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The Raman and infrared reflection spectra of the spinel-type halides LiJ4WI, (W = Mg, V, Cr, Mn, 
Fe, Co, Zn, Cd) and LizMnBr4 including Kramers-Kronig analyses and oscillator-fit calculations are 
presented. These results are discussed in terms of (i) fast ionic conductivity, (ii) cation distribution, 
i.e., normal (L&ZnClJ and inverse spinels, 1: 1 ordering of Li and W’ in the octahedral sites 
(LizCoC14), (iii) phase transitions to an ordered (LiVO2 type) and disordered NaCl defect structure, and 
(iv) two-mode behavior of the phonon modes. B 1989 Academic PKSS, II-C. 

Introduction 

Ternary lithium chlorides and bromides 
with spine1 structure have been reported as 
fast lithium ion conductors ((Z-8) and refer- 
ences cited therein). Recent studies (7) re- 
vealed that this is true for Li2MC14 (M = 
Mg, V, Cr, Mn, Fe, Co, Cd) and Li244Br4 
(44 = Mn, Cd), but not for Li2ZnC14. This 
different behavior is a consequence of the 
distribution of the lithium ions in the struc- 
ture (inverse or normal spinels) and should 

we calculated the dispersion functions of 
the dielectric and optic constants including 
the high-frequency conductivities with the 
aid of the classical oscillator-fit method and 
Kramers-Kronig analyses. Apart from 
conventional infrared spectra (paraffin 
mulls), which show only one broad absorp- 
tion, and Raman spectra of Li2MC14 (M = 
Mg, Mn, Fe, Cd) (five scattering peaks) (I), 
no IR and Raman data have been reported 
in the literature to date. 

reflect in the infrared andRaman spectra of 
these compounds. Furthermore the vibra- Experimental Methods 

tional spectra should give information The spinel-type chlorides were prepared 
about the diffusion processes and the lattice (1, 9) by fusing the binary compounds in 
sites involved in the ionic motion. evacuated sealed borosilicate glass am- 

We therefore recorded both the far-infra- poules. The ternary chlorides are extremely 
red reflection spectra and Raman spectra of hygroscopic and partly sensitive to oxygen. 
L&MC& (M = Mg, V, Cr, Fe, Co, Zn, Cd) They must be handled under a dry Argon 
and Li2MnBr4 at various temperatures atmosphere. 
(150-770 K). From the reflection spectra Specimens for far-infrared measurements 
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were prepared as pellets with mirror-like 
surfaces by pressing the powdered samples 
at 750 MPa using highly polished pistons. 
The densities of the pellets reached as 
much as 95% cf the values calculated from 
the lattice constants. The IR reflectivities of 
specimens of the binary chlorides LiCl and 
NaCl prepared in the same manner were in 
good agreement with single-crystal data re- 
ported in the literature (20). The spectra 
were recorded at near normal incidence 
using a Bruker IFS 114 Fourier transform 
interferometer (reference: Al mirror, res- 
olution <4 cm-‘). For low- and high-tem- 
perature measurements the samples were 
mounted on the heat exchanger of a cryo- 
stat (Cryovac, Siegburg, FRG). 

The FIR reflection spectra were con- 
verted into the dielectric dispersion rela- 
tions by both classical oscillator-fit methods 
and Kramers-Kronig analyses. Details are 
given elsewhere (II, 12). The high-fre- 
quency conductivities (T(W) were computed 
using the relation: u(o) = so * w * E” (0) (13) 
with e. as the permittivity of a vacuum and 
E” as the imaginary part of the dielectric 
constant. 

The Raman spectra, with samples taken 
in sealed glass capillary tubes, were re- 
corded on a Dilor OMARS 89 multichannel 
Raman spectrograph with the usual right- 
angle geometry (spectral slit width <4 
cm-‘). For excitation the 514.5 nm line of 
an Ar+ ion laser was employed (laser power 
at the sample was about 150 mW). The inte- 
gration time was l-30 set; the number of 
accumulations was 30-50. High-tempera- 
ture measurements were performed by 
means of a furnace, which was equipped 
with quartz windows. 

Results 

The FIR reflection spectra of the spinels 
Li&C& (A4 = Mg, V, Mn, Fe, Zn, Cd) re- 
veal up to six Reststrahlen bands (see Figs. 
l-3 and Table I), which is more than the 

100 200 300 400 500 600 cm-’ 

FIG. 1. FIR reflection spectra of the inverse spinels 
L&MC& (M = Mg, V, Mn, Fe, Cd) at ambient temper- 
ature: dotted lines, oscillator-fit calculations; num- 
bers, maxima of Reststrahlen bands (cm-‘). 

four modes of species Flu predicted by 
group theory (14). The frequencies of the 
transversal (TO) and longitudinal optical 
(LO) zone center phonon modes (see Table 
I) were taken from the peak maxima of the 
Im(8) and -Im(llb) dispersion relations 
(and from peak maxima and peak minima of 
the so-called modulus El = (.Y’~ + E”~)“~), 
respectively (see Fig. 2). The Raman spec- 
tra of most compounds (see Fig. 4 and Ta- 
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FIG. 2. Dispersion functions E” (= Im(6)) (-) and 
-Im(lk) (---) of the dielectric constants of the inverse 
spinels Li@C14 (M = Mg, V, Mn, Fe, Cd) at ambient 
temperature calculated by the oscillator-fit method. 

ble II) exhibit five bands in accordance with 
the result of a group theoretical treatment 
WI,, lE,, and 3F2J. However, from the 
appearance of the spectra, the compounds 
can be derived into three groups: (i) 
Li2A4C14 (A4 = Mg, Mn, Fe, Cd), (ii) 
Li2ZnC14, and (iii) Li2CrC14, L&CoC&, and 
LizMnBr4. 

The infrared and Raman studies per- 

formed at elevated temperatures (see Figs. 
5-7) indicate that the Reststrahlen bands 
and Raman scattering peaks broaden 
strongly with increasing temperature. Some 
bands disappear, even at temperatures be- 
low the order-disorder phase transition to 
the NaCl defect structure polymorphs (1). 
The low-frequency region of the spectra is 
dominated by an increase of reflectivity and 
scattering intensity, respectively. 

Discussion 

1. Inverse and Normal Halide Spinels 

From neutron diffraction studies (4, 15) it 
was revealed that the chloride spinels 
Li2A4C14 (M = Mg, V, Mn, Fe, Cd) possess 
an inverse cation distribution. The same 
structure was proposed for the other com- 
pounds of this series (M = Cr, Co) (5, 6) 
and the lithium bromide spinels Li&fBrd (A4 
= Mn, Cd) (2). This is supported by the 
Raman spectra of these halides in the 
present investigation (see Fig. 4 and Table 
II). 

The most intense high-energy band of 
these chlorides at 246-248 cm-i is obvi- 

lb0 260 360 460 500 660 cm-’ 

FIG. 3. FIR reflection spectrum (-), oscillator-fit 
calculation (...), and dispersion functions E” (-) and 
-Im(llb) (---) of the dielectric constant of the normal 
type spine1 LizZnC4 at ambient temperature. 
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TABLE I 

OSCILLATOR PARAMETERS, TO AND LO PHONON FREQUENCIES (cm-‘) OF LITHIUM CHLORIDE 
SPINELS AT 150 K (DATA TAKEN FROM PEAK MAXIMA OF THE DISPERSION RELATIONS OF THE 

IMAGINARY PART OF THE DIELECTRIC CONSTANT E”, THE DIELECTRIC Loss FUNCTION 
-Im(l/S), AND THE MODULUS Iit OBTAINED BY OSCILLATOR FIT CALCULATIONS (OF) AND 

KRAMERS-KRONIG ANALYSES (KKA), RESPECTIVELY) 

WO (fJL0 

an ILI -Im(llL) I&l” 

j 4T Pj Oi Yj OF KKA OF KKA OF KKA OF KKA 

1 0.246 
2 1.650 
3 0.754 
4 0.293 
5 0.132 
6 0.073 
E, = 2.78 

1 0.295 
2 0.474 
3 1.985 
4 0.807 
5 0.361 
6 0.121 
Em = 2.90 

1 0.628 
2 0.691 
3 2.073 
4 1.027 
5 0.333 
6 0.197 
E, = 3.05 

1 0.0898 
2 0.2416 
3 0.0064 
4 0.0053 
E, = 2.96 

122.7 21.4 
216.0 72.4 
265.5 24.7 
298.7 30.0 
329.8 51.7 
369.6 38.2 

118.0 14.2 
134.6 26.6 
220.0 30.3 
274.7 27.5 
315.3 54.3 
353.6 35.5 

93.0 18.6 
114.5 29.5 
206.4 32.0 
259.7 32.7 
300.3 39.0 
340.3 42.2 

98.3 0.0407 
242.0 0.2292 
295.9 0.0874 
346.1 0.1529 

Li2VC14 
123 122 116 
216 214 198 
265 267 263 
295 298 295 
- 3306 - 

362b 364b 362 

LiZMnCld 
119 121 113 
132 131 128b 
220 222 215 
274 277 273 
3106 316b 312b 
346b 344b 346b 

L&CdC& 
93 95 87 

112 113 lO6b 
206 208 201 
259 261 257 
294b 292b 294b 
332b 334” 3346 

L&ZnC& 
98 98 98 

240 240 234 
292b 290b - 
3406 3356 - 

119 126 124 
200 231 229 
263 289 291 
298 328b 330b 
33ob 355 364b 
364b 389 392 

112 123 123b 128b 130b 
130b 137 133 145 140 
214 246 246 247 248 
275 308b 316b 312b 312b 
312b 346b 346b 346b 344b 
344b 393 394 398 398 

87 99 1036 106b llob 
llob 118 119 126 126 
202 231 232 233 234 
260 294b 292b 294b 292b 
292b 332b 334b 334” 3346 
3346 383 382 388 386 

98 
238 
- 
- 

106 106 106 106 
- 263b - - 

294b 291b - - 

369 369 377 381 

132 129 
234 233 
289 291 
- 3306 

357 2646 
3% 399 

a From peak minima. 
b From inflections of the dispersion curves. 

ously due to the Al, mode, which is mainly metal ions (16). The findings that this band 
a breathing vibration of the tetrahedral appears at nearly constant wavenumbers in 
units of the spine1 structure; i.e., only the almost all compounds, therefore, confirm 
halide ions move (14). The AI, phonon that the cation distribution is inverse; i.e., 
mode is affected by the nature of both the half of the lithium ions occupy tetrahedral 
anions and the tetrahedrally coordinated ga sites. 
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FIG. 4. Raman spectra of Li,ZnCh (normal spinel), 
Li,CrCl,, LizCoCla, and Li2MnBr4 (inverse spinels 
with superstructure ordering in the octahedral 16d 
sites) at ambient temperature (see Table II). 

Inverse spinels 
L&MgCl, 248 222 185 169 (0 
L&MnCh 248 227 163 102 70 (0 
L&FeCl, 246 198 172 129 108 (0 
LizCdCld 248 173 152 134 97 

Normal spinels 
Li*ZnC& 292 260 179 105 79 

Ordered inverse spinels (Zn(LiSb)Ol type) 
LizCoC1, 240 210 160 126 
Li2MnBr4 145 126 98 66 38 
Li2CrC14b 247 192 104 89 40 

Suzuki-type halides 
AI,’ F2g Eg F2g 

Li&oCls 237 209 139 111 (22) 
L&MnBrs 144 125 74 64 (23) 

The respective A,, band of Li2ZnCld is 
shifted to 292 cm-’ (see Fig. 4), indicating 
that LizZnCh has a normal cation distribu- 
tion with zinc in the tetrahedral sites form- 
ing stronger bonds to chloride ions than 
lithium. Similar band frequencies were ob- 
served in other salts and aqueous solutions 
of ZnCl?- ions (17, 18). The other Raman 
modes (see Fig. 4) and Reststrahlen bands 
(see Fig. 3), however, reveal that L&ZnCh 
behaves like a double salt rather than a (2.2). 

n Breathing mode of tetrahedral L& and ZnCh 
units, respectively (14). 

b True structure of the room-temperature poly- 
morph not yet known (5). 

c Symmetric stretching mode of octahedral WX, 

ZnCl$- coordination compound (see the 
discussion given in (19)). 

The lower conductivity (two to three or- 
ders of magnitude) of the zinc compound 
(7) compared to those of the inverse chlo- 
ride spinels leads to the conclusion that in 
the case of inverse chloride spinels the tet- 
rahedrally coordinated lithium ions exhibit 
much larger mobility than the octahedrally 
coordinated ones. However, contrary to 
these findings Catlow and Wolf (8) claimed 
very recently that both the octahedral and 
tetrahedral sublattices play an important 
role in the conduction mechanism. 

2. Spine1 Superstructure, I:1 Ordering in 
Octahedral Sites 

An orthorhombic ordered spine1 super- 
structure (superlattice) has been estab- 
lished for LizCoCld by X-ray methods (6); 

TABLE II 

RAMAN FREQUENCIES (cm-i) OF SPINEL-TYPE 
Li2MnC14 (Mu = Mg, Mn, Fe, Cd, Zn, Cr, Co) AND 

L&MnBr,, AND SUZUKI-TYPE Li&PX8 COMPOUNDS 
AT AMBIENT TEMPERATURE 

Ah0 Ref 
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FIG. 5. FIR reflection spectra of Li2MC14 (M = Mn, Cd) at various temperatures (d, shift of the 
ordinate scale). 

for LizMnBr, a tetragonally distorted spine1 0 (20), of the spine1 superstructure (space 
structure was reported (2). Because the Ra- group Zmma-D$i) yields 15 Raman allowed 
man spectra of these hahdes are very simi- and 20 IR active phonon modes, i.e., much 
lar apart from the low-energy shift in the more than observed in the spectra (see Fig. 
case of the bromide both compounds are 4). This behavior, which was also observed 
possibly isostructural, that is, a spine1 su- in the case of ordered oxide spinels, is 
perstructure with 1 : 1 ordering (P-type, claimed to be due to the small interaction 
Zn(LiSb)04 (0128) structure) of the octahe- energy (or charge difference) of the metal 
drally coordinated metal ions Li+ and M2+. ions in the octahedral sites (21). The Raman 
A group theoretical treatment, r = 5A, (Ra) spectra of LizCoCl, and Li,MnBr, are very 
+ 4A, + 2B1, (Ra) + 8Z31, (IR) + 4Z?, (Ra) similar to those of Suzuki-type (cF60) Li6 
+ 6Bzu (IR) + 4B3, (Ra) + 6B3, (IR) for q =LI CoCls (22) and L&MnBrs (23) (see Table II) 
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FIG. 6. Frequency dependent conductivities u(w) of 
spinel-type Li,MC1, (M = Mn, Cd) at 300 and 650 K 
calculated by Kramers-Kronig analyses of the FIR 
reflection data. 

despite the fact that in the case of the latter 
compounds all metal ions are in octahedral 
sites. 

3. Two-Mode Behavior in Inverse Spinels 

The FIR reflection spectra of inverse 
spine1 type chlorides (see Fig. 1) reveal 
more details than the conventional IR ab- 
sorption spectra (2, 24). This may partly be 
due to the better resolution of the Rest- 
strahlen bands present. Additional bands 
found in the spectra of inverse chloride 
spinels, i.e., additional to the four IR al- 
lowed phonon modes of the spine1 structure 
(see Table I), may be caused by the fact that 
the octahedral 16 d positions are randomly 
occupied by both Li+ and M2+ ions and, 
hence, there are similar structure relations 
as in solid solutions. In the case of mixed 
crystals, additional Reststrahlen bands can 
be observed because of a possible two- 
mode behavior of the lattice modes (25). 
For the inverse sulfide spinels, e.g., MIn& 
(M = Fe, Co, Ni), likewise more than four 
infrared active and more than five Raman 
allowed phonon modes are reported (12, 

16). However, it is not fully clear whether 
surface or multiphonon effects, which were 
reported to play a role in the case of binary 
alkali metal halides and alkaline earth metal 
oxides (26, 27), could also be the origin of 
additional features in the reflection spectra 
obtained. 

4. TOIL0 Splittings of the Phonon Modes 
in Chloride Spinels 

The splittings of the transversal and lon- 
gitudinal optical phonon modes of the chlo- 
ride spinels are relatively large as expected 
for salt-like compounds (see Table I and 
Figs. 2 and 3). The TO/LO splittings deter- 
mined from the peak maxima (TO) and min- 
ima (LO) of the so-called modulus 121 = (E’~ 
+ E”~)~‘~ are enlarged compared with those 
obtained from Im(k) and -Im(ll&), respec- 
tively, by up to 10 cm-l (see Table I). A 
similar effect has been observed and dis- 
cussed for sulfide spinels in (Z2). Effective 
dynamical charges (Szigeti charges) calcu- 
lated from the TO/LO splittings are given in 
(24). The LO phonon modes of the chloride 
spinels are strongly coupled due to the 

L$CdC14 

n/ 

235 

-3 

FIG. 7. Raman spectra of spinel-type Li,CdCb at 
various temperatures. 
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long-range electrostatic fields produced by 
these vibrations. As a result of this coupling 
the vibrational modes and oscillator 
strengths of the LO phonons largely differ 
from those of the respective TO phonons 
(see the discussion given in (28)). 

5. Phase Transitions, NaCl 
Superstructure 

With increasing temperature the number 
of the Reststrahlen bands as well as the Ra- 
man peaks decreases (see Figs. 5 and 7). 
Especially the high-energy bands above 300 
cm-l disappear. From these findings it can 
be concluded that the amount of tetrahe- 
drally coordinated metal ions, which gives 
rise to the high-energy phonon modes, di- 
minishes with increase in temperature. This 
would mean that the lithium ions migrate 
from the 8a sites to interstitial positions, 
i.e., to the normally unoccupied octahedral 
16c sites. This causes a phase transition to a 
NaCl superstructure with 1 : 1 ordering in 
the octahedral voids (LiV02 (cF64) type 
(29)), i.e., with one half of the Li+ ions oc- 
cupying half of the 16c sites and the other 
half together with M2+ ions filling the 16d 
sites (LiV02 defect structure). 

Space group and unit cell dimensions of 
this structure remain unchanged compared 
to the spine1 structure and, hence, this tran- 
sition is not observable in the high-tempera- 
ture X-ray patterns of the ternary lithium 
halides (I, 2). However, difference thermal 
analyses (DTA) of Li2CdC14 reveal a second 
endothermic peak (308°C) below the one 
which is due to the order-disorder phase 
transition to the NaCl defect structure 
(385°C) and which could not be interpreted 
in previous work (I). Group theoretical 
treatment of the LiVOz-type NaCl super- 
structure (q = 0) yields I = Al, (Ra) + 3AzU 
+ Eg (Ra) + 3E, + F1, + 5F1, (IR) + 2Fzg 
(Ra) + 3FzU, i.e., four (instead of five 
(spinel)) and five (instead of four) bands al- 
lowed in the Raman and IR spectra, respec- 
tively. The high-temperature spectra reveal 

three Raman modes and four to five Rest- 
strahlen bands (see Figs. 5 and 7). 

6. NaCl Defect Structure 

In the case of NaCl structure compounds 
one Reststrahlen band, but no Raman scat- 
tering peak, is expected. However, the Ra- 
man spectra of Li2CdC14 (and L&MnClJ re- 
corded at temperatures above the phase 
transition to the NaCl defect structure (see 
Fig. 7) exhibit one broad band. These find- 
ings are consistent with a disordered NaCl 
structure (breakdown of selection rules) 
with randomly distributed Li+ and Cd2+ 
ions and vacancies in the octahedral sites. 

7. Disorder-Induced Low-Frequency 
Modes 

The FIR spectra (and to a lesser extent 
also the Raman spectra) recorded at ele- 
vated temperatures additionally reveal that 
the reflectivities (and scattering intensities) 
of the chloride spinels in the low-energy re- 
gion increase with increasing temperature 
(see Fig. 5). This is obviously caused by the 
mobile lithium ions. In the dispersion rela- 
tions, especially in that of the frequency- 
dependent conductivity u(o), an additional 
feature appears, e.g., for L&MnC&, at 75 
cm-i (see Fig. 6). Similar observations 
were made for the other compounds of this 
series. In the case of Li$dCl,, there is a 
superposition with a normal phonon mode 
(see Figs. 5 and 6). These low-energy 
modes are due (after Brtiesch (30)) to the 
large disorder of a fast ionic conductor. 
They are interpreted as approximate reac- 
tion coordinates for the jumps of the mobile 
ions. Likewise disorder-induced low-fre- 
quency modes were observed in a variety 
of fast ionic conducting materials, e.g., (Y- 
AgI (30). 

Conclusion 

The infrared reflection and Raman spec- 
tra of the spinel-type halides Li2MnC14 and 
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Li&f”Br, studied reveal that (i) unlike the 
other halide spinels LizZnCld possesses a 
normal cation distribution, (ii) the vibra- 
tional spectra of the compounds with in- 
verse cation distribution show a two-mode 
behavior, (iii) the high ionic conductivity of 
the inverse spinel-type halides give rise to 
additional low-frequency disorder-induced 
modes, (iv) low-temperature Li2CoCh and 
LizMnBr4 possess spine1 superstructures 
with 1 : 1 ordering in the octahedral sites, 
and (v) there are phase transitions to a 
NaCl superstructure (LiV02 type) addi- 
tional to those to a NaCl defect structure 
with randomly distributed metal ions re- 
ported previously. The gradual migration of 
the lithium ions from the tetrahedral to 
empty octahedral sites connected with 
these phase transitions exhibit the high mo- 
bility of the tetrahedrally coordinated Li+ 
ions in the inverse spine&type halides and, 
hence, the fast ionic conductivity of these 
compounds. 
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