio of the former width to 
the latter one is equal to the ratio of the gyromagnet ic ra-
tios of 7 Li and 6 Li, the line width was found to be deter-
mined by dipole-dipole interactions. 

Figure 8 shows the temperature dependence of the 7Li 
N M R spin-lat t ice relaxation t ime in Li 3 InBr 6 . W h e n the 
tempera ture rose f rom 270 K up to near the phase tran-
sition point (314 K), the relaxation t imes were about ten 
seconds. With fur ther increasing temperature , the relax-
ation t ime j u m p e d down at 314 K and then increased 
gradually. W h e n the tempera ture fell f rom about 4 4 0 K, 
the relaxat ion t ime decreased linearly. W h e n the temper-
ature reached about 270 K, the relaxation t ime j u m p e d 
up to about twenty seconds. On cool ing f rom 4 4 0 K, the 
relaxat ion t ime probably changed by rapid mot ions . 
Since d i f fus ion of Li+ occurred in the high tempera ture 
phase, the relaxat ion t ime is considered to be governed 
by this mot ion and is generally expressed by the equa-
tion [8] 

1/r , = C2[rc/(1 4- (OQ TC) + 4rc/(1 + 4(OQ T2)], (4) 

where C is cons tant and CÜQ is the resonance f requency. 
By fi t t ing the above equation and (3) to the observed re-
laxation t imes under the condit ion 1 » COQT0, the activa-
tion energy of the d i f fus ion of the Li + ion was obtained 
to be 24 kJ /mol . 

Figure 9 reproduces the temperature dependence of 
the electric conduct ivi ty in Li 3 InBr 6 . The h igh- temper-
ature phase exhibi ts a conduct ivi ty of more than 
10~3 S /cm, whereas the low-temperature phase has a 
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Fig. 9. Temperature dependence of the electric conductivity of 
Li3InBr6. 

small conductivity. An abrupt increase in the conductiv-
ity was found near the transition temperature, the high-
temperature phase being a super ionic conductor where 
the carrier is Li+, as mentioned above. The activation en-
ergy is obtained from the equation [9] 

<?(T) = <70 exp (-EJ RT), (5) 

where (Tis the electric conductivity. By fitting (5) to the 
observed data, the activation energy was evaluated to be 
25 kJ/mol, which agrees well with the value estimated 
on the basis of the NMR measurements. This finding in-
dicates that Li+ contributes the ionic conduction. 

NalnBr4 

Figure 10 shows the DTA curve for NaInBr4. Two en-
dothermic peaks appeared at 315 and 383 K on heating, 
while two exothermic ones appeared at 383 and 287 K 
on cooling. A small hysteresis was observed for the peak 
at the lower temperature, indicating that this phase tran-
sition is of the first order. 

NaInBr4 yielded four 8 'Br NQR lines at 101.180, 
110.234, 110.494, and 111.779 MHz at 77 K. This find-
ing indicates the presence of four nonequivalent Br 
atoms in the crystal and is consistent with the crystal 
structure reported by Staffel and Meyer [10], The mean 

Fig. 10. DTA curve of NaInBr4. 
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Fig. 11. Temperature dependence of the 8 'Br NQR frequencies 
in NaInBr4. 

8 'Br NQR frequency of the InBr4 anion in NaInBr4 is 
108.422 MHz and is much higher than that 
(64.971 MHz) of the InBr^ anion in Li3InBr6, indicat-
ing that the ionicity of the In-Br bond is larger in the lat-
ter anion than in the former. 
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Fig. 12. Temperature dependence of the 81 Br NQR spin-lattice 
relaxation times in NaInBr4. O : lowest resonance line, • : sec-
ond lowest resonance line, • : second highest resonance line, 
©: highest resonance line. 

F igure 11 shows the temperature dependence of the 
8 ' B r N Q R f requenc ies in NaInBr 4 . W h e n the tempera-
ture reached 380 K on heat ing f rom 77 K, the two low-
er resonance lines coalesced into one line, and the high-
er ones changed their slopes, suggest ing the presence of 
a second order phase transit ion, but no anomaly was ob-
served near 315 K, where the peak was observed in the 
DTA measurements . 

F igure 12 shows the temperature dependence of 8 ' B r 
N Q R spin-latt ice relaxat ion t imes in NaInBr 4 . The four 
resonance lines exhibi ted almost the same curve. The re-
laxation t imes decreased gradually with increasing tem-
perature. T h e decrease in the relaxation t ime f rom 77 K 
up to 110 K showed the T2 temperature dependence 
caused by the lattice vibrations. The relaxation t imes at 
h igher tempera tures did not fol low the T 2 law, suggest ing 
that the relaxat ion t imes did not decrease according to 
the ionic mot ion . W h e n the relaxation t ime is af fected by 
a phase transit ion, the equat ion of its temperature depen-
dence has been given by Bonera et al. [11 ]. By fit t ing the 
equat ion to the exper imenta l data, the fo l lowing equa-

50 100 
( V T ) / K 

Fig. 13. Plot of 8 lBr NQR spin-lattice relaxation times vs. 
(7 t r - T) of NaInBr4. 
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Fig. 14. Temperature dependence of the FWHM of Na NMR 
for NaInBr4. 

tion was obta ined: 

\/Tx=9{\n[Ttr/(Ttr-T)]-\}. (6) 

The observed relaxat ion t imes could well be fi t ted to (6), 
as shown in Figure 13. There fo re , the relaxation t ime 
above 110 K is cons idered to be in f luenced by the phase 
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Fig. 15. Temperature dependence of the electric conductivity 
of NaInBr4. 

transition. In the high-temperature phase, the relaxation 
time was too short (7, < lO^s) to be measured. 

Figure 14 shows the temperature dependence of the 
FWHM of the 25Na NMR spectrum in NaInBr4. The 
FWHM after the motional narrowing was reduced to 
0.27 kHz, suggesting that diffusion of Na+ occurred. By 
fitting (2) and (3) to these data, the activation energy was 
evaluated to be 62 kJ/mol. This value is much larger than 
that of the Li+ diffusion. 

Figure 15 shows the temperature dependence of the 
electric conductivity of NaInBr4. With increasing tem-
perature, the conductivity increased linearly, but the 
slope of the curve changed at about 330 K. By fitting (6) 
to the observed data in the higher temperature range, the 
activation energy was evaluated to be 64 kJ/mol. 
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