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Quasielastic light scattering in the one-dimensional superionic conductor hollandites
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The wave-vector, polarization, and temperature dependencies of the quasielastic light scattering
(QELS) have been studied in the one-dimensional superionic conductor K and Cs hollandite crys-
tals. Based on the wave-vector and the temperature dependencies, the origin of the QELS has been

attributed to ionic hopping in a one-dimensional tunnel. The polarization characteristics of the

QELS for the K hollandite can be well explained by the "pair diffusion model" applied to a one di-

mensional ion hopping process. The temperature dependence of the QELS intensity is found to de-

pend drastically on the ionic species. This is well explained in terms of the extended "pair diffusion

model, " in which the distribution of activation energy for ion hopping is introduced.

I. INTRODUCTION

Superionic conductors have attracted considerable and
growing interest not only for the usefulness of the high
ionic conductivity, but also from the viewpoint of basic
research in solid-state physics. Among the many
superionic conductors, ' hollandite is one of the impor-
tant materials in the basic research of the superionic con-
ductors, since the ion-conduction mechanism is expected
to be simple, and the clearcut theoretical treatment could
possibly describe the system, ' owing to the one-
dimensional (1D) crystal structure.

Hollandite has a chemical formula A 2~ M Ti8 x 0
(where A =K+,Rb+,Cs+,Tl, . . . ; M =Mg +,Zn +,
Cu +, . . . ), belonging to a space group C~h (14/m ). "
A primitive unit cell contains one chemical formula of
A 2 M Ti8 0,6. Hollandite has tunnels aligned in one
direction. The framework is constructed by Ti06 octahe-
dra, and the 3 + ions are kept in the tunnels formed in
the framework. By replacing a part of Ti + ions by M +

ions, vacancies are introduced on the A+-ion sites to
compensate for the negative charge imposed by this re-
placement. Thus, A + ions can move along the c axis
through the vacancy.

During the last decade the 1D characters of mobile
ions in hollandite have been studied experimentally with
x-ray' ' and electron diffraction' ' and NMR. ' '

From the ac conductivities of hollandite, ' a large
difference between conductivities in parallel and perpen-
dicular directions to the c axis is found. From the mea-
surements of the specific heat below 3 K, it is shown
that the low-energy excitations due to the ion-ion interac-
tions ' ' play an important role in the dynamics of the
ionic diffusion mechanism for hollandite. From the mea-
surements of infrared reflection and Raman scattering for
hollandite, the vibrational properties are discussed in re-
lation to the breakdown of the translational symmetry for
the crystal. In particular, from low-frequency light-
scattering measurements the attempt frequencies for Tl+
and Cs+ species are determined.

Recently, it has been shown that quasielastic light
scattering (QELS) is a very powerful tool in the study of

the microscopic ionic diffusion process in superionic con-
ductors. ' Theoretically, Klein derived the frequency
dependence of QELS for superionic conductor, assuming
that there are several inequivalent sites for mobile ions in
a primitive unit cell. ' After that, Dieterich and
Peschel proposed the "pair diffusion model, " assuming
the classical ion-hopping process. In this model they
developed the frequency dependence of the QELS spec-
trum and showed that the intensity of QELS diverges at
v=0 for the 1D ion-hopping process. This singular na-
ture of the QELS for the 1D ion-hopping process is quite
different from the results of Klein's treatment. Since this
system is considered to be a prototype of a 1D ion con-
ductor, and the mobile ions in hollandite have little inter-
channel interaction, ' ' it is very interesting to study
the behavior of QELS in this material.

In this paper we reveal the origin of QELS observed
for hollandite. Furthermore, the polarization charac-
teristics and the temperature dependence of QELS are in-

vestigated in detail to clarify the microscopic ion-hopping
process for hollandite.

II. EXPERIMENTAL PROCEDURES

K and Cs hollandite (Kz„Mg„Tis,O|6, x =0.8 and

Csz„Mg„Tis, 0,6, x =0.6) single crystals have been

prepared by a flux method. We describe the procedure of
flux method in the case of K hollandite. The reagents
used for the crystal growth of Cs hollandite are indicated
in parentheses.

(1) High-purity KzCO3 (Cs2CO3), MgO, and TiOz were
mechanically mixed in the mole ratio 3:1:3.The mixture
was melted in air using a 70-kW large solar furnace to
synthesize hollandite.

(2) The mixture of high-purity K2MoO~ (Cs2Mo04)
and MoO3 in the mole ratio 2:1 was used as a flux.

(3) A 30-ml platinum crucible was loaded with about
90 g flux and 25 g hollandite powder.

(4) The covered crucible was sealed by caulking using a
platinum ribbon, and then inserted in an electric furnace.
The temperature of the furnace was elevated to 1643 K at
a rate of 170 K/h. After the crucible was kept at about
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1643 K for 3 h, the furnace was cooled at a rate of 3.5
K/h down to 1193 K and switched off. The flux was dis-
solved in water.

The single crystals obtained have a needlelike shape
with dimensions of about 0.2X0.2X10 mm on the aver-
age. The analytical electron microscope was used to
characterize the synthesized crystal. The results of the
analysis showed that the values of x were 0.80+0.05 and
0.60+0.05 for K2~Mg„Ti8 „0,6 and Cs2„Mg„Tis—xo&6
respectively. The single crystals were cut into a rec-
tangular shape having (100), (010), and (001) faces. All
faces of the crystals were polished to give optically
smooth surfaces sufficient for use in the light-scattering
measurements.

To measure QELS we used a tandem Fabry-Perot in-

terferometer equipped with a grating monochromator. A
single-mode oscillation of the 5145.36-A line from an
Ar-ion laser was used as an excitation source. Since the
apparatus used here ' is virtually identical to that used
by Lyons and Fleury in conjunction with an iodine-
vapor filter for the study of very-low-frequency spectra,
only a brief description is given for the QELS measure-
ment system. The elastic component of the scattered
light was reduced to less than 10 by the iodine vapor
filter, and the scattered light was coarsely dispersed by
a grating monochromator having a resolution of 10
cm '. The monochromatic" light was then directed
into a tandem Fabry-Perot interferometer, which consists
of two single-pass Fabry-Perot interferometers having
free spectral ranges of 9.7 and 1.45 cm ', respectively.
The finesse of each interferometer was about 50. Each of
two interferometers was set in the airtight box, which
was connected to a common pressure buffer. The fre-
quency was scanned by varying the pressure of freon gas
in the box. The scanning of the interferometers and the
drive of the grating monochromator were controlled syn-
chronously by a microcomputer.

With this system, the interferences of different orders,
which appear with an interval of 29.1 cm ', were unam-
biguously eliminated to give strictly one frequency free
from any stray light. The resolution of the total system
was 0.03 cm '. The signal was recorded by a single-
photon-counting method. The samples were heated by
an electric furnace or cooled by a liquid-nitrogen cryostat
in vacuum.

III. RESULTS AND DISCUSSION

A. Polarization characteristics of QELS

In general, the QELS spectrum appears upon Rayleigh
scattering with a peak at wave-number shift 0 cm . Fig-
ure 1 shows the observed QELS spectrum of K hollan-
dite, which is measured in a right-angle scattering
geometry with the polarization X(Z,Z)1' at room tem-
perature. Here, an orthogonal Cartesian coordinate sys-
tem X, Y, Z is set with the Z axis parallel to the crystal c
axis and the X and Y axes parallel to the other two crys-
tal axes. In this figure the spectrum is strongly deformed
by the structured transmission efficiency of the iodine-
vapor filter. Furthermore, the scattering intensity in the

K2x ~Tis-x Ois
X=0-8

X(Z, Z)Y

-05 0
SHiF T (cm-')

0.5

FIG. 1. QELS spectrum for K hollandite at room tempera-

ture, which is greatly deformed by the structured transmission
efficiency of the iodine-vapor filter.

frequency region inside +0.03 cm ' is completely
masked by the absorption of iodine vapor. In order to es-
timate the half-width of the spectrum, we reconstructed
the true spectrum from this curve by normalizing it using
a transmission spectrum of the iodine-vapor filter. If we

try to fit the reconstructed spectrum by a Lorentzian, the
half-width will be approximately 0.1 cm

In the mechanism of QELS in solids, various origins
are known; that is, ion hopping, ' fluctuation of den-
sity in the heat-conduction process, ' structural phase
transitions, and the two-phonon-difference process in
second-order Raman scattering. In the case of
QELS, due to the heat-conduction process the half-width
should be proportional to the square of the wave-vector
transfer. However, from our measurement the value of
the half-width does not show a scattering-angle depen-
dence for 5', 90', and 180'. Therefore, the heat-
conduction process is unlikely to be responsible for the
observed QELS. Furthermore, from the value of half-
width it is not plausible to ascribe the observed QELS to
the second-order Raman effect arising from the two-
phonon-difference process, since the two-phonon-
difference band extends usually to several cm '. ' From
these facts, the observed QELS is considered to be due to
ion hopping in hollandite crystal.

The polarization characteristics of QELS due to ion
hopping are very useful to understand the hopping mech-
anism, because the Raman-scattering tensor of QELS is
closely related to the ion-hopping processes. In order to
determine the Raman tensor of QELS, we measured the
spectra in several different scattering geometries and
polarizations. Since the superradiance of the Ar-ion laser
might spoil the measurement in the very-low-frequency
region, we have taken special caution against the fluores-
cence from the laser throughout the series of experi-
ments. In the backscattering geometry, we eliminated
the bright spot on the front surface of the sample from
the entrance slit of the premonochromator by tilting the
laser beam by about 5'. We also used a small pinhole just
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before the laser collimating lens to remove divergent light
from the laser. By using these two precautions, we were
able to obtain reliable spectra free from an influence of
fluorescence of the laser plasma. Furthermore, we have
made a more severe test to exclude the possibility of
fluorescence: Instead of the sample, we placed a piece of
ceramic which gave Rayleigh scattering about 10 times
larger. In this case, the intensity of the fluorescence was
about 10—20 counts/s. By dividing the intensity of the
fluorescence by 10, we estimated the contribution of the
Iluorescence in the QELS measurements to be about 10
counts/s. This count rate is negligibly small compared to
the QELS intensity in K and Cs hollandites (3—7
counts/s). In Figs. 2 and 3 the observed QELS spectra at
300 K are shown. The integrated intensity of each spec-
trum is estimated after subtracting dark counts. The re-
sults are shown in the following matrix form after nor-
malizing each component, assuming that the integrated
intensity in polarization component X(Z, Z)Y is equal to
that in Y(Z, Z) Y:

61 2 4
2 61 4
4 4 100

In this matrix it is seen that only the diagonal com-
ponents have large values compared with the o6'-diagonal

I

components. Neglecting the small values of the off-
diagonal components, this matrix is found to correspond
to a squared Raman tensor with the symmetry of 3 in
the point group C4I, .

In the Klein's treatment, ' it is assumed that there
are several inequivalent sites for mobile ions in a primi-
tive unit cell. In the case of hollandite, each primitive
unit cell includes two 10 ion-hopping channels. Since
mobile ions cannot hop perpendicular to the c axis, it will
be appropriate to consider the ion hopping only in a sin-
gle channel for hollandite. As the single-ion channel has
only one mobile-ion site in a primitive unit cell, all of the
mobile-ion sites in the single channel are considered to be
equivalent by translational symmetry. Therefore, it is
diScult to understand the observation of QELS in hollan-
dite from Klein's point of view.

On the other hand, the creation and annihilation of the
ion pair are possible in hollandite crystal. In the pair
dift'usion model proposed by Dieterich and Peschel, it is
assumed that the polarizability of the ions changes when
they make a "pair, " which means simultaneous occupa-
tion of the adjacent two sites by two ions. When the ions
hop from one site to the other site, the pair will be creat-
ed or annihilated, leading to polarizability fluctuation,
which induces QELS.

The contribution to the polarizability tensor from pairs
is given by the following equation,

a„„=,
' g [(a~~+2—at)5„„/3+(all & ~P' 6p ~" I ~ "I+s I) '

1, 6

(2)
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FIG. 2. Polarized QELS spectra in K hollandite at room
temperature measured in backseat tering configurations
Y(X,X)Y, Y(Z, Z)Y, and Y(Z,X)Y by using an iodine-vapor
filter. A horizontal baseline for each spectrum is the dark-count
level.

FIG. 3. Polarized QELS spectra in K hollandite at room
temperature measured in right-angle-scattering configurations
X( Y,X)Y, X(Z, Z) Y, and X(Z,X)Y by using an iodine-vapor
filter. A horizontal baseline for each spectrum is the dark-count
level.
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where a~~ and aj are the polarizability components of a
pair, which are parallel and perpendicular to the pair
axis, respectively. I denotes the site and I +5 denotes the
nearest-neighbor site of site I. 5„and 6 are components
of a unit vector which is parallel to the pair orientation.
5„, is a Kronecker delta. The function nI(t) is the aver-
age occupation number of site I at time t for a given ini-
tial particle distribution nt(0) at t =0.

Since the orientation of the pair is always parallel to
the c axis in this case, the polarizability tensor is written
in following matrix form,

1a
2

a, g n, (t)n&+s(t) .
1, 5

(3)

Equation (3) is just the same form as the matrix form
given by Eq. (1) obtained by our experiment. Thus, the
polarization characteristics of the QELS intensity in K
hollandite can be well explained by the pair diffusion
model applied to the one-dimensional ion-hopping pro-
cess.

B. Temperature dependence of QELS

We have measured the temperature dependence of the
QELS intensity at fixed frequency 0.05 cm ' for K and
Cs hollandites through a frequency window with a width
of 0.03 cm ', which corresponded to the resolution of
the interferometers. This method has an advantage over
the usual spectrum measurement in studying the ionic
diffusion process, that is, when the QELS intensity is
measured at a Axed frequency as a function of tempera-

(a„,(t)a„,,(0)) cc g g (nl(t)n&+&(t)nl (0)ni+s(0)) . (4)

Here, the time development of nt(t) in Eq. (4) can be de-
scribed by the following equation;

nI(t) =—g r[n&+&(1 —ni )
—ni(1 nl+—s)](t) . (5)

Here, I is the hopping rate of the ions. This equation
means that the time development of occupation number
at site I is given by the difference of the hopping number
from site I +5 to site I and from site I to site I +6. Then,
the equation of motion for pairs n& (t)nl +&(t) is given as
follows,

ture, the correction for the absorption spectrum of
iodine-vapor filter is not necessary to estimate the value
of I .

The results are shown in Figs. 4 and 5 (solid circles).
Here, the experimental data points were smoothed by the
least-squares method using a polynomial. The tempera-
ture dependence of the QELS intensity for Cs hollandite
has a maximum around 420 K, as seen from Fig. 5. On
the other hand, the QELS intensity for K hollandite in
Fig. 4 shows very weak temperature dependence, where a
maximum of QELS intensity seems to appear around 125
K.

As mentioned in subsection A, polarization charac-
teristics of the QELS intensity in hollandite crystal have
been understood by the pair diffusion model. Therefore,
we have analyzed the temperature dependence of the
QELS intensity by using the same model.

In this model, the time correlation function
(a„„(t)a„„(0)) can be written as

—[n(n(+s(t)]=r g (nl'+s' nl')nl'+5+ g nl'(nl'+s+s' nl'+h)dt 6'@6 6'~ —5
(6)

10

K2Pox (8-~oI6
X=OS

at 0.05cm '

Using a Green s-function technique, Dieterich and
Peschel give an analytical solution of Eq. (6) for one-
dimensional ion hopping as follows,

1 [Z (Z +8I )+ 16I sin (q l2)]' —Z
D, , q, Z =

4r Z +21 sin ( q /2 )

~~10

Z
LLI

X

Here, D»(q, Z) is the pair propagator in one dimension,

q is the wave vector, and Z is —ice. Then, the spectrum
is given by ReD»(q, —i'). For q =0, ReD»(0, —i'),
which represents the frequency dependence of QELS, can
be easily deduced as follows,

O 1 2 3 4 5 6 7 8 9 1Q 11 12 13

1Q IT (K )
IoI(m)=

1/2
1+[1+(8ry~)']'"

2
(8)

FIG. 4. Temperature dependence of the QELS intensity in K
hollandite measured at a frequency shift 0.05 cm '. The dashed
curve a represents the one calculated by using Eq. (8). The solid
curve b shows the one calculated by using Eq. (14).

To calculate the temperature dependence of the QELS
intensity, the hopping rate of the ions is assumed to have
a simple form of activation type, as follows,
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CS2xMgx Tie-xote
X=O-6

gt 005cm '

through the Nernst-Einstein relation as

N„(Ze)

k, T
(10)

Ul

z]
LQ
OC

Here, Ze is the charge of the carrier, N, is the number of
carriers, and D is the diffusion coefficient of the hopping
ions, which is given by a random-walk model in the 10
case as

q a

D =(ao/2)f .

Here, ao is the hopping distance and f is a correlation
factor of the order of 1. Then, the ionic conductivity cr is
given as follows,

N„(Ze) ao2 fI oexp
keT

(12)

1 =I oexp( —b, /keT) . (9)

Here, I o is the attempt frequency and 5 is the activation
energy of the ions.

As discussed by Dieterich and Peschel, the pair propa-
gator D, , (O, Z) diverges for Z~O and the spectrum
diverges as ( I/co)'~ for co~0, retlecting the singular na-
ture of the spectrum in one dimension. Furthermore, it is
easily shown that when lnI(co) is plotted as a function of
1/T, the temperature dependence of lnI(co) shows a max-
imum at a characteristic temperature

T,„=—5/ke ln[(2+ &5) ' (co/I o) /4],
where a relation I =[(2+&5)' /4]co holds between I
and co. The slope of lnI (co) is then given by b /2k& at ex-
tremely high temperatures above T,„,while the slope of
the lnI (co) is given by —b /ks at extremely low tempera-
tures below T,„.

To evaluate the temperature dependence using Eqs. (8)
and (9), the values of b and I'o are necessary. The ionic
conductivity 0. can be related to the diffusion coefficient

3 4 5 6
10 IT(K )

FIG. 5. Temperature dependence of the QELS intensity in Cs
hollandite measured at a frequency shift 0.05 cm '. The dashed
curve a represents the one calculated by using Eq. (8). The solid
curve b shows the one calculated by using Eq. (14).

As the value of cr is strongly frequency dependent, we
have to use a value at 1.5 GHz corresponding to the fre-
quency of observation in QELS. For Cs hollandite, the
values of 5 and I 0 are estimated from the conductivity
data at 1.5 GHz (Ref. 43) using Eq. (12). For K hollan-
dite, on the other hand, the values of 5 and I 0 are es-
timated from the conductivity data at 30 GHz (Ref. 21)
using Eq. (12) because no conductivity data at 1.5 GHz
are available. The estimated values of I 0 and 6 for Cs
and K hollandite are listed in Table I, together with the
reported values of cr( T). '

Using the estimated values of I o and b„ the intensity of
QELS at co=0.05 cm ' is calculated from Eqs. (8) and
(9). The results are shown by dashed curves (a) in Figs. 4
and 5 for K and Cs hollandites, respectively. This simple
model can explain two remarkable behaviors of the tem-
perature dependence. First, the temperature of the inten-
sity maximum is higher for Cs hollandite than for K hol-
landite. Secondly, the temperature dependence is more
pronounced in Cs hollandite than in K hollandite. These
behaviors can be qualitatively understood in terms of the
difference in the activation ent:rgy of the ion hopping.
However, it is seen from these figures that the shape of
the calculated curves does not agree with the experimen-
tal results. This fact suggests the existence of distribution
in the hopping rate I . The distribution of I for hollan-
dite has been already suggested by Beyeler et al. They
have proposed an exponential-type distribution function
to explain the frequency dependence of the ionic conduc-
tivity of hollandite in the frequency region 10 —10 Hz,

TABLE I. Values of parameters which are used for the numerical calculation of Eqs. (8), (12), and
(14).

Sample (num)
T

(K) (cm ')

Parameter

(eV)
r,

(Hz)
T
(K) (eV) (eV)

K2x Mg T18—x 016
(x =0.08)

Cs& Mgx Tie „0«
(x =0.6)

0.40

0.0045

508 0.04 0.10

284 2.60X10" 0.15 0.19X 10" 850 0.10 0.19

160 1.52 X 10 ' 0.058 3.2 X 10'
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S(cu, T)= J P(b, )I(a), T, E)db, .
I

(14)

Here, the function I(co, T, h) is defined by Eqs. (8) and
(9). b, z and b& are upper and lower limits of activation-
energy distribution, respectively. In calculating Eq. (14),
we used the values of I o and T given in Table I, which
have been reported by Yoshikado et al. ' ' 5& and 5&

were used as adjustable parameters.
When the values of 6& and 6& given in Table I are

used, the observed temperature dependence of QELS can
be well fitted by the curves of S(co, T) calculated from Eq.
(14) for Cs hollandite (Fig. 5, curve b) For K .hollandite,
the calculated curve S(~, T) gives good agreement with
the experimental curve below 195 K.

This distribution in the hopping rate I is also used to
understand the line shape. In order to compare the ex-
pected spectrum with the experimental results, we simu-
lated a spectrum, which should be observed through the
iodine-vapor filter, by using a "true spectrum" calculated
from Eq. (14) with the parameters indicated in Table I.
In this calculation we used the transmission spectrum of
the iodine-vapor filter measured under the same condi-
tions as in Fig. 3, by using a tungsten lamp as a light
source. As shown in Fig. 6(a), the simulated spectrum is
fairly good agreement with the observed X(Z, Z) Y spec-
trum. However, the peak is more pronounced for the
X (Z, Z) Y spectrum in Fig. 1 and the Y(Z, Z) Y spectrum
in Fig. 2. This discrepancy in the observed shape of the
tail is not ascribed to the wave-vector dependence. It is

experimentally confirmed that the shape of the tail de-
pends on the position of the sample, in contrast to the
good reproducibility of the main feature around 1 GHz.
Such a situation might be possible if the barrier-height
distribution is not homogeneous through the sample.
From Eq. (8), the QELS intensity should be proportional
to co

' in the low-frequency limit and to co in the
high-frequency limit. If there are high barriers, the shape
of the spectrum becomes more like co rather than—1 /2
cu . As an example, we show a simulated curve in Fig.
6(b) for b, =0.17 eV, which is 0.07 eV higher than the
upper limit of the above-mentioned distribution. This
simulation gives a shape with a pronounced peak and a
small tail, which reproduces the observed spectral shape
taken in X(Z, Z) Y geometry.

The distribution of activation energy introduced above
can be understood as follows. The intrinsic barrier,
which is formed by the crystal structure itself, has equal

while a Gaussian distribution function of the relaxation
time has been proposed in the case of other superionic
conductors, for example, P-alumina and yttria-
stabilized zirconia. ' ' In this paper, we use the
exponential-type distribution function P(b, ) introduced
by Beyeler et al. According to Beyeler's treatments,
P(b, ) is given as follows,

P ( 5 ) =P oexp( 3, /—k~ T,„) .

Here, T is a mobility transition temperature which
determines the distribution of activation energy.

The QELS spectrum S (co, t) can be represented by an
integral form,

V)

X
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lX
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X
UJ
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0
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lD
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~ 0

~ ~
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FIG. 6. (a) Solid curve indicates the simulated spectrum for
K hollandite at 300 K (see text). The dots represent the
X(Z, Z) Y spectrum reproduced from Fig. 3. Dashed line indi-
cates the dark-count level. (b) Solid curve indicates the simulat-
ed spectrum for K hollandite at 300 K (see text). The dots
represent the X {Z, Z) Y spectrum reproduced from Fig. 1.
Dashed line indicates the dark-count level.

In conclusion, we have observed QELS in 1D superion-
ic conductor K and Cs hollandites, and revealed that the
origin of QELS is ion hopping in the 1D tunnel. The
main results and interpretations can be summarized as
follows.

(1) The polarization characteristics of QELS in K hol-
landite can be explained in terms of the pair diftusion

barrier height. However, there are randomly distributed
additional higher-energy barriers, called extrinsic bar-
riers, which are formed by defects or impurity atoms in
tunnels. Such extrinsic barriers are responsible for the
high-activation-energy part of the distribution. On the
other hand, a collective excitation caused by ion-ion in-
teractions ' ' ' will contribute the low-activation-4, 6, 24, 46

energy part of the distribution.

III. CONCLUSIONS
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model assuming 1D ion hopping.
(2) The temperature dependence of the QELS intensity

depends drastically on the hopping-ion species and shows
a maximum typical for the ionic conductors.

(3) The temperature dependence of QELS in hollandite
crystals is well explained by introducing a distribution of
the activation energy, which has been obtained from ac
conductivity.
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