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Abstract. Polycrystals of �-spodumene were investigated
using impadence spectroscopy for frequencies 0.1 Hz
(�(235 GHz and for temperatures 5 K (T(500 K.
At high temperatures the Li ions are mobile and lead to dc
and ac conductivity phenomena. These are analyzed in
terms of the universal dielectric response and using the
modulus formalism. The results obtained by both proced-
ures are critically compared. At low temperatures or very
high frequencies dielectric loss due to a dipolar freezing
process is observed which bears a close resemblance to an
orientational glass transition. To further confirm the
glassy character of �-spodumene, we report measurements
of the low temperature specific heat (3 K(T(50 K)
which provide evidence for the existence of excess contri-
butions that are usually observed in amorphous materials.

                      

1. Introduction

Spodumene, LiAlSi
�
O

�
, belongs to the small class of crys-

tals that exhibit a contraction of certain crystallographic
axes upon heating. The negative thermal expansion coef-
ficient has technological relevance and is for instance used
in ‘‘zero’’ expansion materials [1], it is due to the peculiar
network structure which is built up from an array of
corner-sharing SiO

�
and AlO

�
tetrahedra. This structure

is similar to that of keatite which itself is a modification of
quartz [2]. In �-spodumene the centers of the tetrahedra
are however occupied randomly by Al�� or by Si�� and,
to keep the charge balance, the network is ‘‘stuffed’’ by
Li� ions which occupy interstitial sites.

The structure of �-spodumene involves 5, 7, and
8 membered rings of the SiO

�
and AlO

�
units which are
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partially interlocked. Their (rather complex) geometrical
arrangement has been described in detail by Li and
Peacor [2]. Since in the present investigation we are
mainly interested in the dynamics of the Li� ions we show
a simplified representation of the tetragonal unit cell of
�-spodumene in Fig. 1 focusing only on the possible Li
positions. It is seen that eight interstitial sites are available
in the unit cell which contains four Li ions. These eight
sites form four pairs with a lateral (center to center)
distance of D " 4.75 As [2]. The relevant distance within
each double site is only d " 1.35 As which is too short to
be occupied by two Li� ions (radius 0.65 As ) at the same
time.

As we will show in the present article this peculiar
structure allows the observation of two rather different
phenomena, viz. long-range ionic transport and freezing in
the interstitial double sites, in the same crystal, albeit at
different temperatures.

At high temperatures ion conduction processes are
dominant, which have been investigated previously by
electrical conductivity measurements and by �Li NMR
experiments [3]. We monitor the motions of the mobile
ions by broad-band impedance spectroscopy. The results
obtained by this kind of technique are usually interpreted
in terms different empirical formalisms by different
authors. [4] The most commonly used approaches are
based on the representation of the impedance data in
terms of the electrical conductivity [5, 6, 7, 8] or in terms
of the electrical modulus [9, 10]. These two ways of look-
ing at ones data continue to provoke controversial dis-
cussions [11—14]. Therefore we have analyzed our data
using both approaches which we then compare critically.

At low temperatures (or very high frequencies) long
range ionic transport is ineffective, i.e. there is no exchange
of ions between the paired sites. Thus each interstitial
double site carries a well defined dipole moment
�"ed/2"3.25 Debye (where e is the charge of the Li ion)
which reverses its orientation if the ion hops. Anticipating
one result of this article, the dipolar interaction between
these moments or pseudo-spins however is not sufficiently
strong to lead to the formation of an electrically ordered
low temperature state.



The disordered low temperature state of crystalline
systems that emerges from an interaction dominated
freezing of pseudo-spins, is usually termed orientational
glass (OG). [15, 16] OG, like the structural glasses, exhibit
the well known anomalies in quantities such as the specific
heat, thermal conductivity, acoustic and electric absorp-
tion etc. [17] In order to confirm the glassy character of
�-spodumene, in addition to impedance spectroscopy, we
have carried out calorimetric measurements.

The present investigation of �-spodumene is part of an
ongoing research program devoted to the study of ionic
motions in lithium aluminosilicates. [18, 19, 20] For the
present work we have used polycrystalline samples, since
a study on single crystals has revealed that the conductiv-
ity of �-spodumene is isotropic [21].

The remainder of this paper is organized as follows:
In the next section we give an overview of several theoret-
ical concepts relevant to the description of the results
obtained in this work. In Sect. 3 the experimental details
are described very briefly. In Sect. 4.1 and 4.2 we
present and analyze the dielectric results obtained on �-
spodumene, in the high- and low-temperature regimes,
respectively. Section 5 is devoted to a discussion of various
aspects related to the local freezing of the Li-ions, i.e. to
the orientational glass transition, as well as to a critical
assessment of the various procedures employed to analyze
ionic conduction processes. Finally in Sect. 6 the
conclusions drawn from the present investigation are
summarized.

2. Theoretical considerations

In this section we will summarize some concepts used to
describe the temperature and frequency dependence of
quantities related to the ionic conductivity � and the
dielectric constant �. In the following section we will
briefly discuss the temperature dependence of � due to ion
hopping. Then also the frequency dependence of the trans-
port coefficients will be examined: in Sect. 2.2 with empha-
sis on the electrical conductivity and in Sect. 2.3 on the
electrical modulus. Subsequently we will deal with aspects
relevant for the analysis of the dielectric relaxation process
found in �-spodumene at low temperatures. In Sect. 2.4 we
will consider the effects of the dipolar interactions among
the pseudo-spins associated with the Li-positions in the
aluminosilicate lattice. The disorder present in the Li-
sublattice can give rise to a broad distribution of relevant
energy scales which can be obtained using the scaling
procedure outlined in Sect. 2.5.

2.1. Thermally activated charge transport

The charge transport in most (but not all [22] ) solid state
ionic conductors proceeds in a thermally activated fashion.
�� (n/T) exp(!B/k

�
T), n is the charge carrier density.

Now we can define an effective conductivity relaxation rate
�

���
through ��n�

���
with 1/�

���
�Texp(B/k

�
T) . Since the

temperature dependence due to the exponent is much
stronger than that due to the pre-exponent, one usually
drops the prefactor and thus writes �

���
"�

�
exp(!B/k

�
T).

The applicability of this equation to the case of ionic
conductors is surprising for a number of reasons. The
Arrhenius equation is conventionally derived under the
implicit assumption that the jumps of different ions are
independent from one another, a condition that in view of
the relatively high density of lithium ions in �-spodumene
is hardly met [23]. An inclusion of interaction effects
requires more sophisticated treatments [24] which re-
cently have been attempted using effectively one dimen-
sional models [25]. Furthermore the disorder in the Al/Si
sublattice can be expected to lead to a barrier distribution
which is at least bimodal, still neglecting the possibility
that a one-dimensional model may not be adequate to
describe an isotropic conductor.

2.2. dc and ac conductivity

The complex conductivity �"��#i��� of ionic and elec-
tronic conductors has often been expressed by the empirical
relationship [6] which sometimes is called the universal
dielectric response [7]

��(�)"�
��

#A�	. (1a)

�	(�)"�


�
�
�#A�	 tan(s
/2). (1b)

Here �
�

is the permittivity of free space and �



is the
high-frequency dielectric constant. �

��
denotes the dc part

of the conductivity and the other terms are due to ac
contributions. The separation of the conductivity into two
(apparently independent) terms is somewhat artificial. [4]
However, Eq. (1) is often a good approximation also to the
results of more microscopic treatments, like e.g. in the
random free energy model [8]. This model yields � (�)
� i��/ln(1#i��) , an expression which obviously cannot
be split into additive ac and dc conductivity terms.

According to Almond and West [5], the prefactor
appearing in Eq. (1) can be written as A"�

��
/��

�
. Thus

one has

��(�)"�
��

[1#(�/�
�
)	], (2)

with a conductivity relaxation rate, �
�
, that can be ob-

tained from the condition ��(�
�
)"2�

��
. It is commonly

found that �
�

is thermally activated

�
�
Jexp(!B/k

�
T). (3)

If the carrier density n is also thermally activated,
n �exp(!E

�
/k

�
T) , as e.g. implied by weak electrolyte

models, [26] the dc conductivity is written as

�
��

J exp[!(B#2E
�
) /k

�
T]. (4)

If the well known BNN relation [27] �
��

��
�
, holds, one

concludes that E
�
"0 [28]. This means that n is temper-

ature independent. In this case the temperature depend-
ence of the prefactor A is given by A�exp[B(1!s) /k

�
T].

Hence for temperature invariant s, the ac conductivity is
thermally activated with a barrier B

��
"(1!s) B.

2.3. Relaxation processes

The motion of ionic charges in the sample has often been
monitored either by determining the dielectric constant
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� or the electrical modulus M [29]. Dealing with the
dielectric constant first, it is noted that it is measured by
varying the electrical field applied to the sample and
detecting the changes of its polarization P (or, more pre-
cisely, the dielectric displacement). In the frequency do-
main one can write the complex dielectric constant as

�(�)"�� (�)!i�	(�) " �



#�� 

g(�)d�
1#i��

. (5)

Here ��,�
	
!�



is called the dispersion strength, and

g(�) is a normalized distribution of relaxation times �. In
the time domain, one can measure a relaxation function
�(t) ["P(t)] subsequent to stepping an externally ap-
plied electric field

�(t)"



�

g(�)e����d�. (6)

This equation is obtained from Eq. (5) by Fourier trans-
formation. The average dielectric relaxation time can be
calculated from g(�) or from � (t) by using the following
expression

����"



�

�g(�) d� " 



�

� (t) dt (7)

The description in terms of Eqs. (5) and (6) is most appro-
priate for the characterization of dipolar reorientation
processes, for which variations in the dipole orientation
obviously lead to variations of the polarization. The
proper description of the transport of charge carriers
however continues to constitute a matter of controversy.
One familiar presentation of these processes is in terms of
the complex conductivity.

�(�)"i��
�
� (�) (8)

or in terms of the electrical modulus [9] M which formally
may be viewed as the inverse dielectric constant.

However, the use of the modulus M corresponds to
a different experimental situation in which, for a time
domain experiment, the dielectric displacement D (or the
amount of surface charge) is changed in a step like fashion
and then kept constant. The step in D leads to an immedi-
ate built-up of an electrical field in the sample which
decays with an average retardation time, ��



�, due to

ionic motion. The decay of the electrical field may be
described by a retardation function �(t) �E(t)

�(t)"



�

G(�) e���� d�, (9)

where G(�) is a distribution of retardation times. Fourier
transformation of !d�(t) /dt yields for the complex fre-
quency dependent modulus

M(�)"M�(�)#iM	(�) " M





i��G(�) d�
1#i��.

(10)

The detailed shape of the frequency dependent quantities
M or � (and �) can either be specified by the distribution
functions or likewise by the response function � (t), i.e. � (t)
or �(t), and also by expressions such as Eq. (1). In most
ionic conductors the imaginary part of the modulus

exhibits a peak when plotted versus frequency. The peak is
located at �

	
"1/��"�

��
/(�



�
�
) . In case �� and �� are

frequency dependent the peak is broadened which usually
is described in terms of a distribution of retardation times.
In the modulus formalism �� is termed conductivity relax-
ation time and usually is associated with a characteristic
time scale for the motion of the ions. The temperature
dependence of �

�
can then be identified with �

���
as

defined in Sect. 2.1. It is often found that the peak in M�� is
located at a frequency where ��(�) changes from constant
to power law behavior, i.e. in the vicinity of �

�
.

The imaginary part of the modulus is written as
M��"���/(���#����) . Therefore, since ���#���� is practic-
ally constant at high frequencies, Eq. (1) together with
Eq. (8) yields for this case

M	(�) +�	(�)" 1

�
�
�

lim
��


(�
��

#A�	)"A�	��

�
�

. (11)

The transform 
[!d�(t)/dt]sin�dt�M������ of one of
the most popular expressions for the description of re-
sponse functions [30] the Kohlrausch function
�(t)"exp[!t/�)�], yields a high frequency power law,
���, too. These considerations suggest the correspond-
ence �"1!s, between the exponents which will be
checked in the experimental sections, below.

2.4. Dipolar interactions: order and disorder

In order to estimate the energy scales relevant for the
low-temperature freezing of the Li ions, we will in a first
step focus on the dipolar interactions among the moments
or pseudo-spins associated with the off-center positions of
these ions in their interstitial sites. Then we will also take
into account the disorder in the Al/Si sublattice. In Fig. 1
we show, in a schematic fashion, one out of the 2� ordered
configurations of the 4 dipoles in the unit cell. The corres-
ponding positions R



and orientations �



of the dipole

moments are given in Table 1. The interaction energy
between two (arbitrarily oriented) dipoles �"�

���
�' is

given by

J

�
"��

���
r�

�

[�̂


�̂
�
!3(�̂



r̂

�
) (�̂

�
r̂

�
)], (12)

where r

�
"R

�
!R



is the vector connecting two sites and

r̂

�
"r


�
/�r


�
�. The interaction of the dipole moments may be

partly screened through the presence of the ions forming
the structural network. Thus the magnitude of the effec-
tive moment �

���
may be smaller than the bare moment

�"ed/2 which can be accounted for by the empirical
Kirkwood factor g via ��

���
"g��.

We have calculated the partial lattice sums J


"�

�J
�


for the sites i"124 in the unit cell and the possible
ordered configurations [31]. The sum over j was carried
out for a lattice containing 21� cells, i.e. N"4�21�
moments. This large super cell was chosen because the
contribution of spins �

�
a distance r away from �



drops off

only as r��. Using Eq. (12) it is easy to see that the partial
dipole sum changes sign only if �



if flipped and (all) �

�
are

held in place. The energetic difference of the two config-
urations, i.e. the magnitude of the average energy �J�
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required to flip a single spin in an (ordered) lattice is then
�2�



J


/4�.

The explicit calculation showed that the state of lowest
energy compatible with the chosen unit cell is the
one depicted in Fig. 1. It is characterized by an anti-

Fig. 1a, b. Possible Li sites in the unit cell of the P4
�
2
�
2 structure of

�-spodumene� Part a gives a side view, part b presents a view from
the top. The orientations of the lattice axes X, Y, and Z are indicated.
The paired sites give an impression of the orientation of the dipole
moments that are responsible for the low-temperature freezing pro-
cess. The energetically most favorable configuration is symbolized
by the different shading which refers to occupied respectively unoc-
cupied sites

Table 1. Positions R


and moments �



(in units of the lattice con-

stants a " 7.541 As and c " 9.156 As , [2] of the configuration
schematically shown in Fig. 1. Note that �

�
"!�

�
and �

�
"!�

�
.

The short hand variables used in the table are u"(X#Y) / 2,
v"(X!Y), and w"1!2Z. The Li positions in the unit cell
X"0.0705, Y"0.1953, and Z"0.5011 are also taken from [2]

X/a Y/a Z/c

R
�

u u 1/2
R

�
1!u 1!u 0

R
�

1/2!u 1/2!u 1/4
R

�
1/2#u 1/2!u 3/4

2�
�
/e !v v w

2�
�
/e v v w

parallel alignment of the dipoles with respect to all three
spatial directions, i.e. a negative interaction energy
J
�
"!g�4950 K. If one to three spins are flipped with

respect to the low energy configuration, then there is a net
polarization along at least one of the axes. The average
energy of each of the ‘‘flipped’’ configurations is
�J�"!(0.28$0.03) J

�
, i.e. positive, indicating a domi-

nance of ferroelectric correlations.
The results presented thus far do not take into account

the disorder present in the Al/Si sublattice. However
rather than calculating the Coulomb sum over the mis-
balance of charges in this sublattice [32] it is assumed that
the attraction between the negatively charged AlO

�
tet-

rahedra and the Li� charge is comparable to or larger
than the dipolar interaction. Then the random occupation
of the Al/Si sublattice will lead to random orientations of
the dipole moments created by the Li ions in the inter-
stitial pairs. To model this situation we have flipped the
orientations of N� randomly chosen dipoles. Technically
speaking we have evaluated the expression J"2�



P

�
J
��with the random numbers P

�
"$1 for a randomly

chosen subset of the spins. The quantity �,N�/N can
thus be regarded as a measure of the relative strength of
what is conventionally called random bonds. In Fig. 2 we
show the variances for the distributions G	(J) obtained by
averaging over typically 3000 configurations.

The general behaviour can be well reproduced if only
the nearest neighbor interactions are taken into account.
Then the interaction energy of a certain spin is essentially
given by the probability B

�
that k out of the six nearest

neighbors are in energetically favorable orientations. If
the orientation of the spins is purely statistical, then the
variance of the distribution of interaction energies is given
by ��

�
"(2J)��[�B

�
k�!(�B

�
k)�] with 2J being the dis-

tance between two adjacent energy levels and B
�
being the

Fig. 2. Standard deviation �
�
(as defined in the text) of the flipping

energy distribution versus the ‘‘random field’’ parameter �. The dots
have been obtained by calculating the dipole sum and averaging
over 3000 configurations. The solid line has been calculated using
the binomial distribution taking into account the dipolar interac-
tions with the six nearest neighbors of a given pseudo spin, only. The
first dipolar coordination shell of a pseudo spin as viewed as in
Fig. 1b is shown as inset
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binominal distribution B
�
"(�

�
) ��(1!�)���. The solid

line seen in Fig. 2 is calculated using this approach. Good
agreement between the simulations and the analytical
results is obtained if the interaction energy between two
adjacent dipoles is chosen to be J

��
"1055 K. In the

inset we depict the symmetry of the first coordination shell
of a given spin. The good agreement of the simulation
on the extended lattice and the analysis in terms of
only the nearest neighbor interaction indicates that the
contributions of the higher coordination shells effectively
cancel.

2.5. Scaling and barrier distributions

The calculations in the previous section can be used to
describe the asymmetry �J� of the local double well po-
tentials due to dipole-dipole interactions. If for the asym-
metry of these double wells one has typically �J�5E,
where E is the energy barrier separating the two minima,
then a broad distribution in J will lead to a broad distribu-
tion in E.

In order to deduce the barrier distribution G(E),
Eq. (5) can be used if assumptions concerning the
functional form of G(E) are made. Alternatively for
energy distributions the imaginary part of Eq. (5) can be
rewritten as

�	(�)"�� 

��(E)G(E) dE

1#[��(E)]�
. (13)

If G(E) is very broad, i.e. practically independent of E,
then the integral can be carried out. If E is expressed using
the Arrhenius law

E"T ln �
�
/� (14)

then this gives for the distribution of activation energies
[33]

G(E)"2�	(�)


T��
(15)

If a distribution of activation energy is responsible for the
broadening of the dielectric loss, it should be possible to
scale the data according to the procedure prescribed by
Eqs. (14) and (15) [33].

3. Experimental details

Spodumene powder, obtained from Schott Glaswerke,
was sintered at 1150°C for several hours and then cooled
to room temperature. The material obtained by this pro-
cedure contained crystallites with an average diameter of
about 30—50 �m and exhibited 84% of the density,
2.37 g/cm�, of single crystalline spodumene [2]. X-ray
powder patterns revealed that our samples crystallize in
the space group P4

�
2
�
2, [2] with no signs of impurity

phases. Specimens of plate-like shape were produced for
the impedance measurements (�(1 GHz), wedge shaped
samples were made for the absorptivity investigations in
the microwave regime [34]. For the calorimetric experi-

ments, the samples were used in a cylindrical form. Details
of the experimental set-up are briefly described elsewhere
[19].

4. Results and analyses

4.1. Conductivity relaxation
and universal dielectric response (UDR)

The temperature dependence of the electrical conductivity
is shown in Fig. 3 for several frequencies. At low temper-
atures a maximum in �� is seen which shifts with frequency
�. This behavior is indicative for a dielectric relaxation
process and will be dealt with in Sect. 4.2, below. At higher
temperatures �� is due to long range ionic transport. The
measurements taken for �(100 Hz and T'400 K are
independent of frequency and reflect dc behavior. At inter-
mediate temperatures the conductivity is strongly fre-
quency dependent and the shoulders seen near T"250 K
indicate a weakly developed relaxation process.

Figure 4 shows the frequency dependence of the elec-
trical conductivity in a double logarithmic representation.
At high T and low � a dc plateau is clearly seen in the data,
while for lower temperatures a power law behavior in �,
indicative for ac conductivity, appears to be more pro-
nounced. The solid lines are results from simultaneous fits
to ��(�) and ���(�) using the UDR. A very good description
has been achieved in most of the frequency range. How-
ever at low temperatures and high frequencies the data
vary more strongly than described by the fits. This finding
may be due to an approach of constant loss behavior,
���, at high frequencies. The latter behavior has been
found in many ionic conductors and consequently been
termed ‘‘second universality’’ [14]. The deviations be-
tween data and fits seen at low frequencies and high
temperatures are presumably due to blocking electrodes.

Fig. 3. Temperature dependence of the conductivity �� of polycrys-
talline �-spodumene as measured for several frequencies
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Fig. 4. Frequency dependent electrical conductivity ��(�) of �-
spodumene. The solid lines are least square fits using the empirical
UDR expression (1). Deviation between fits and data at low frequen-
cies and high temperatures are due to electrode polarization effects.
Constant loss behavior presumably leads to the slight deviations
seen at high frequencies and low temperatures

Real and imaginary parts of the modulus are shown in
Fig. 5. The real part exhibits well defined steps. At fre-
quencies at which inflection points appear, the imaginary
parts M�� show peaks. The full width at half maximum of
these peaks is about 1.8 decades.

The solid lines in this figure are the results of fits of the
complex modulus using M(�)"i��

�
/�(�) and � (�) ac-

cording to Eq. (1). Again, the agreement is seen to be very
good, except at the highest frequencies and the lowest
temperatures. Note that the exponents s yielded by this
fitting procedure (shown in Fig. 6) are practically identical
to those obtained by fitting the conductivity directly. The
exponent s increases only very slightly with decreasing
temperature.

Figure 7 shows the prefactor A obtained from the fits
to � (�) and M(�) using the UDR in an Arrhenius repres-
entation. The appearance of a straight line implies that the
ac conductivity is thermally activated with B

��
"0.37 eV.

Since s"0.55$0.05 the relation B
��
/B"1!s predicts

B to be (0.82$0.1) eV.
The deviations from power law behavior at high fre-

quencies are most pronounced in a double logarithmic
representation of the modulus data. They are shown to-
gether with the UDR fits in the upper frame of Fig. 8.
Note that the above mentioned minor deviations between
data and fits show up at high frequencies and low temper-
atures as in Fig. 4. The lower frame of Fig. 8 shows the
same data with fits using the Fourier-transform of the
Kohlrausch function. On the high frequency wing the well
known discrepancy [9, 11] between the stretched ex-
ponential response and experimental data shows up. The
Kohlrausch exponents used to describe the data are
shown in Fig. 6 as 1!� versus temperature. The value of
1!� is slightly temperature dependent and does not
agree with s.

Fig. 5. Real and imaginary part of the complex modulus M��(�) . The
solid lines represents best fits using the universal dielectric response,
i.e. M"i��

�
/�(�) with �(�) as given by Eq. (1)

Fig. 6. Parameters characterizing the ionic conduction process plot-
ted versus inverse temperature. The upper frame shows the shape
exponents s from the UDR analysis of the impedance data in the
conductivity (#) and the modulus (� ) representation and the
exponent s"1!� from the Kohlrausch analysis of the modulus
spectra (� )

The failure of the Kohlrausch function to give a good
fit to the high-frequency wing of modulus (and also of
susceptibility) data has been documented many times
[11, 35]. But it has been shown that corresponding data
often can be superimposed to form a master curve when
scaled as suggested by Dixon et al. [36]. As shown in
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Fig. 7. Prefactor A plotted versus inverse temperature. The analysis
of the data in the modulus or in the conductivity give the same
effective ac barrier of B

��
"0.37 eV

Fig. 8. Double logarithmic plot of the imaginary part of the
modulus M�� versus measuring frequency. The solid lines have been
calculated using the UDR (upper frame) and the Kohlrausch formal-
ism (lower frame). Both approaches give a good description of the
peak region, but systematic deviations on the high frequency wing
are clearly seen

Fig. 9 the data for �-spodumene can be scaled on top of
one another. However at high frequencies slight devi-
ations from Dixon’s scaling form show up. It is interesting
to point out that even more pronounced deviations from
that form have recently be found for a molten ionic con-
ductor [37].

Width and time scale parameters obtained from the
various fits to the relaxation time data are presented in
Fig. 10. The dc conductivity from this work is shown

Fig. 9. Same set of data as shown in Fig. 8, but scaled according to
the procedure suggested by Dixon et al. with the coordinate axes
X"1/¼�log

��
[(M��/M��


��
) /(�/�

�
)] and Y"1/¼�(1#1/¼)

�log
��

(�/�
�
) . Here ¼ denotes the half width (in decades) of the M��

curves normalized to the Debye width of 1.14 and �
�

is the peak
frequency

Fig. 10. Arrhenius plot for the conductivity (scale on the right
hand side) and characteristic rates obtained from NMR (*) and
impedance experiments. The activation energy determined in the
present work is in good agreement with that obtained by Munro
et al. (�, [3])

together with results taken from a previous study employ-
ing impedance spectroscopy and �Li-NMR [3]. It is noted
that modulus peak frequencies obtained in this work (cf.
Fig. 5) differ by about one order of magnitude from those
reported in [3]. This apparent discrepancy is likely to be
related to the fact that our specimens exhibited lower
densities than the single crystalline [21] and presumably
also the polycrystalline materials [3, 38] that have been
studied earlier. Since �

	
��

��
, according to a relation

given in Sect. 2.3, lower modulus peak frequencies are
expected. The activation energies determined from the
various sets of data all agree and yield B"(0.8$0.04)
eV. According to the considerations presented in Sect. 2.2
the carrier density is temperature independent, i.e. the
strong electrolyte picture is expected to apply to the case
of �-spodumene.
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4.2. Freezing in interstitial pairs

In many ionic conductors the low temperature (10
K(T(100 K) electrical properties are quite featureless
[39]. However, �-spodumene is very different in this re-
spect. As Fig. 11 shows the complex dielectric constant as
measured for �(1 MHz reveals all features of a dipolar
freezing process. Above the dispersive regime, the real part
of the dielectric constant is independent of frequency in
a broad range and the dielectric loss vanishes. This behav-
ior indicates that ac and dc conduction processes due to
long-range Li� motion is effectively frozen out, and only
local relaxations persist.

The magnitude of the dispersion strength ���2 gives
an important hint concerning the nature of the freezing
process. For freely reorienting dipoles �� can be expected
to be much larger. Since the (bare) dipole moments re-
sponsible for the phenomenon are known, the Kirkwood
correlation factor g"3k

�
T/(4
��n��) can be calculated.

Here n is the density of Li� ions [40]. The correlation
factor in our case is apparently temperature dependent
and in the interval 502150 K is about g"0.1$0.05.
For non-interacting dipoles one has g"1. Ferroelectric
correlations lead to values larger than unity, while antifer-

Fig. 11. Temperature dependence of real and imaginary part of the
dielectric constant as measured for several frequencies. The fre-
quency dependent dispersion steps and the dielectric loss peaks are
characteristic for a dipolar relaxation process. For the lowest tem-
peratures the loss does not go to zero and furthermore is slightly
frequency dependent

roelectric ones are associated with a Kirkwood factor
g(1. However the local field corrections, necessary for
a quantitative determination of this quantity are hard to
evaluate.

The small correlation factor could be due to antifer-
roelectric interactions among the dipoles that reduce the
effective moment, or likewise arise if only a fraction of
them participates in the reorientation process. The tend-
ency of the dipoles to align in an antiparallel fashion,
anticipated by the calculations presented in Sect. 2.4, is
consistent with the observation that the static dielectric
constant does obviously not show a hyperbolic T-depend-
ence as would be expected for an ensemble of non-interac-
ting dipoles. The almost constant dispersion step either
indicates that a phase transition into an electrically or-
dered phase takes place at elevated temperatures, which
seems quite unlikely, or that the dipole moments asso-
ciated with the Li ions positions are subject to strong
random electric fields that presumably are static in nature.

The decrease of the peak values of the dielectric loss as
measured for decreasing frequencies confirms this latter
statement concerning the ion freezing process. This is
because for ��� const as suggested by Fig. 11 the loss
peak values ���


��
should not depend on temperature if the

underlying distribution of relaxation times g(�) , cf. Eq. (5),
exhibits a temperature independent width. Thus it can be
concluded that g(�) broadens significantly on lowering T.
Consistent with this statement is the observation made
from Fig. 11 that on the high temperature side of the loss
peaks, ��� strongly depends on frequency, while on the
low-T wing the dielectric loss is only very weakly fre-
quency dependent. This behavior, which has similarly
been made in protonic orientational glasses [33] is often
indicative for a broad distribution of energy barriers.

The increase of the peak value ���

��

with frequency is
by no means restricted to temperatures below the boiling
point of liquid nitrogen. Using radio- and microwave
frequency experiments, it can be traced all the way up to
room temperature and above. Measurements of the di-
electric loss carried out at several frequencies in the
1.25—4.35 mm wave region are shown in Fig. 12. As al-
ready demonstrated for low frequencies, the dielectric loss

Fig. 12. Dielectric microwave losses of polycrystalline �-spodumene
[34]. Note that peak temperature as well as maximum loss increase
with frequency
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does not seem to extrapolate to zero as TP0. The nega-
tive evidence for the occurrence of a transition into an
electrically ordered phase, as inferred from the near tem-
perature independence of �� is further validated by the
microwave measurements. This is because, at temper-
atures below about 400 K, the dispersion step cannot be
larger than ��


��
"2���


��
�2.5. The maximum �� would

be attained if the process leading to the dielectric loss
would be governed by a single relaxation time which in
view of the shape of the loss curve appears unlikely.

The dielectric loss maxima obtained in the audio-,
radio-, and microwave-frequency ranges are shown in an
Arrhenius plot, Fig. 13. It is seen that the mechanism
underlying the freezing process is thermally activated with
an energy of E

�
"(0.09$0.02) eV. It is interesting to

point out that this value coincides with the one given by

Fig. 13. Arrhenius plot for the loss peak frequencies. The solid line
represents an Arrhenius law �

�
"�

�
exp(!E

�
/k

�
T) with an attempt

frequency log
��

(�
�
/s��)"12.8 and an energy barrier E

�
"

(0.09$0.02) eV

Fig. 14. Distribution of energy barriers G(E) obtained from the
dielectric loss according to Eqs. (14) and (15) and using the Ar-
rhenius parameters yielded by the data shown in Fig. 13. A master
curve is obtained, indicating that the energy distribution G(E) is
temperature independent. The inset shows the dielectric loss cal-
culated for �"1 kHz and 100 kHz using G(E) as described in the
text. The agreement is excellent except at the lowest temperatures at
which an additional absorption mechanism becomes active

Stevels [41] for the motion of a Li� ion in the quartz
structure.

In order to find the explicit form of the energy barrier
distribution, if it exists, we have applied Courtens’ scaling
procedure [33] to the dielectric loss data. The result of this
procedure is shown in Fig. 14. It is seen that all data scale
on a master curve. The distribution of energy barriers
according to this plot is seen to be constant up to about
E"1000 K and then drops off like a Gaussian with a half
width at half maximum of 380 K. In order to achieve
scaling it is found that �� is required to be temperature
independent at least down 25 K. As a cross check, the
barrier distribution just described has been used to calcu-
late the dielectric loss. The result of these calculations
together with the experimental data is shown as inset in
Fig. 14. The agreement is excellent except at low temper-
atures for which Eq. (15) predicts ���� T. It appears likely
that at low temperatures tunneling processes, which we
have neglected so far, but which are a generic feature of
dynamics associated with asymmetric double well poten-
tials [42] provide an absorption mechanism which is
responsible for the deviations seen for TP0.

5. Discussion

One of the most surprising findings of this work is that the
freezing of the Li� ions proceeds in an orientational glass
(OG) like fashion. Hence it may be interesting to discuss
the similarities and the differences to conventional OG.
The first question concerns the freezing process itself. It is
usually characterized by thermally activated average re-
laxation rates [43, 44]. The rates show a wide distribution
which broadens considerably on approaching the OG
transition [33, 45, 46]. Both features are also observed in
�-spodumene. Anomalous low temperature properties
and particularly an anomalous low temperature specific
heat are an additional characteristic of structural and
orientational glasses.

In order to check the properties of �-spodumene also
in this respect we have carried out a calorimetric invest-
igation using the adiabatic Nernst method. In Fig. 15 we

Fig. 15. Low temperature specific heat of �-spodumene. The data
are presented as C

�
/T� versus T in order to emphasize the deviations

from Debye behavior (C
	
�T�)
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show the measured specific heat C
�

of �-spodumene in
a representation of C

�
/T� vs. T. The hump seen in the

10—20 K range, typical for amorphous solids, [47] and the
local minimum due to the linear term in C

�
at the lowest

temperatures are both observed for �-spodumene.
Another important issue for the understanding of the

dynamics of OG concerns the role that is played by
random bonds, which are due to the mutual interactions
of the freezing moieties, in relation to the role played by
the random fields which are due to the coupling of the
pseudo-spins to the underlying center of mass lattice [48].
This kind of disorder in conventional OG is due to the fact
that OG are always mixed crystals [49]. Although �-
spodumene is a single phase material, it is clear that in this
crystal the random fields stem from the disorder in the
Al/Si sublattice. These random fields couple to the posi-
tion of the Li ions through Coulombic interaction forces.
It is however interesting to note that random fields alone
do not give rise to glassy low temperature properties [50].
Therefore the influence of the random bonds, though hard
to evaluate on the basis of the present data, have also to be
taken into account.

Likewise, quantitative conclusions concerning the
strength of the random fields are difficult to draw. On the
one hand the width of the experimentally determined
distribution of energy barriers is much smaller than that
suggested by the calculations presented in Sect. 2.4 for the
case of �"0.5. On the other hand calculations are to be
rescaled by the effective screening of the bare dipole mo-
ments. However, it is not clear whether the Kirkwood
correlation factor g determined from the magnitude of the
dispersion step is entirely due to screening effects. The
relatively small (and furthermore obviously temperature
dependent) value of g rather seems to indicate that on
lowering the temperature an increasing number of dipoles
freeze in. The quasi-static freezing of orientational degrees
of freedom already at large temperatures (with respect to
a potential spin-glass transition temperature) as implied
also by the microwave data, are a hallmark of random
field dominated systems. In order to obtain numerically
reliable estimates of the random field parameter � it is
clear that further work is needed using local probes. In
this respect magnetic resonance experiments have pre-
viously been shown to be useful [51].

In the following we briefly discuss some results of our
conductivity studies which are summarized in Fig. 6,
where we have plotted the temperature dependence of the
exponent s obtained by fitting the data in the conductivity
and in the modulus formalisms. At first glance it may
appear surprising that the exponent s extracted from the
same data shows systematic and significant deviations
from 1!�. But obviously the various ways of fitting the
same set of data are particular sensitive to data in different
frequency ranges. This statement together with the obser-
vation that several power laws exist for frequency ranges
�'�

�
or �'�

	���
(cf. Fig. 6) explains why it is so

difficult to extract reliable exponent parameters. It is im-
portant to note that this conclusion not only applies to the
case of �-spodumene. This is because high frequency devi-
ations from the ����� or M���������� behaviors are
a generic feature of most ionic conductors, as extensively
discussed in the literature [11—14].

6. Conclusions

We have investigated two aspects of the motion of Li�
ions in �-spodumene. At low temperatures (or very high
frequencies) localized relaxational excitations show up. At
high temperatures thermal activation of the mobile ions
leads to long ranged charge transport. The main result
from our conductivity study is that the non-existence of
a well-defined power law regime for frequencies above the
characteristic one does lead to ambiguities in the analysis
when carried out in the framework of existing formalisms.
The scaling form suggested by Dixon et al. is traced only
approximately, obviously because in �-spodumene, as in
many other ionic conductors, a constant loss behavior is
seen at high frequencies.

The freezing of the Li ions in the interstitial double
well potentials provided by the peculiar structure of �-
spodumene has been studied experimentally and also us-
ing a simple model focusing on the dipolar interaction
between the pseudo spins associated with these ‘‘off-
center’’ ions. The calculations showed that in the absence
of disorder the dipolar interaction would lead to an anti-
ferroelectrically ordered configuration. The random occu-
pation of the Al/Si sublattice is schematically taken into
account by introducing a random-field parameter �,
which controls the width of the distribution of interaction
energies.

Using a scaling procedure suggested by Courtens, [33]
a broad energy barrier distribution is identified to be
responsible for the shape of the dielectric loss peaks. The
mean energy barrier required to perform the scaling anal-
ysis has been determined from dielectric loss measure-
ments covering the kHz to THz range and was found to be
E"0.09$0.02 eV. According to the calculations pre-
sented in Sect. 2.4 this is about equal to the interaction
energy J supporting the notion that many aspects of the
dipolar dynamics can be explained by the existence of
asymmetric double well potentials. The broad distribution
of barrier heights (as well as asymmetries) and the temper-
ature dependence of the static susceptibility (which is
proportional to the dispersion step ��) indicate that the
random electric fields introduced by the disorder in the
Al/Si sublattice have a major impact on the orientational
glass transition in �-spodumene.
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