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The order—disorder phase transitions of spinel-type (I) chlorides Li, M Cl, (M" = Mg, Mn, Cd)
to Li;MnBr, cF56 (II) and disordered, deficient NaCl structure (III) at elevated temperatures are
characterized by X-ray diffraction, dilatometry, thermoanalytical, and Raman spectroscopic studies,
and are discussed with respect to cation distribution, lithium ion motion, anharmonic interaction of
vibrational modes, and order parameters. Full formation of the ordered NaCl superstructure (IT) occurs
at 360°C for both Li,MgCl, and Li,MnCl,. Mn**-rich Li,_, Mn,,Cl, solid solutions probably possess
a Li;MnBr, cF56-type structure even at ambient temperatures. In the case of Li,CdCl,, disorder of II
to III starts before complete depopulation of the tetrahedral 8a site of the spinel structure is reached.
Disorder to I11 is finished at 540, 465, and 380°C, respectively. Because of the high defect concentrations
and coupling of several ordering processes, one-component Landau theory gives only an unsatisfactory

description of the microscopic processes.

Introduction

Ternary lithium chlorides Li,M"Cl, and
Li,_, M" . Cl, have been reported to be
fast lithium ion conductors (/-5 and refer-
ences cited therein). The stoichiometric spi-
nel-type compounds Li,M!Cl, cF56 (M" =
Mg, Mn, Cd) (space group Fd3m) possess
an inverse distribution of the metal ions ac-
cording to (Li){Li M"]°Cl, (I) with lithium
on both tetrahedral and octahedral sites
(6-8). The deficient spinel-type compounds
Li,_, M",, Cl, with vacancies on tetrahe-
dral sites (7) show an enhanced conductivity
(3, 9-11). Increasing temperature causes a
gradual migration of the lithium ions from
tetrahedral 8a sites to interstitial octahedral
16¢ positions (of the cubic closed-packed
framework of the chloride ions) (5, 7, 12,
13), i.e., the spinel structure transforms to
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an ordered NaCl defect structure (Li,MnBr,
cF56 type (I14), space group Fd3m) (1I).
Subsequently, high-temperature disordered
NaCl defect-structure polymorphs (space
group Fm3m, cF7) (I1I) are formed by iso-
morphic and class-equivalent (klassen-
gleiche) transformations, respectively (/7).
(A similar spinel to NaCl defect-structure
disorder transition has been reported for
FeYb,S, (15).)

As a consequence of the order—disorder
transitions, the mobility of the lithium ions
(5) and, hence, the ionic conductivity are
strongly enhanced. Therefore, a detailed
analysis of the order—disorder transitions in-
cluding the change of the cation distribu-
tions should give more information on the
microscopic structure and the ionic motion.
A useful tool in determining microscopic or-
der parameters is hard mode Raman spec-
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troscopy (16, 17). The same holds true for
determination of the entropy of the
order—disorder transitions. Additionally,
X-ray diffraction, calorimetric (DSC), and
dilatometric methods are used to character-
ize the temperature evolution of macro-
scopic features. Furthermore, we discuss
the question whether the order—disorder
transitions established can be described by
the phenomenological Landau theory of
structural phase transitions (I8).

Within the framework of Landau’s theory
(16, 18) the free energy can be described as
a function of the long-range order parameter
Q. The thermal behavior of Q follows the
expression Q ~ Q)T — T, with Q,, the
order parameter in the ordered phase, T,
the critical temperature, at which the disor-
dered polymorph is formed completely, and
B, the critical exponent. 8 = } means an
ideal Landau behavior, 8 = 1 indicates a
tricritical behavior, which is a result of
order-parameter coupling, and values of 8
< § are only possible for partially first-order
phase transitions.

In the case of second-order order—
disorder transitions maximum configura-
tional entropy can be estimated from the
classical limit AS = R - In(W,/W,). (Al-
though the temperature evolution of AS de-
pends on the transition mechanism (I8).)
W is the number of configurations in the
ordered (W) and disordered state (W,). For
both spinel-type to Li,MnBr, cF56-type and
Li,MnBr, cF56-type to NaCl defect-struc-
ture transitions W,/W, should be 2. In the
former case, the lithium ions occupy the
tetrahedral 8a sites (spinel structure) fully
and half of the octahedral 16¢ sites
(Li,MnBr, cF56 structure) at random. In the
latter case, the number of available octahe-
dral lattice sites for the manganese ions is
twice as large in the NaCl defect structure
as in the Li,MnBr, ¢F56 structure.

Temperature evolution of Raman bands
(both frequencies and halfwidths) reveals

the change of cation distribution and lattice
sites involved as well as dynamical interac-
tions between the lattice modes (11, 13, 19).
Group theoretical treatment of the lattice
vibrations of the termary chlorides under
study yields five Raman allowed modes
(species A, + E, + 3F,,) in the case of
spinel structure (space group Fd3m) and
four bands (4,, + E, + 2F,,) for Li,MnBr,
cF56-type compounds (Fd3m) (13, 19). Ad-
ditionally, so-called hopping modes have
been established (13, 19).

Experimental Methods

The ternary chlorides were prepared by
fusing appropriate amounts of anhydrous
MUCl, (M® = Mg, Mn, Cd) and LiCl in
evacuated sealed borosilicate glass am-
poules (I, 20, 21). Single crystals of
Li;MnCl,; were grown from the melt ac-
cording to the method of Tammann (22) and
Stober as reported elsewhere (I, 8). The
ternary lithium chlorides are extremely hy-
groscopic and, hence, they must be handled
under a dry argon atmosphere.

The chlorides obtained were character-
ized by X-ray and high-temperature X-ray
Guinier powder technique. Details are re-
ported elsewhere (21). The intensities of the
X-ray reflections were determined densito-
metrically (Kipp & Zonen DD2 densi-
tometer).

The thermal expansion of Li,MnCl, single
crystals was determined by push-rod dilato-
metric measurements (for experimental de-
tails see (23)) using AL O, stamps and Pt-
foils to avoid a reaction of AlL,O; with the
sample.

Thermoanalytical and calorimetric data
were obtained by means of difference-scan-
ning calorimetry (DSC) (Perkin—-Elmer DSC
7). Transition enthalpies were determined
by using the melting enthalpy of indium as
areference. For further experimental details
see (11, 19).
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FiG. 1. Change of the relative length (r. 1.) of Li;MnCl, single crystals with increase in temperature
(dilatometric measurements): I, spinel; II, Li,MnBr, cF56; III, disordered, deficient NaCl structure;
I-1II, etc., temperature regions of continuous phase transitions; | , transition temperatures [°C] (for

the linear expansion coefficient see (19)).

The Raman spectra, with samples taken
in sealed glass capillaries, were recorded
on a Dilor OMARS 89 multichannel Raman
spectrograph (spectral slit width <4 cm ™).
For excitation the 514.5-nm line of an Ar*
ion laser was employed. Details of the high-
temperature measurements are given else-
where (13, 24).

Results

Dilatometric measurements of Li,MnClI,
single crystals reveal continuous phase tran-
sitions from spinel via Li,MnBr, cF56 to
NaCl defect structure (see Fig. 1). The ther-
mal expansion observed resembles the re-
sults of high-temperature X-ray diffraction
studies (see Fig. 2). Because the thermal
expansions obtained from both dilatometry
and X-ray studies coincide, the order—
disorder transitions cannot be of Schottky

type, but of Frenkel type, as proposed ear-
lier from neutron-diffraction studies (7, 12).

The relative intensity of the superlattice
reflection 311 (spinel and Li,MnBr, cF56
type) decreases with increase in tempera-
ture owing to the transition from space
group Fd3mto Fm3m (NaCl defect struc-
ture) (see Fig. 3). This intensity decrease is
a suitable order parameter in the framework
of Landau’s theory (I8).

DSC measurements of Li,M"Cl, and
Li, ,,Mn,, ,Cl, show some broad endother-
mic features below the melting temperature
above 500°C (see Figs. 4 and 5, and Table I},
indicating the phase transitions mentioned
above. The transition temperatures of
Li,_,,Mn,,,Cl, solid solutions observed
confirm those reported by Kanno et al. (3,
10). The lack of an endothermic peak at
about 300°C in the case of Li, (Mn, ,Cl, indi-
cates the different structure of this Mn?*-
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FiG. 2. Temperature evolution of lattice constant a of Li,MnCl, (®) and Li; Mn, ,Cl, (x); 1, phase
transitions (for further explanations see Fig. 1).
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F1G. 3. Temperature evolution of the relative intensity of the 311 superlattice reflection of Li,;MnCl,:
(I311/1y,)? vs. temperature (for further explanations see Fig. 1).
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FiG. 4. DSC heating curves (10°C/min) of Li,_,,;Mn,,,Cl, (x = 0, 0.1, 0.2) (see also (3, 10)):
temperatures (onset, peak) [°C]; ---, base lines (for enthalpy and entropy data see Table I).

rich solid solution (Li,MnBr, cF56 type in-
stead of inverse spinel structure) and,
hence, the nonexistence of a spinel to
Li,MnBr, cF56-type phase transition. In the

case of Li,CdCl,, the spinel to Li,MnBr,
cF56-type and Li,MnBr, ¢F56 to NaCl de-
fect-type phase transitions partly overlap
(see Fig. 5). Consequently, the Li,MnBr,

381
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F1G. 5. DSC heating curve of Li,CdCl, (see also (20)): AT, temperature steps for calculation of the
transition entropies (for further explanations see Fig. 4).
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TABLE 1

DSC DATA OF THE PHASE TraNsITIONS OF Li,M''Cl, (M" = Mg,
Mn, Cd) anp Li,_3Mn,,,Cl, (I, SPINEL TYPE; 11, Li;MnBr, cF56

TypE; III, NaCl DErFecT TYPE)

Temperature [°C]

Phase Enthalpy Entropy*
transition Onset Peak [k mol™!] [J mol"! K™}
LizMﬂCl4
I-1I — 280 + 10 3.1 57 0.5
I — III 430 £ 10 461 = 2 32 4.4 = 0.5
Li; sMn, Cl,
I-11 — 300 = 10 0.9 1.6 £ 0.5
403 = 1 409 + 1
II— III =54 73 +0.5
456 + | 480 = 1
Lij ¢Mn,,Cly
- I 495 £+ 2 5011 =5.5 7.2 0.5
Li,MgCl,
I-11 — 270 = 10 2.9 54 0.5
-1 SI1 = 1 542 * 3.1 4.0 £05
Li,CdCl,
I1-1I — 306 £ 2
~6.6 11.0 £ 1.0
II - III — 381 =2

9 Entropies of transition were calculated by summing up of the
entropy increase within temperature steps of 5 K (see Fig. 5).

cF56-type polymorph is not completely
formed before disorder to deficient NaCl
structure starts.

Numerical evaluation of the DSC mea-
surements (see Table I) result in 11 = 17J
mol~! K~! for the whole transition entropy
of Li,CdCl,. In the case of Li,MnCl, and
Li,MgCl,, the entropies for the spinel to
Li,MnBr, cF56-type transition (I — II) have
been determined separately, viz. 5.4 = 0.5
(Li,MgCl,) and 5.7 = 0.5 J mol™! K™!
(Li,MnCl,). These values nicely resemble
the ideal configurational entropy (R - 1n2) of
5.76 J mol~! K~!. This entropy change is
assumed to be owing to fully occupied tetra-
hedral 8a positions in the case of the spinel
structure compared to only half at random
occupied octahedral 16¢ positions in the
case of the Li,MnBr, cF56 structure. Fur-

thermore, the temperature dependence of
occupation of the corresponding 8a and 16¢
positions can be calculated from the experi-
mental data assuming that domains of spinel
and Li,MnBr, cF56 structure are formed
(see Fig. 6).

The migration of Li* from tetrahedral 8a
sites to octahedral 16¢ sites (transition I —
II) is also shown by the low-energy shift of
the Raman-allowed phonon modes, particu-
larly that of species A;, (see Figs. 6 and 7).
(For Li,MnCl, the A, and E, Raman modes
of the spinel form partly overlap, so that
the respective bands cannot be separated
(19).) In the case of nonstoichiometric
Li, {Mn, ,Cl,, both the low-energy shift (247
(Li,MnCl,) — 235 cm™') and the nearly lin-
ear temperature dependence of the A;, mode
(see Fig. 7) confirm the findings discussed
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F16. 6. Occupation of the 8a position (spinel structure) of Li,MgCl, as a function of temperature: @,
determined from experimental entropy AS; (A); B, from the frequency of the A, Raman mode (see
Fig. 7); for neutron-diffraction data see (7). For these calculations it is assumed that (i) the summed up
entropy AS;is due to the amount of spinel-type domains replaced by those of Li;MnBr, cF56 structure
according to AS; = R - In (2 — n(8a)) and (ii) f/Alg decreases linearly with decrease in n(8a).

above, viz., that these solid solutions pos-
sess a Li,MnBr, cF56-type structure even
at ambient temperature. An Arrhenius plot
of full width at half maximum (FWHM) of
the A;, mode of Li,MgCl, exhibits well-
defined regions of phase stability and phase
transformation, as shown from the magni-
tude of the activation energies (see Fig. 8).

The temperature evolution of the A,
mode frequency of Li,MgCl, (see Fig. 9)
corresponds to a slightly first-order phase
transition below 263°C (T,)) (A ~ Q% B =
). Between 263 and 360°C (T,,), at which
the Li,MnBr, cF56-type polymorph is com-
pletely formed, the square of the frequency

shift gives a better fit (8 = 3, “‘tricritical”

region).

Discussion

The phase transitions from spinel to
Li,MnBr, cF56 structure exhibits a *‘tricriti-
cal’’ behavior of the order parameter in the
microscopic Raman spectroscopic picture
(see Fig. 9). The temperature evolution of
the FWHM values of the Raman bands is
mainly influenced by perturbation of trans-
lational symmetry and anharmonic interac-
tion of the lattice modes (/7, 19) (‘‘vibra-
tional dephasing’ (25, 26)). The activation
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F1G. 7. Temperature evolution of the frequency of the A, lattice mode of Li,MgCl, and Li, (Mn, ,Cl,
(for further explanations see Fig. 1; for complete Raman spectra of Li,M'Cl, see (13, 19, 20)).
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F1G. 8. Arrhenius plot of full width at half maximum of the A}, mode of Li,MgCl,; numbers: activation
energies [kJ mol~'] (for further explanation see Fig. 1).
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F16. 9. Landau-like behaviour of the A,, mode of Li,MgCl,: # means the frequency of the ordered
spinel-type phase; above T, (5, — ¥y’ leads to a better fit (for further explanations see text and

Fig. 1).

energies in the monophase regions (see Fig.
8) are typical of such anharmonic interac-
tions.

The relative intensity of the superlattice
Bragg reflections (spinel and Li,MnBr, ¢F56
type) describes the temperature evolution
of the macroscopic order parameter in the
framework of Landau’s theory (18). The
square of the measured intensity of the su-
perlattice reflection 311 of Li,MnCl, (spinel
and Li,MnBr, cF56 type) normalized at the
fundamental reflection 222 corresponds to
Q* (see Fig. 3). This likewise means a *‘tri-
critical’” behavior (8 = 1) (27) with a critical
temperature of 465°C (T,,;) for the ‘‘class-
equivalent” Li,MnBr, cF56 to NaCl defect-
type phase transition.

From the temperature evolution of the
amount of spinel-like cation distribution in
the structure follows that several partly
counteracting ordering and disordering pro-
cesses occur (S-form of the curves shown in
Fig. 6). As calculated from the configura-
tional entropy (see Fig. 6), occupation of the

8a and 16c¢ sites with equal parts of lithium
ions is obtained at 270 and 285°C for
Li,MgCl, (see Fig. 6) and Li,MnCl,, respec-
tively. In the case of Li,MgCl,, neutron-
diffraction studies (7) revealed the same lith-
ium ion distribution at about 330 * 30°C.
Whether there really exist domains of spinel
and Li,MnBr, cF56 structure (as assumed
for calculation of the occupation of the 8a
position from experimental entropy) or
there is a random distribution of the lithium
ions at the lattice sites involved cannot be
decided.

Because at higher temperatures the
Li,MnBr, cF56-type polymorph becomes
more stable as compared to the spinel form,
the increasing population of octahedral 16¢
interstitial sites (with respect to the spinel
structure) is driven by both entropic and
energetic contributions. However, solely
the energetic term can give rise to the forma-
tion of full Li,MnBr, ¢cF56-type polymorphs
at 360°C (T, for both Li,MgCl, and
Li,MnCl,. In the case of Li,CdCl,, entropy-
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driven disordering between the octahedral
16¢ and 16d sites, i.e., formation of a disor-
dered NaCl defect structure, starts before
complete depopulation of the tetrahedral 8a
sites is reached. For Li,MgCl, and Li,MnCl,
disorder to NaCl defect structure starts at
410 and 400°C, respectively. It is finished at
540 and 465°C, and in the case of Li,CdCl,
at 380°C.

The knees in the Arrhenius plots of the
electric conductivity, at which the activa-
tion energies of conduction strongly de-
crease (I-3, 10, 28), fall into the tempera-
ture ranges of the spinel to Li,MnBr, cF56-
type phase transitions. The temperatures
reported, i.e., about 300°C for all
Li,MgCl,, Li,MnCl,, and Li,CdCl,, which
differ somewhat in the various studies,
obviously correspond to those of random
distribution of the lithium ions on the 8a
and 16¢ lattice sites (see above). At these
temperatures disorder of the lithium ions is
sufficient for a low-activation-energy ionic
motion (28).

The nonstoichiometric compounds are
better lithium ion conductors than the stoi-
chiometric chlorides (3). This is owing to
the more similar energies of the octahedral
16¢ interstitial and tetrahedral 8a lattice
sites in the case of the nonstoichiometric
compounds (see also the discussion given
in  (5)). Highly nonstoichiometric
Li, {Mn, ,Cl, probably possess a Li,MnBr,
cF56-type structure even at ambient tem-
peratures. This is revealed from the ab-
sence of spinel to Li,MnBr, cF56-type
transition as found by X-ray, Raman, and
thermoanalytic studies. Contrary to these
findings, the likewise nonstoichiometric
Li, ;sMg; 3Cl, has been found to be an
inverse spinel by neutron powder diffrac-
tion studies (7). In general, both the non-
stoichiometric managanese and magnesium
chlorides Li,_, MY, Cl, tend to form
Li,MnBr, cF56-type structures with in-
creasing x and at lower temperatures as
the stoichiometric spinels.
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