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Lithium glass in Li3Sc2 „Fe„(PO4)3crystals
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It is found that substitutions of Sc by Fe in Li3Sc&(PO4)3 and of Fe by Sc in the isostructural com-

pound Li3Fe2(PO4)3 result in suppression of an order-disorder phase transition in the lithium subsystem
of the Li3Sc& „Fe„(PO4)3 mixed crystals. Thus a lithium disorder, dominating at T 570 K, is
preserved at lower temperatures. This leads to a glassylike behavior of the crystals, in particular, Vogel-
Fulcher-Tammann temperature dependence of the ionic conductivity.

A structural dynamic disorder of ions of one (or more
than one) sort is the distinguishing feature of superionic
conductors. ' Mobility of the ions is comparable with
that in liquids and melted electrolytes. This allows use of
an "ionic liquid" approach to describe the behavior of the
mobile-ion subsystem.

With decreasing temperature most superionics undergo
an order-disorder phase transition resulting in ordering of
the mobile ions in the low-temperature phase. This is a
transition from dynamic disorder to static order or,
within the above-mentioned approach, "crystallization"
of the ionic liquid. However, in some cases an order-
disorder phase transition in superionics is not observed
with a temperature decrease down to almost 0 K. As a
result, the high-temperature dynamic disorder gradually
transforms to a low-temperature static disorder, in analo-
gy to glass formation upon cooling of certain liquids.
Thus, the subsystem of conducting ions reveals glasslike
properties at low temperatures, as has been found experi-
mentally. The reasons leading to either crystallization
or glassification of the mobile-ion subsystem are not yet
clear.

This paper presents data on lithium ordering in
Li3Sc2 „Fe„(PO4)3 solid solutions. The end members of
the corresponding quasibinary system, Li3Sc2(PO4)3 and
Li3Fez(POe}3, are superionic conductors with

tr573 K 10 ' S cm '. This means that the lithium
subsystems of these compounds are disordered at high
temperature. With decreasing temperature, structural
phase transitions take place in both Li3Sc2(PO4)3 and
Li3Fez(PO4)3 within the range 700—500 K, which tend to
order the lithium sublattices. This ordering process is
much more pronounced for Li3Scz(PO4)3 than for
Li3Fe2(PO&)3. Taking into account that the order-
disorder processes in these crystals seem to be governed
by lithium-lithium interactions, we suggest a different in-
teraction strength in Li3Sc2(Po4)3 and Li3Fe2(PO4)3.

As was shown elsewhere, ' atomic substitutions in the
rigid skeleton, creating competing interactions in a cou-
pled labile subsystem (e.g., ferro- and antiferroelectric),

are able to preserve the high-temperature disorder in
crystals down to very low temperatures. The goal of the
present studies is to investigate the effect of atomic sub-
stitutions in the rigid skeleton on the behavior of the cou-
pled labile subsystem for the case of an interaction of ran-
dom strength.

All materials under investigation were synthesized us-
ing conventional procedures, whose description can be
found elsewhere. " Characterization of these substances
was carried out by x-ray diffraction (Rigaku Geigerflex
D3 diffractometer, A, =1.5405 A}, and confirmed that the
products of the chemical reaction form a continuous
range of solid solutions.

Mossbauer spectra of the substances were recorded in
the temperature range 4.5-295 K with a conventional
constant-. acceleration spectrometer in transmission
geometry. The Co(Cr) source with an activity of 50
mCi was at room temperature. The average background
level of the Mossbauer spectra was =5 X 10 per channel.

Electronic currents in the samples were measured by
the Hebb-Wagner polarization technique. ' The value of
0,&(10 S cm ' at 293 K is at least an order of magni-
tude lower than the total conductivity at this tempera-
ture. This confirms the ionic character of charge transfer
in these solid solutions. Ionic conductivity measurements
were performed using a complex-impedance technique in
the frequency range 5-5 X 10 Hz and in the temperature
interval 293—600 K (Tesla BM 507 impedance meter).

Differential-scanning-calorimetry studies of the mixed
crystals were carried out in the temperature range
130—595 K (Perkin-Elmer DSC 7 unit). The precision of
temperature control during all experiments was at least
+1 K.

Figure 1 shows cr( T) and DSC curves of
Li3Sc2 „Fe„(PO4)3 with increasing x. As can be seen
from Fig. 1, an order-disorder phase transition resulting
in both a stepwise increase of cr and a A,-type anomaly in
the DSC trace is simultaneously suppressed and shifted
to the low-temperature range as x increases from 0.0 to
0.4. Similar but much more pronounced behavior is ob-
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FIG. 2. Concentration dependence of the quadrupole split-
ting from "Fe Mossbauer spectra of Li3Sc~,Fe„(PO4)3 mixed
crystals at 295 K.
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FIG. 1. (a) Arrhenius plot of the temperature dependence of
the ionic conductivity of Li3Sc2 „Fe„(PO4)3 mixed crystals for
0.0 ~ x ~ 0.4 (arrows indicate the temperatures of order-
disorder transformations). (b) DSC traces of the
Li3Sc& „Fe„(PO4)3mixed crystals for 0.0&x &0.4.

served for decrease of x from 2.0 [anomalies in both the
o ( T) and C ( T) curves have disappeared already at
x =1.8].

Taking into account that this order-disorder transfor-
mation is caused only by processes in the lithium sublat-
tices, we suggest that the lithium subsystem remains
disordered down to 293 K for 0.2 &x &2.0. This sugges-
tion is confirmed by the relatively high ionic conductivity
of the Li3Scz „Fe„(PO4)3 mixed crystals at 293 K
( =10 s cm ').

DSC studies of the solid solutions for 0.2 &x & 2.0 in-
dicate the absence of C~(T) anomalies in the temperature
range down to 130 K. Comparison of the Raman spectra
of the solid solutions at 77 K (Ref. 13) with the spectra of
pure Li3Scz(PO4)3 and Li3Fe2(PO4)3 (Ref. 14) indicates
that significant disorder in the lithium subsystem still ex-
ists at 77 K, at least in the range 0.8 ~ x ~ 1.2.

Figure 2 shows the concentration dependence of the
quadrupole splitting hE~ on the Fe nuclei in
Li3Sc2 „Fe„(PO4)3 at 295 K. As was shown elsewhere, '

the temperature behavior of hE is governed by order-

TABLE I. Values of the quadrupole splitting (hE~) of ' Fe
for Li3Sc2 „Fe„(PO4)3mixed crystals at various values of x and
T.

Concentration x

1.6

1.4

0.4

Temperature (K)

293
51
35

293
24

293
35
15
4.5

AE (mm/s)

0.343
0.384
0.361
0.319
0.369
0.263
0.308
0.305
0.313

disorder processes in the sublattice of the mobile ions:
the higher the disorder, the lower the value of the quad-
rupole splitting. As can be seen from Fig. 2, at room
temperature the substitution of Sc by Fe results in lithi-
urn disorder for all the solid solutions. The disorder
reaches a maximum for 0.4 &x ~ 1.2.

With decreasing temperature, some ordering of the
lithium subsystem takes place between 295 and =50 K
(see the increase of b,E in Table I). However, the values
of hE at the lowest temperatures studied do not reach
the corresponding magnitude of EE for Li3Fez(PO4)3 at
295 K. This means that the lithium subsystem of the
mixed crystals remains more disordered than the lithium
subsystem of Li3Fez(PO4)3 at 295 K (note that
Li3Fez(PO4) 3 is a more disordered compound than
Li3Scz(PO4)3 at 295 K according to the ionic-conductivity
data' ' ). Thus, there is lithium disorder in these solid
solutions even at very low T (for example at 4.5 K for
x =0.4).

It is clear that this lithium disorder preserved from
high temperatures cannot maintain its dynamic character
in the low-temperature range. In other words, a gradual
transition from dynamic to static disorder should occur
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FIG. 3. Arrhenius (~ ) and Vogel-Fulcher-Tammann (o) plots
of the temperature dependence of the ionic conductivity of
L13Sc) 6Feo 4(PO4)3.

with decreasing temperature. Static disorder means the
appearance of a glasslike state in the lithium subsystem of
the crystals, as was found earlier for other superionics:
sodium P-alumina~' and Li3N. Formation of a glassy
state is usually accompanied by a glass transition. '

From this point of view, taking into account the DSC
data obtained, the temperature corresponding to the glass
transition ( Ts ) in the Li3Sc2 „Fe„(PO4)3 solid solutions
seems to lie below 130 K. On the other hand, a glass
transition results in changes of dynamic rather than
structural parameters of a system, so one can find T
from the temperature behavior of dynamical characteris-
tics of the crystals, such as ionic conductivity, which fol-
lows well-known Vogel-Fulcher- Tammann (NFT) law
above T .'

Figure 3 shows, as an example, the o ( T) curve for the
Li3Sc, 6Feo ~(PO4)3 solid solution in both the Arrhenius
and VFT frameworks. As can be seen from Fig. 3, this
dependence shows distinct deviations from the Arrhenius
law and can be described well within the VFT approach
(o ~exp[ E," Ik(T —To)],—To being a characteristic
VFT temperature). Within the classical VFT approach,
developed for the description of the temperature behavior
of viscosity of liquids, the temperature To corresponds to
Tg. The To value obtained by fitting the temperature
behavior of the ionic-conductivity data of the x =0.4
sample is about of 78+2 K. This value agrees with the
DSC and Raman light-scattering data.

Thus, we suggest that the dynamic lithium disorder in
Li3Sc, 6Feo 4(PO4)3 is "frozen in" below =78 K. As fol-
lows from the Mossbauer-spectroscopy data (see Table I),
this disorder is maintained down to 4.5 K. Thus a lithi-
um glass state appears in this crystal. A similar process
seems to occur in Li3Sc2 „Fe„(PO4)3 at other values of x
between 1.6 and 0.4. Figure 4 shows a tentative phase di-
agram of the system.

As w'as mentioned above, atomic substitutions in the
rigid skeleton of the Li3M2(PO4)3-type compounds do not
lead to the appearance of competing interactions within
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FIG. 4. Tentative phase diagram for the lithium subsystem in
Li3Sc2 „Fe„(PO4)3mixed crystals.
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the labile subsystem, unlike the case of RADP proton
glasses. ' On the other hand, interaction between the
lithium ions are different for Li3Scz(PO4)3 and
Li3Fe2(PO~)3: in the first compound, they result in the
distinct order-disorder phase transition at =535 K, while
in the second crystal, lithium disorder is thermally in-
duced' and the phase transitions result only from a
change of activation energy for formation of the defects.

These significant differences in behavior of the mobile
ions seem to depend on the chemical composition of the
crystals, i.e., the type of M cation in the rigid skeleton
(because there is no difference in the atomic structure of
the compounds). Qualitatively we can suggest that
lithium-lithium interactions are significantly suppressed
in Li3Fe2(PO~)3 compared to Li3Scz(PO4)3. The origin of
the suppression needs further investigation. For exam-
ple, it may be due to more significant screening of the
Coulomb forces in the lithium iron phosphate than in the
lithium scandium phosphate, caused by differences in the
electron density distributions. In this case, substitution
of Sc by Fe or vice versa will lead to spatial randomiza-
tion of the interaction strength in the lithium subsystem.
This is qualitatively equal to the introduction of a second
alternative force in the lithium-lithium interactions. In
other words, the situation can be reduced to the above-
mentioned case of proton glasses.

In conclusion, a glass-type state in Li3Sc2 „Fe„(PO4)3
solid-solution crystals appear as a result of "freezing" of
the high-temperature dynamical lithium disorder. The
"freezing" is stimulated by Sc~Fe substitutions in the
rigid skeleton.
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