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Abstract
Dephasing processes for low-lying phonons of Ag+ and Tl+β-alumina were
observed in the time domain using the femtosecond pulse laser in the
temperature range of 15–350 K. The dephasing dynamics associated with the
time evolution of the vibrational coherence state can be directly identified with
the phonon decay in the femtosecond transient. In this study, the temperature
dependence of the dephasing property was decomposed into three terms in
order to understand the correlation between vibration and diffusion: (i) a static
structural disorder, (ii) an anharmonic coupling and (iii) an ionic diffusion. The
dephasing property of the low-lying phonon in Ag β-alumina as a superionic
conductor was compared with that of the isomorphous Tl β-alumina, whose
ionic conductivity was about 103 times less than Ag β-alumina. The magnitude
of static disorder shows a large value (h̄�0 = 0.49 meV) in Ag β-alumina,
which is twice that of Tl β-alumina (h̄�0 = 0.22 meV) with the same
structure and the same number of excess cations by nonstoichiometry. The
coefficient of phonon lifetimes originating from the cubic anharmonicity of a
potential well is about five times larger in Ag β-alumina than Tl β-alumina. A
strongly temperature dependent decay component is only seen in the superionic
conductor Ag β-alumina above 200 K, and is not observed in Tl β-alumina.
This is attributed to the phonon dephasing caused by the jump motion of the
Ag+ ions. The estimated activation energy and pre-exponential factor are
Ea = 71 meV and h̄/τ0 = 2.86 meV in Ag β-alumina, respectively, for the
correlation time τc = τ0 exp(Ea/kBT ). The value of h̄/τ0 = 2.86 meV, which
can be regarded as an attempt frequency for the jump, coincides with the low-
lying phonon frequency h̄ω0 = 2.7 meV, but the Ea = 71 meV is different from
that of the dc conductivity (Ea = 173 meV). These results, which are strongly
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coupled with the elementary excitation from oscillation to ionic diffusion in
the picosecond time domain, would be of prime importance for the superionic
conduction mechanism.

1. Introduction

A Na β-alumina forms a layered structure in which spinel-type blocks composed of Al and O
are separated by a loosely packed plane containing Na and O. Because of the loose packing,
space is available for movement of the Na ions in this plane, leading to a high two-dimensional
ionic conductivity. The Na ions in β-alumina can be easily exchanged with monovalent
ions such as Ag, Tl, K, Rb and Li with the same space group P63/mmc(D4

6h) [1]. These
monovalent ions are distributed on three different types of sites, commonly referred to as
Beevers–Ross (BR), anti-Beevers–Ross (aBR) and mid-oxygen (mO) sites [1]. From the x-
ray diffraction results, it is shown that Na [2], K [3] or Rb [4] occupies BR and mO sites as
the stable and metastable sites, respectively, while Ag [5] or Tl [3, 4] occupies BR (stable)
and aBR (metastable) sites. The lattice constants of Ag and Tl β-alumina are a = 5.595 Å,
c = 22.488 Å, and a = 5.596 Å, c = 22.912 Å, at room temperature, respectively. Although
Ag and Tl β-alumina have nearly the same structural properties, Ag β-alumina shows a fast-
ionic conductivity (0.64 × 10−2 S cm−1 at 23 ◦C) [6], and is called a ‘superionic conductor
(SIC)’, while the ionic conductivity of Tl β-alumina is as small as 2×10−6 S cm−1 at 25 ◦C [7].

An ion in a conventional solid is vibrating its equilibrium position at finite temperature.
In an SIC, however, a mobile ion vibrates at the equilibrium site, and then sometimes jumps
to the neighboring metastable site, which is followed by successive jumps to give rise to a
macroscopic diffusion.

Dispersionless low-lying phonon modes have been observed in most SICs (Na β-alumina
∼5.0 meV [8], RbAg4I5 ∼ 2.5 meV [9]). Assuming these low frequency modes to be an
attempt frequency for jump diffusion, the evaluated conductivity is in good agreement with the
experimental one. Thus the low-lying phonon plays an important role in the ionic diffusion.

In the case of Ag β-alumina, the low-lying phonon was identified as E2g-symmetry with
low energy less than 3.5 meV [10–13]. The eigenvector shows that Ag ions vibrate along
the conduction plane and aluminum and oxygen are fixed at their equilibrium positions [14].
This mode was confirmed by neutron scattering [8] to be a dispersionless phonon toward the
c-direction. It may be characterized as a set of oscillators in the two-dimensional layer between
the spinel blocks. Similarly, in the Tl β-alumina, an E2g-symmetry mode corresponding to the
low-lying phonon is also observed at 4.7 meV [12, 13].

In the light scattering measurement, the vibrational frequency and its decay are inferred
from Raman spectra by analyzing peak positions and band shapes. Raman spectroscopy is
a powerful technique to investigate the phonon dynamics, whose frequency shifts and widths
yield quantitative values for the frequencies and relaxation times [13]. However, the low-lying
phonon of the SIC is so strongly damped and so low in frequency that it often merges into a
central peak. In this case the Raman spectral response can be very difficult to distinguish from
quasi-elastic response. Therefore, it is difficult to analyze the intrinsic dephasing process from
the band width in the SIC.

Instead of frequency response experiments like the Raman scattering, we present here the
femtosecond time-resolved observation (optical Kerr effect spectroscopy; OKE) for the low-
lying phonons of Ag β-alumina and Tl β-alumina. This method detects the time-dependent
third-order polarization, which exhibits underdamped sinusoidal modulations with frequencies
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corresponding to all Raman-active modes that are accessible within the pulse width [15, 16].
The modulations are monitored as a transmitted intensity of the polarized probe pulse.

In this study, the low-lying phonon of Ag β-alumina was measured in the time domain by
a femtosecond pulse laser to understand the process of motion from oscillation to diffusion in
the picosecond time domain. That of Tl β-alumina was also investigated to compare the ion
dynamics to the superionic conductor Ag β-alumina.

2. Experimental details

Single crystals of Na β-alumina grown from the melt were provided by Toshiba [17]. The
Ag and Tl isomorphs were prepared by an ion exchange procedure to keep the original Na β-
alumina specimen in molten AgNO3 or TlNO3 at 330 ◦C for 100 h [1]. The Ag(Tl) β-alumina
sample is a clear and colorless single crystal, whose crystallographic axis was identified by
the back-reflection Laue method. The chemical formula of M β-alumina used in this work is
determined by ICP-AES (Optima3300, PerkinElmer) to be 1.17(M2O)·11(Al2O3) (M = Ag or
Tl).

The ultrafast optical Kerr spectroscopy was carried out in two different types of
femtosecond pulse laser systems in the temperature range 98–300 K using a liquid nitrogen
cryostat and at 17–300 K using a liquid helium cryostat, respectively. The excitation sources of
femtosecond pulses were generated by a mode locked Ti:sapphire laser (500 mW and 600 mW
in average power) pumped by the output of a CW argon ion laser (20 W and 7 W), routinely
yielding a train of 250 and 100 fs duration pulses with a repetition rate of 150 kHz and 80 MHz,
respectively. Its central wavelengths were 805 nm in the 150 kHz pulse repetition system and
755 nm in the 80 MHz system. The OKE experiments were performed in a standard Kerr
effect geometry [18]. Two femtosecond pulses were overlapped spatially and temporally inside
the sample. The main (pump) pulse was used to excite a coherent phonon response through
impulsive stimulated Raman scattering (ISRS), and the weak (probe) pulse was used to monitor
the phonon oscillation and decay through the time-dependent birefringence, i.e. the optical Kerr
effect (OKE) signal, induced by the vibrations. The sample was positioned at the spatially and
temporally intersection of the pump and probe beams that were focused into the sample with
a lens of 200 mm focal length. The spatial intersection was obtained by passing two beams
through a pin hole with a diameter of 50 μm, and the temporal overlapping of pump pulse
and probe pulse was obtained by detecting second-harmonic generation (SHG) light from a β-
BaB2O4 (BBO) crystal. The probe beam delay with respect to the pump was controlled by the
computer-driven translation stage with a maximum resolution of 0.12 fs/step. The pump pulse
polarization was adjusted to 45◦ with respect to the probe beam using a zero-order half-wave
plate. The probe beam was passed through a pair of crossed Glan-Laser polarizers that have
a specified extinction of better than 105 to control the polarization of the probe beam. Optical
heterodyning is achieved by providing a local oscillator field in addition to the signal field at the
detector [19]. A π/2 local oscillator was derived by a slight rotation (<1◦) of the quarter-wave
plate oriented with its first axis parallel to the polarization of the probe beam. Since the low-
lying phonon of β-alumina (point group D6h) belongs to E2g symmetry with an off-diagonal
(XY) element, this phonon can be selectively excited by the polarized light configuration as
illustrated in figure 1.

The energies of the two input pulses on the sample were 180 mW (pump):30 mW (probe) in
the 150 kHz pulse repetition system with the l-N2 cryostat and 160 mW (pump):40 mW (probe)
in the 80 MHz pulse repetition system with the l-He cryostat. The pump-induced variation of
the local oscillator was detected as a modulation of probe intensity with a Si photodiode and a
photomultiplier tube for the 150 kHz system and the 80 MHz system, respectively. The output
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Figure 1. Illustration of experimental configuration for polarized light and Raman tensor for D6h

symmetry. The pump linear polarization is oriented at 45◦ relative to the y-axis of the crystal. The
incident probe polarization is along the y-axis. This polarized configuration can excite only the E2g

mode as denoted by a hatched Raman tensor.

signal was amplified by a lock-in amplifier referenced to a chopper that modulated the pump
beam at a frequency of about 1 kHz.

3. Results

The OKE spectrum for the low-lying mode of Ag β-alumina is shown in figure 2. The impulse
response function was assumed to consist of an instantaneous electric response around time
t = 0 ps and an underdamped sinusoidal oscillation:

G(t − t ′) = Aδ(t − t ′) + Be−�(t−t ′) sin(ω0(t − t ′) + φ0). (1)

The signal intensity I (t) is proportional to the response function G(t − t ′) after convolution
with the intensity autocorrelation function of the laser pulse P(t) [15]:

I (t) ∝
∫ t

−∞
G(t − t ′)P(t ′) dt ′. (2)

The values of the frequency ω0 and dephasing rate � in equation (1) were determined by a
least-squares fitting procedure as shown in figures 2 and 3. We estimated the uncertainties in
our values of ω0 and � to be approximately ±5%. The error value was determined by setting
one of the parameters of ω0 and � at different fixed values and repeating the fitting procedure
with all other parameters allowed to vary; acceptable fits could no longer be obtained when the
parameters were shifted by more than 5%.

Figures 4 and 5 show the temperature dependence of the phonon frequency ω0 and
dephasing �, respectively. The open circle denotes the data from the 150 kHz pulse repetition
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Figure 2. Comparison of an experimental OKE spectrum with a calculated one (solid curve) in Ag
β-alumina at 97.7 K.

Figure 3. Comparison of an experimental OKE spectrum with a calculated one (solid curve) in Tl
β-alumina at 294 K.
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Figure 4. The temperature dependence of the phonon frequency h̄ω0. The data were measured by
two types of pulse repetition systems (150 kHz and 80 MHz), which are denoted by open and full
symbols, respectively.

Figure 5. The temperature dependence of dephasing �. The data were measured by two types
of pulse repetition systems (150 kHz and 80 MHz), which are denoted by open and full symbols,
respectively. The solid curve is calculated using equation (6) and the dashed curve represents the
three-phonon anharmonic decay with �0: � = �0 + C (1 + 2

exp(h̄ω0/2kB T )−1 ).
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system with the l-N2 cryostat and the both closed symbols are from the 80 MHz system
with the l-He cryostat. We observed no significant temperature dependence in ω0 within the
uncertainties. The evaluated frequency ω0 of Ag β-alumina (h̄ω0 = 2.7 meV) is in fairly good
agreement with the values of 3.6 meV [10], 3.3 meV [11], 2.9 meV [12] and 2.2 meV [13]
reported by Raman scattering measurements. In the Tl β-alumina, the phonon decays slightly
as a single sinusoidal wave with the phonon energy 4.7 meV in figure 3. The previous Raman
studies reported two bands (3.6 and 4.7 meV) regarded as the low-lying phonon [12, 13].
Colomban et al suggested that a band at 4.7 meV was characterized by a single Tl at a BR site,
indicating it was the E2g normal mode defined by the dynamical matrix. A band at 3.6 meV
was interpreted as an impurity mode, which was a coupled vibration by two Tl ions near mO
sites. From the other viewpoint, other symmetry modes (e.g., A1g) could be considered to be
mixed by the structural disorder. We could not observe any mode at 3.6 meV.

4. Discussion

The dynamics of mobile ions in SICs is a combination of the short-time local vibration and
the long-time diffusive motion in the periodic potential made by the surrounding ions. The
local vibration is a consequence of the non-random nature of the ion dynamics, and the
jump-diffusive motion can be regarded as a random aspect which can be introduced into the
generalized Langevin equation formalism by an extended friction term or a memory function
form as [20]

me Q̈ + me�0 Q̇ + meω
2
0

∫ t

0
M(t − t ′)Q̇(t ′) dt ′ = R(t); (3)

Q is the displacement of the local mode. In the case of the low-lying phonon in β-alumina
the main term of Q is the displacement of the Ag(Tl) ion along the conduction plane and
the effective mass me is its mass [14]. ω0 is a harmonic frequency and M(t) the memory
function. The memory function can be evaluated by the projection operator technique to
extract the correlating part of the random force to the observable. R(t) is a random fluctuation
force and �0 is a friction to the oscillator which includes a static disorder in the crystal at
T = 0 K. A simple expression of this equation (3) as Ag(Tl) ions move around the minima
of the periodic potential is appropriate for the low-lying phonon, because the dispersionless
feature is approximately regarded as an independent oscillator on the behavior of the upward
and downward spinel blocks composed of aluminum and oxygen. In particular, Bruesch et al
[20] assumed an exponential form for M(t), which can be written as M(t) = exp(−t/τc),
where τc is the critical time between oscillatory and diffusive behavior. It corresponds to an
oscillating particle with its average position obeying a diffusion equation. With the Fourier–
Laplace transform M(ω) = τc/(1 − iωτc) of the memory function M(t), frequency dependent
dephasing �(ω) is given by

�(ω) = �0 + τcω
2
0

1 + (ωτc)2
. (4)

On the other hand, in the case of nonsuperionic conductors, the main relaxation mechanism
of a phonon is a mode coupling decay due to the anharmonicity. The decay of the optical
phonon into two longitudinal acoustic phonons gives the damping term as [21]

�CA = C

(
1 + 2

exp(h̄ω0/2kBT ) − 1

)
. (5)

This equation is an approximate expression for the temperature dependence of the damping
constant based on three phonon processes (cubic anharmonicity in second order) and the simple
Klemens model [22].
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Table 1. Values of the parameters in equation (6).

h̄�0 (meV) h̄C (meV) h̄/τ0 (meV) Ea (meV)

Ag β-alumina 0.49 0.0184 2.86 71
Tl β-alumina 0.22 0.0036 — —

When the phonons couple to diffuse motion, the temperature dependence of total
dephasing � has the following form [23]:

� = �0 + �CA(T ) + �D(T ) = �0 + C

(
1 + 2

exp(h̄ω0/2kBT ) − 1

)
+ τcω

2
0

1 + (ωτc)2
. (6)

There are multiple sources of dephasing � in equation (6). A static disorder �0 represents
inhomogeneity, which in some cases is due to static variation in the vibrational frequency.
Anharmonicity �CA is energy relaxation, i.e. vibrational damping, through which vibrational
energy is lost and vibrational excited states decay to the ground state. Ionic diffusion gives some
fluctuations in frequency and phase to the vibration. The stochastic modulation process of the
frequency fluctuation is associated with the dephasing in the inhomogeneous medium [24].
The phase fluctuation gives rise to ‘pure’ dephasing, through which phase coherence among an
ensemble of oscillators is lost due to vibrational phase shifts that may be modeled as sudden
jumps of the phase by certain amounts at random times. �D represents the dephasing containing
all these effects from the ionic diffusion.

The temperature dependence of the dephasing � was determined by the fitting procedure
(see table 1 and figure 5). Since we directly measured the low-lying phonon in this experiment,
the observation frequency ω corresponds to the phonon eigenfrequency ω0, i.e. ω = ω0. The
second term �CA(T ) resulting from the cubic anharmonic coupling is linearly increasing with
temperature (dashed curves in figure 5). The third term of �D(T ) as the diffusive behavior
plays a significant role in Ag β-alumina above 200 K. On the other hand, this component is
negligibly small in Tl β-alumina due to the low diffusivity of Tl.

4.1. The static disorder �0

�0 is the decaying factor of the coherent phonon extrapolated to T = 0 K, which is probably
due to the dephasing of the coherence by static disorder of an imperfect crystal containing
impurities or dislocations. The low-lying phonon is composed of the vibration of the Ag(Tl)
on the BR regular position, surrounded by the 17% excess Ag(Tl) ions deviated from the
stoichiometric composition. The amount of excess charges is compensated for the Al3+
vacancies or excess O2− ions in the spinel blocks.

The excess Ag ions in Ag β-alumina occupy 2b sites (aBR) with the interatomic distance
3.23 Å between Ag(BR) and Ag(aBR) [5]. The excess Tl ions in Tl β-alumina are distributed
at 2b sites (aBR) and 6h sites near aBR with the occupancy factor 0.21(2) and 0.51(2) as the
number per unit cell at room temperature, respectively [3, 4]. These interatomic distances are
3.23 Å for Tl(BR)–Tl(aBR) and 2.36 Å for Tl(BR)–Tl(6h).

The values of h̄�0 were evaluated to be 0.49 meV and 0.22 meV in Ag and Tl β-alumina,
respectively, as shown in table 1. It is quite interesting to note that the h̄�0 = 0.49 meV of Ag
β-alumina is much larger than the h̄�0 = 0.22 meV of Tl β-alumina. The Pauling ionic radii
were reported to be 1.26 Å for Ag+ and 1.44 Å for Tl+ [25]. It is suggested that the excess Ag
ions at the aBR site interrupt the normal vibratory motion of Ag at the BR site strongly rather
than the Tl–Tl interaction in Tl β-alumina, even though the ionic radius of Ag is smaller than
Tl.
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A correlation function of solid electrolytes with disordered structures obeys a universal
function in the middle frequency range. This is the well known Kohlrausch–Williams–Watts
(KWW) function, which is also currently called a ‘stretched exponential’ in the Jonscher regime
of the conductivity [26, 27] or a non-BPP behavior in the NMR spectrum [28]. Meyer et al
[29, 30] found that the combined effect of disorder and Coulomb interaction reproduces the
typical non-BPP behavior by Monte Carlo simulation. The strong interaction among the Ag
ions and the static disorder will be of the essence in those characteristic properties for the fast-
ionic conductivity in Ag β-alumina.

4.2. The anharmonicity �CA

The coefficient C of �CA caused by an anharmonic effect is about five times larger in Ag β-
alumina than Tl β-alumina as shown in figure 5 and table 1. Matsubara proposed a cubic
anharmonic thermal vibration to explain specific heat data for superionic conductor α-CuI as
well as a statistical disorder model of the Cu ions [31]. It suggested that the anomalously large
ionic conductivity of cuprous halides at high temperature was due to a phonon driven diffusion
process of Cu ions within the shallow anharmonic potential [32, 33].

The Ag cation at the BR site exhibited a large anisotropic vibration in Ag β-alumina,
which will be regarded as a cubic anharmonicity, but Roth made a refinement analysis using
the effect of the statistical disorder distribution [5]. The strong cubic anharmonicity from the
value of �CA is consistent with this large anisotropic vibration, and it suggests that the Ag ions
can move easily through the β-alumina rather than Tl.

The constant parameter C shows an inverse lifetime at 0 K in the anharmonic decay.
Let us express the C values in terms of the mode Grüneisen parameter γG to help view the
amount of the cubic anharmonicity. The ratio of γG of Ag β-alumina to Tl β-alumina is given
approximately as [22]

γ
Ag
G

γ Tl
G

≈
√√√√CAg

CTl

(
ωTl

0

ω
Ag
0

)5 mAg

mTl
= 4.5, (7)

where m is the atomic mass and we eliminated the ratio of the volume or the phonon velocity
parameters on the assumption that these values of Ag(Tl) β-alumina are almost the same as
each other. The calculation shows that the magnitude of the mode-Grüneisen parameter for the
low-lying phonon in Ag β-alumina is 4.5 times larger than that of Tl β-alumina.

4.3. The ionic diffusion �D

A temperature dependent decay component of the third term �D in equation (6) is seen in a
superionic conductor Ag β-alumina, but is not observed in Tl β-alumina, which is a poor ionic
conductor. �D is attributed to the phonon dephasing caused by the jump motion of the Ag+
ions. The τc in equation (4) means a characteristic time of changing an oscillatory phase by
jumping of one Ag+ ion from a normal position to another site. Since τc is associated with
the jump process of an ion through a potential barrier, it follows the Arrhenius type formalism
τc = τ0 exp(Ea/kBT ), where Ea is the activation energy and τ−1

0 is the attempt frequency at
T → ∞ K. The present h̄/τ0 and Ea is evaluated to be 2.86 meV and 71 meV, respectively, as
in table 1.

The value of h̄/τ0 coincides with the phonon frequency energy h̄ω0 = 2.7 meV. It is
consistent with the strong coupling between the low-lying phonon and the ionic diffusion.

The activation energy of Ag+ migration in Ag β-alumina has been also evaluated to be
105 meV from quasi-elastic light scattering [34], 122 meV from NMR [35] and 173(3) meV

9



J. Phys.: Condens. Matter 19 (2007) 456215 O Kamishima et al

Figure 6. The observation frequency dependence of the activation energy: σDC [6], NMR [35],
QELS [34] and OKE (present study).

from dc conductivity [6]. The discrepancy among these values depends on the time- (frequency)
scale of the observation; they are decreasing systematically as the frequency is increased as
shown in figure 6. It suggests that the different motions between the local hopping such
as back-and-forth jumps and the long-range diffusion yield the different activation energies.
Sato and Kikuchi [36] theoretically discussed the cation diffusion and ionic conductivity in
the β-alumina using the path probability method under the pair approximation. The model
system is divided into two sublattices, BR and aBR. Cations preferentially occupy BR sites,
whose potential energy is lower than aBR sites and those cations interact with the ions in the
nearest-neighbor sites (BR or aBR) with the interaction energy ε. They show that the long-
range diffusion is expressed by some extra factors V and W in the conventional random walk
approach. The factor V , which is called the vacancy availability factor, is the probability that
a vacant site comes at the nearest-neighboring site to jump. The factor W , which is called
the effective jump frequency factor or the bond-breaking factor, is the contribution from the
surrounding mobile cations. The slope of W depending on 1/T is significantly added to the
intrinsic activation energy of the cation jump. Since the present study observes the fastest time
domain in the ionic motion, the obtained 71 meV is probably corresponding to the intrinsic
activation energy for the jump. The difference between 71 meV from the OKE and 173(3) meV
from the conductivity is due to the factor W associated with the many-body problem in the long-
range diffusion. This is proof that the diffusive motion of the Ag+ ions does not behave as the
free random walk in the superionic conductor Ag β-alumina.

5. Conclusion

Low-lying phonons of Ag+ and Tl+β-alumina were observed in the time domain using a
femtosecond pulse laser. We investigated the Ag β-alumina as a superionic conductor and
compared the phonon property with that of Tl β-alumina, whose ionic conductivity was
about 103 times less than Ag β-alumina. The dephasing factor � of the low-lying phonon
was determined in the temperature range of 15–350 K. The temperature dependence of �

was decomposed into three terms of a static disorder, an anharmonic coupling and an ionic
diffusion.

10
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The magnitude of static disorder shows a large value (h̄�0 = 0.49 meV) compared with
the phonon frequency h̄ω0 = 2.7 meV in Ag β-alumina. This value is larger than that of Tl
β-alumina (h̄�0 = 0.22 meV) with the same structure and with the same number of excess
cations by nonstoichiometry. It indicates that the excess Ag ions at the aBR site interrupt the
normal vibratory motion of Ag at the BR site strongly rather than the Tl–Tl interaction in the
Tl β-alumina.

The phonon lifetimes �CA of Ag(Tl) β-alumina originating from the cubic anharmonic
vibration were estimated by the temperature dependence of �. It was found that the mode-
Grüneisen parameter of the low-lying phonon of Ag was 4.5 times larger than that of Tl.

The decay component �D of the third term in equation (6) significantly appeared above
200 K in Ag β-alumina, but in Tl β-alumina did not appear due to the low ionic diffusivity.
The pre-exponential factor τ0 in the characteristic time τc of changing a oscillatory phase by the
jump motion of Ag ions can be equal to the attempt frequency at T → ∞ K on the Arrhenius
type formalism. The obtained value of h̄/τ0 = 2.86 meV coincides with the phonon frequency
energy h̄ω0 = 2.7 meV. It is consistent with the strong coupling between the low-lying phonon
and the ionic diffusion. The activation energy Ea for the jump motion of Ag ions was found to
be 71 meV. It decreases systematically with an increase in the observed frequency; 173(3) meV
(conductivity) >122 meV (NMR) >105 meV (QELS) >71 meV (OKE). The present observed
frequency was taken into the phonon frequency which was the fastest in the ionic motion.
The energy difference of about 100 meV between OKE and conductivity will be related to the
effective jump frequency factor in the many-body interacting system.

These present results, which are strongly coupled with the elementary excitation from
oscillation to ionic diffusion in the picosecond time domain, would be of prime importance for
the superionic conduction mechanism.

Acknowledgments

The authors thank Professor A Imai of AICHI Institute of Technology for preparing the β-
alumina sample. The authors wish to acknowledge the contributions of Mr I Tanaka in the
procedure of polishing the crystal. This work was supported by the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan, through Grant in Aid for Scientific
Research on Priority Areas 439.

References

[1] Kummer J T 1972 Prog. Solid State Chem. 7 141
[2] Collin G, Boilot J P, Colomban Ph and Comes R 1986 Phys. Rev. B 34 5838
[3] Collin G, Boilot J P, Kahn A, Thery J and Comes R 1977 J. Solid State Chem. 21 283
[4] Kodama T and Muto G 1976 J. Solid State Chem. 19 35
[5] Roth W L 1972 J. Solid State Chem. 4 60
[6] Whittingham M S and Huggins R A 1971 J. Electrochem. Soc. 118 1
[7] Whittingham M S and Huggins R A 1972 National Bureau of Standard (NBS) Spec. Publ. 364 139
[8] McWhan D B, Shapiro S M, Remeika J P and Shirane G 1975 J. Phys. C: Solid State Phys. 8 L487
[9] Shapiro S M and Salamon M B 1979 Fast Ion Transport in Solids (New York: Elsevier–North-Holland) p 237

[10] Hao C H, Chase L L and Mahan G D 1976 Phys. Rev. B 13 4306
[11] Chase L L, Hao C H and Mahan G D 1976 Solid State Commun. 18 401
[12] Hattori T, Nakata H, Imanishi T, Kurokawa H and Mitsuishi A 1981 Solid State Ion. 2 47
[13] Colomban Ph, Mercier R and Lucazeau G 1981 J. Chem. Phys. 75 1388
[14] Lucazeau G 1983 Solid State Ion. 8 1
[15] Nelson K A and Ippen E P 1989 Adv. Chem. Phys. 75 1
[16] Dougherty T P, Wiederrecht G P, Nelson K A, Garrett M H, Jenssen H P and Warde C 1994 Phys. Rev. B 50 8996

11

http://dx.doi.org/10.1016/0079-6786(72)90007-6
http://dx.doi.org/10.1103/PhysRevB.34.5838
http://dx.doi.org/10.1016/0022-4596(77)90127-X
http://dx.doi.org/10.1016/0022-4596(76)90147-X
http://dx.doi.org/10.1016/0022-4596(72)90133-8
http://dx.doi.org/10.1149/1.2407944
http://dx.doi.org/10.1088/0022-3719/8/22/001
http://dx.doi.org/10.1103/PhysRevB.13.4306
http://dx.doi.org/10.1016/0038-1098(76)90034-X
http://dx.doi.org/10.1016/0167-2738(81)90019-9
http://dx.doi.org/10.1063/1.442145
http://dx.doi.org/10.1016/0167-2738(83)90035-8
http://dx.doi.org/10.1002/9780470141243.ch1
http://dx.doi.org/10.1103/PhysRevB.50.8996


J. Phys.: Condens. Matter 19 (2007) 456215 O Kamishima et al

[17] Imai A and Harata M 1972 Japan. J. Appl. Phys. 11 180
[18] Vohringer P and Scherer N F 1995 J. Phys. Chem. 99 2684
[19] Cho M, Du M, Scherer N F, Fleming G R and Mukamel S 1993 J. Chem. Phys. 99 2410
[20] Bruesch P, Strassler S and Zeller H R 1975 Phys. Status Solidi 31 217
[21] Hart T R, Aggarwal R L and Lax B 1970 Phys. Rev. B 1 638
[22] Klemens P G 1966 Phys. Rev. 148 845
[23] Andrade P R and Porto S P S 1973 Solid State Commun. 13 1249
[24] Rothschild W G 1976 J. Chem. Phys. 65 455
[25] Pauling L 1928 Z. Krist. 67 377
[26] Williams G and Watts D C 1971 Trans. Faraday Soc. 66 800
[27] Ngai K L and Strom U 1988 Phys. Rev. B 38 10350
[28] Walstedt R E, Dupree R, Remeika J P and Rodriguez A 1977 Phys. Rev. B 15 3442
[29] Meyer M, Maass P and Bunde A 1993 Phys. Rev. Lett. 71 573
[30] Maass P, Meyer M and Bunde A 1995 Phys. Rev. B 51 8164
[31] Matsubara T 1975 J. Phys. Soc. Japan 38 1076
[32] Sakata M, Hoshino S and Harada J 1974 Acta Crystallogr. A 30 655
[33] Harada J, Suzuki H and Hoshino S 1976 J. Phys. Soc. Japan 41 1707
[34] Kawaharada I, Hattori T, Ishigame M and Shin S 1994 Solid State Ion. 69 79
[35] Iwai Y, Kamishima O, Kuwata N and Kawamura J 2007 Solid State Ion. to be submitted
[36] Sato H and Kikuchi R 1971 J. Chem. Phys. 55 677

12

http://dx.doi.org/10.1143/JJAP.11.180
http://dx.doi.org/10.1021/j100009a027
http://dx.doi.org/10.1063/1.465256
http://dx.doi.org/10.1002/pssa.2210310124
http://dx.doi.org/10.1103/PhysRevB.1.638
http://dx.doi.org/10.1103/PhysRev.148.845
http://dx.doi.org/10.1016/0038-1098(73)90574-7
http://dx.doi.org/10.1063/1.432789
http://dx.doi.org/10.1103/PhysRevB.38.10350
http://dx.doi.org/10.1103/PhysRevB.15.3442
http://dx.doi.org/10.1103/PhysRevLett.71.573
http://dx.doi.org/10.1103/PhysRevB.51.8164
http://dx.doi.org/10.1107/S0567739474001574
http://dx.doi.org/10.1016/0167-2738(94)90453-7
http://dx.doi.org/10.1063/1.1676137

	1. Introduction
	2. Experimental details
	3. Results
	4. Discussion
	4.1. The static disorder Gamma _{0}
	4.2. The anharmonicity Gamma _{CA}
	4.3. The ionic diffusion Gamma _{D}

	5. Conclusion
	Acknowledgments
	References

