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Origin of Constant Loss in Ionic Conductors
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We have analyzed the constant loss contribution to the ac conductivity in the frequency range
10 Hz–1 MHz and temperatures down to 8 K, for two Li ionic conductors, one crystalline
(Li0.18La0.61TiO3) and the other glassy (61SiO2 ? 35Li2O ? 3Al2O3 ? P2O5). As temperature is increased
a crossover is observed from a nearly constant loss to a fractional power law frequency dependence
of the ac conductivity. At any fixed frequency v, this crossover occurs at a temperature T such that
v � n0 exp�2Em�kBT �, where n0 is the attempt frequency and Em is identified with the barrier for
Li1 ions to leave their wells.
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Much effort has been devoted during the last few
decades to understand the dynamics of ionic transport in
ionically conducting materials. In spite of the advances
made, there is still no general agreement on interpretation
of the experimental data [1–11]. Most research activity in
this field has focused on the origin and properties of the
long-range ion motion, and electrical relaxation is
the most commonly used experimental tool to access
the ion dynamics. The frequency dependence of the
ionic conductivity can be usually well described by using
Jonscher’s expression [12]

s��v� � s0�1 1 �jv�vp�n� (1)

where s0 is the dc conductivity, vp is a characteristic
relaxation frequency, and n is a fractional exponent.

Both s0 and vp are thermally activated with about the
same activation energy, indicating that the dispersive con-
ductivity, s��v�, originates from migration of ions. How-
ever, there is another ubiquitous contribution to dispersive
conductivity that has received much less attention so far.
This contribution consists of a nearly frequency indepen-
dent dielectric loss, ´00�v� � A, which corresponds to
an almost linear frequency dependent term of the form
s0�v� � v´00�v� � Av in the real part of the complex
conductivity. At sufficiently low temperature or high fre-
quencies, the Av term dominates over the power law
dependence of exponent n. The existence of this nearly
constant loss (NCL) was suggested more than 20 years
ago and subsequently verified [13,14]. Since then, few in-
vestigations of its properties have been made [15–17] and
low temperature data with its dominant contribution are
still scarce.

Although, ultimately, mobile ions seem to be respon-
sible also for the NCL, the experimental facts including
0031-9007�01�86(7)�1279(4)$15.00 ©
its dependence on temperature and the effect of mixed
alkalis point to a different origin than ionic hopping
[18]. Experimentally, A is not thermally activated and
has temperature dependence much milder than s0 or vp

[18–20]. Partial replacement by alkali ions of a different
kind has the effect of reducing the NCL [3,18,21,22], but
the reduction in A is much smaller than the decrease in
s0 due to the well-known mixed alkali effect [3]. From
these facts, it has been very recently proposed [18] that
local vibrational relaxation reflected in the mean-square
displacement of ions could be the origin of the constant
loss in ionic conductors. At the shortest time scale ions
are vibrating in their potential wells of height Em, with a
frequency n0 usually termed attempt frequency. A micro-
scopic residence time is defined, tm � n

21
0 exp�Em�kBT �,

such that, statistically, for times t , tm ions are vibrat-
ing within their sites and for t . tm they abandon the
well. This microscopic time can be obtained from the
temperature dependence of the dispersive ac conduc-
tivity or from the low temperature side of 1�T1 NMR
measurements [23,24].

In this Letter we investigate the vibrational origin of the
NCL by electrical conductivity measurements in the audio
frequency range at low temperatures. We have performed
complex admittance measurements at low temperatures of
the crystalline fast ionic conductor Li3xLa2�32xTiO3. This
ionically conducting material is a model system for this
purpose since it shows a high ionic conductivity [25–28],
and the highest value ever determined of the constant loss
term [18]. We find that the NCL dominates the s0�v�
at time scales t , tm and observe a crossover of s0�v�
to the sublinear frequency dependence of Eq. (1) for
t . tm. This finding provides strong evidence for a
vibrational origin of the constant loss.
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Figure 1 shows conductivity vs temperature plots at
different fixed frequencies for Li0.18La0.61TiO3. At the
highest temperatures, experimental data taken at different
frequencies tend to collapse in a single curve, correspond-
ing to the temperature dependent dc ionic conductivity.
When temperature is lowered in the range 225–275 K,
the additional contribution to the conductivity due to the

FIG. 1. Conductivity vs temperature plots for Li0.18La0.61TiO3.
Conductivity data are shown for different frequencies (300 Hz,
1 kHz, 3 kHz, 10 kHz, 30 kHz, and 100 kHz, from bottom to
top) in a linear temperature scale (a) and in an Arrhenius plot
(b). Open square symbols in both plots represent the crossover
between the linear frequency dependent conductivity (constant
loss regime) and the power law regime of Eq. (1) which is due to
ionic hopping. Solid lines in (a) are fits to an exponential tem-
perature dependence of conductivity data in the constant loss
regime. Open circles in (b) are dc conductivity data, and the
solid line is a fit to an Arrhenius law for the crossover tem-
perature dependence. The inset in (a) shows the criterion used
to obtain the crossover temperature at each frequency. The ra-
tio of the permittivity values at two different frequencies, v1
and v2, is equal to 1 at low temperatures, where constant loss
is the dominant contribution, but starts to depart from 1 when
temperature is increased and ion hopping contributes to ac con-
ductivity. Displayed data are for v1 � 3 kHz (D) and 100 kHz
(±), with v2 � v1�10. Crossover temperatures were obtained
for a departure of 10% (arrows) and error bars of 67 K were
obtained from 5% and 15% decays (dotted lines).
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power law dependence of the ionic ac conductivity is
observed, first appearing for the highest frequencies. In
this regime, ions have already jumped over the potential
barriers of their wells but a stationary behavior, i.e., a dc
conductivity value, for the long-range ionic transport has
not yet been achieved. We have to lower temperatures
down to 100–125 K to observe the dominant contribution
of the NCL. Once this regime appears it is found to domi-
nate conductivity curves up to the lowest temperatures.
The NCL regime is characterized by the almost linear
frequency dependence of ac conductivity and a weak
temperature dependence. The best description of the tem-
perature dependence of the NCL over a wide temperature
range is the exponential form exp�BT �. Solid lines in
Fig. 1 are fits to an exponential temperature dependence
of the ac conductivity at each frequency. Note that the
low temperature portion of experimental conductivity
data sets of Fig. 1(a) are spaced according to a linear fre-
quency term. This linear frequency dependence provides
a criterion to determine, at each frequency, a crossover
temperature where the constant loss term becomes
the dominant contribution to the ac conductivity. The
crossover points, represented by open squares in Fig. 1(a),
were obtained from the highest temperature where a linear
frequency dependence was still observed within a 10%
accuracy. The same ac conductivity data of Fig. 1(a)
are displayed in an Arrhenius manner in Fig. 1(b).
Conductivity data at the crossover temperatures and for
each frequency (open squares) show a thermally activated
behavior with an activation energy E � 0.17 6 0.03 eV.
The very same value is obtained from spin-lattice and
electrical conductivity relaxation [27], for the barrier for
short-range ion motion, Em � 0.17 6 0.01 eV, i.e., the
height of the single ion potential well. The extrapolation
to infinite temperature yields a conductivity value of
about 1 S�cm. It has the same order of magnitude as the
dc conductivity extrapolated to infinite temperature and
the dc conductivity values of other fast ionic conductors
observed to saturate at high temperatures [29–31]. dc
conductivity data at high temperatures show an activation
energy Em, while a larger value, Es , is found when tem-
perature is lowered, which is usually interpreted in terms
of the additional energy required for cooperative motion
of ions to overcome correlations [32]. According to the
Nernst-Einstein equation, s0 � �Nq2d2n0���6kBT �, the
extrapolated value of about 1 S�cm is determined by an
attempt frequency, n0, in the range 1012 1013s21, for
usual mobile ion concentrations (N � 1021 1022 cm23)
and physical ionic jump distances d of a few angstroms.
The NCL is then observed at a given temperature for
frequencies

v . t21
m � n0 exp�2Em�kBT � , (2)

and for a given frequency v at temperatures below
Em��kB ln�n0�v�� that ions have not abandoned their
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own sites. The solid line in Fig. 1(b) obtained from the
crossover divide the plot in two temperature regions. For
all frequencies v, the right side is where the temperature
falls below the crossover temperature and ions remain
within their sites. The left side is the regime when enough
thermal energy is available, and mobile ions start to jump
over their own sites and subsequently adjacent sites,
giving an additional contribution to the ac conductivity,
which overshadows the linear frequency term.

Moreover, and interestingly enough, we want to empha-
size that this result is at odds with the usual assumption
[15–22] that the total ac conductivity in ionic conductors
can be described by the augmented Jonscher’s expression,

s��v� � s0�1 1 �jv�vp�n� 1 Av , (3)

where ac hopping ionic conductivity and the NCL contri-
bution are considered to be additive terms. Since s0 and
vp are thermally activated with the dc activation energy
Es , meanwhile A shows a much milder temperature de-
pendence; it can be shown from Eq. (3) that the crossover
between the two terms should be thermally activated with
the energy Es . This is readily obtained by equating the
NCL term to the real part of the ac conductivity given by
the Jonscher’s expression at the crossover frequency. How-
ever, experimental data show that the activation energy of
the crossover is close to Em and much lower than Es . This
finding suggests that although Eq. (3) may phenomeno-
logically describe the frequency behavior at a given
temperature, it does not account for the temperature
dependence of the conductivity in the presence of NCL
contribution. This might reflect that a true crossover
occurs from the NCL to the ion hopping conductivity
relaxation which cannot be expressed as a simple sum.

We have also analyzed conductivity data after Hsieh
and Jain [33] of the glassy lithium silicate of com-
position 61SiO2 ? 35Li2O ? 3Al2O3 ? P2O5, on which
complex admittance measurements have been reported at
temperatures low enough for the NCL to become domi-
nant. Figure 2 shows conductivity vs temperature plots
by using their data. For the frequencies of measurement
they used, the dc conductivity regime is not completely
reached below room temperature, but the crossover be-
tween the NCL and the start of the ionic hopping process
is clearly observed in the temperature range 125–150 K.
Interestingly, as we have found for Li0.18La0.61TiO3, these
authors also reported that best fits of NCL were a weak
exponential temperature dependence. We have estimated
the crossover temperatures from these isochronal curves
in the same way as done for Li0.18La0.61TiO3 and replot-
ted their ac conductivity data in an Arrhenius plot [see
Fig. 2(b)]. Again a crossover from NCL to ion hopping ac
conductivity is found at frequency or temperature defined
by Eq. (2). The activation energy obtained in this case
was found to be Em � 0.27 6 0.04 eV, which is the same
as the activation energy Em found for the ac conductivity
FIG. 2. Conductivity vs temperature plots for 61SiO2 ?
35Li2O ? 3Al2O3 ? P2O5 after Hsieh and Jain [33]. Con-
ductivity data are shown for different frequencies (50 Hz,
100 Hz, 200 Hz, 500 Hz, 1 kHz, 2 kHz, 5 kHz, and 10 kHz,
from bottom to top) in a linear temperature scale (a) and in
an Arrhenius plot (b). Open square symbols in both plots
represent the crossover between the linear frequency dependent
conductivity (constant loss regime) and the power law regime
of Eq. (1) which is due to ionic hopping. Solid lines in (a) are
fits to an exponential temperature dependence of conductivity
data in the constant loss regime. Open circles in (b) are dc
conductivity data, and the solid line is a fit to an Arrhenius law
for the crossover temperature dependence.

in the power law regime at higher temperatures [33], and
can be associated with the height of potential barriers
of the sites where ions reside. Conductivity data values
at the onset of ionic hopping extrapolate again to the
expected value of about 1 S�cm in the infinite temperature
limit. Hence, in this glassy ionic conductor the NCL is
the relaxational response observed when mobile ions still
remain in their respective sites and ion hopping has not
yet become effective. Having established this crossover,
naturally the next issue is how the ions vibrating but
remaining at their respective sites can generate the NCL.
One possible cause is the anharmonicity of the potential
well. According to recent works based on nonlinear
Hamiltonian dynamics, anharmonicity alone can slow
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down immensely the relaxation of vibration [34–36].
Even the asymmetric double well potential used before to
explain the NCL is a special case of anharmonicity, which
has been modeled by the soft f4 potential and slowed
down vibration relaxation was found by computation
[36]. The crossover from NCL to ion hopping (i.e., the
NCL ceases when the ion diffusion starts) found from the
experimental data presented here has a natural explanation
in this scenario. When the time scale for the diffusion of
ions by hopping becomes comparable to or shorter than
the time scale for the vibrational relaxation associated
with the NCL process, the NCL process can no longer
take place. Therefore below the frequency or temperature
defined by Eq. (2), vibrational relaxation terminates and
NCL ceases to exist, and a well-defined crossover to ionic
hopping ac conductivity occurs.

In summary, we have analyzed ac conductivity data of
two very different ionic conductors at low temperatures
and for several frequencies in the audio frequency range.
We have found that the crossover from the fractional power
law dependent ac conductivity term to the nearly constant
loss regime characterized by a linear frequency dependent
ac conductivity is thermally activated with an activation
energy which is significantly lower than the dc conduc-
tivity activation energy and can be identified with the po-
tential energy barrier that ions must overcome to abandon
their sites to start hopping. This finding shows that Eq. (3)
is invalid. It provides also evidence for the nearly con-
stant loss to be due to the vibrational relaxation caused
by anharmonicity.
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