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Materials of the hollandite structure with the general formulae K= AI= TIs_ = O16 and 
K= Mgx/2 Tis-=/~ O 16 have been synthesized in the composition range 1.6 ~< x ~< 2.9 and 
their dielectric properties have been measured in the temperature range 77 to 800 K and 
the frequency range 10 -3 to 106 Hz. The observed response shows a whole range of 
features characteristic for both charge carrier and dipolar polarization processes and 
these are seen as being associated with the one-dimensional transport in channels in the 
hollandite structure. At low temperatures the dominant response is the "universal" 
dielectric relation in which the loss follows the law • cc c0" -1, with the exponent 
n < 1 and equal specifically to approximately 0.7. This is followed at 120 to 180 K by a 
distinct loss peak superimposed on the above law, and finally at higher temperatures by a 
region of strong dispersion which is associated with strongly interacting many-body 
processes between charged carriers restricted by defects to move in limited regions of the 
channels. 

1. Introduction 
Solid electrolytes, otherwise known as fast ion 
conductors, have been receiving a considerable 
amount of  attention in recent years on account of  
their remarkably high ~ ionic conductivity With the 
attendant promise of  applications, e.g~ in solid 
batteries [1-4] .  These materials also pose some 
very interesting questions with regard to the 
theory of transport of ions in solids; but more  
specifically, their dielectric response reveals 
certain unique features Within the broader context 
of the dielectric response of solids [5-8] .  

It is possible to distinguish between three-, 
two- and one-dimensional ionic conductors, accord- 
ing to the easy directions of transport in them. 
In this way /3PbF2 is three-dimensional [9], 
while ~-alumina is two-dimensional. As with one- 
dimensional electronic conductors [10], it is to 
be expected that the one-dimensional ionic con- 
ductors may show specific features of behaviour 

distinguishing them from the other two classes. 
The significant point is that a point-defect or 
obstacle to carrier motion has a m u c h  more 
dramatic effect in a one-dimensional system than 
in two- or three-dimensional systems. 

A particular class of  one-dimensional conduc- 
tors in which K + ions move in well-defined uni- 
directional tunnels is represented by the materials 
ofhollandite structure: 

K~AlxTis_x016 and KxMgx/2Tis_x/2016 

with the composition range 1.6 < x < 2.0, in both 
cases. The structure, preparation and the principal 
properties, such as the direct current (d.c.) con- 
ductivity, oo(T) as function of temperature for 
these materials have been described by Rdau 
et aL [11,12] .  These authors reported that Co.(7; ) 
at a given temperature increases with x in the A1 
series but decreases in the Mg series. At 600K 
the increase between x =  1.6 and 2.0 is by a 
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T A B L E I Values of the activation energy W x (eV) 
depending upon the composition fraction x 

X 

1.6 1.7 1.8 1.9 2.0 

A1 series 0.78 0.74 0.69 0.65 0.58 
Mg series 0.80 0.88 0.97 1.07 1.18 

Zi 
6 ,  

O~ 

Figure 1 A schematic representation of the complex 
impedance diagram of a typical ionic conductor. The 
tilted circular arc corresponds to a "universal" capacitance 
Cn(cO) in parallel with a frequency-independent con- 
ductance Go, the low-frequency "spur" arises from the 
presence of a series "barrier" capacitance. "O" represents 
the centre of the arc. 

factor of 60 for M and the corresponding de- 
crease in Mg is by a factor of 100. It is clear, 
therefore, that the dominant factor is the mobility 
of the K + ions in the tunnels rather than their 
density. The mobility increases with increasing x 
in the M solid solution and decreases with in- 
creasing x in the Mg solid solution. 

The temperature dependence of the d.c. con- 
ductivity may be expressed by the relation 

4 oo(T)  = A e x p  - - ~ -  ~ +  (1) 

where A and To are constants, k is Boltzmann's 
constant and Wx is an activation energy which 
depends on the composition x. The form of 
Equation 1 implies that the pre-exponential 
factor depends on W x in accordance with the 
generally applicable compensation rule [ 1 3 ] .  
The values of W= given in Table I were reported. 

2. Impedance measurements 
Most electrical measurements on ionic conductors, 
including the determination of  d.c. parameters, 
are, in fact, carried out by alternating current 
techniques using the complex impedance (Z) 
plots. The reason for this is that contact and inter- 
facial phenomena make it difficult to determine 
the d.c. conductivity directly. 

The complex Z plots for many materials have 
the form of well-defined circular arcs inclined to 
the horizontal at an angle art/2 falling typically 
in the range between 10 ~ and 25 ~ as shown 
schematically in Fig. 1. At sufficiently low fre- 
quencies this arc may go over into a well-defined 
inclined "spur" signifying the presence of a series 
contact barrier. Whereas the generally accepted 
interpretation of these inclined arc Z plots invokes 
some forms of distributions of  "relaxation times", 
one of us has proposed an interpretation in terms 
of the same "universal" many-body mechanism 
as is found in a large number of other dielectric 
materials [6, 7, 14]. In this interpretation, the 
complex dielectric permittivity may be expressed 
by the following universal relation as function of 
the radian frequency, co, 

e(co) = e ' (w)  -- ie"(co) = e= + a( iw)  n-1 

= e= + a[sin (nzr/2) -- i cos (nzr/2)] co n-l ,  

(2) 

where e= is the limiting "high frequency" value of 
the permittivity and the exponent falls typically 
in the range 0 < n < 1. The constant a determines 
the "strength" of  the polarizability arising from 
the universal mechanism in question. 

A characteristic feature of  this "non-Debye" or 
universal relationship is that the ratio of the 
imaginary to the real parts of the dielectric suscep- 
tibility •  is independent of 
frequency: 

e"(a)) 
e'(co) - e= 

- cot(n~/2).  (3) 

We note that this ratio is smaller than unity for 
n >�89 and becomes larger than unity for n <�89 
The magnitude of the exponent n is associated 
in the many-body interpretation with the streaagth 
of particle-particle coupling, in the present 
instance the ion- ion coupling, small values of n 
corresponding to strongly interacting systems [7]. 

The somewhat limited range of data published 
b y  R~au et  al. [12] gives strongly inclined arcs 
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which are not well-developed on the low-frequency 
side and do not show any sharply defined tran- 
sition into t h e  spur region, in marked contrast 
with, for instance, the response of/3-PbF= [9]. 
The value o f  n derived from these data is approxi- 
mately 0.7. 

The data reported in the present paper were 
taken partly at Bordeaux and partly at Chelsea, 

the respective ranges of  temperature and fre- 
quency being: Chelsea 10 -~ to 10 ~ Hz, 77 to 373 K, 
Bordeaux 5 to 106Hz, 473 to 873 K. The samples 
were prepared at Bordeaux by the same methods 
as described earlier. The measurements by the 
Bordeaux group were carried out using a Hewle t t -  
Packard 3575 A impedance meter with the samples 
placed in a furnace with inert gas atmosphere. 
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Figure 2 The frequency dependence of the real and imaginary parts of the relative permittivity, e r = e/e0, over the 
lower range of temperatures for one sample each of the Mg and AI series with x --- 1.8. 
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The Chelsea group were using their Solartron 3381 
automatic frequency response analyser (FRA) 
with automatic data recording and display [15]. 
We have established a good consistency of results 
between the two laboratories. 

The following compositions were investigated, 
the Bordeaux and Chelsea groups using separate 
samples prepared in the same runs: 

AI series x = 1.6, 1.7, 1.8, 1.9, 2.0 

Mg series x = 1.6, 1.7, 1.8, 1.9, 2.0. 

3, Low-temperature measurements 
The low-frequency and low-temperature data for 
the composition x =  1.8 for both A1 and Mg 
hollandites are presented in Fig. 2 as plots of  
e ' (~ )  and e"(~)  for a range of temperatures. The 
loss data for the Mg sample show a perfect example 
of the universal behaviour at 77 K with a value 
of the exponent n = 0.97, while those for the A1 
sample show a similar behaviour with a slight in- 
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crease of slope towards low frequencies, signifying 
the influence of  a more dispersive mechanism 

there. The corresponding e'(~) data show clear 
influence of e~ at high frequencies, with a value 
of the exponent n = 0.87, while those for the A1 
sidered quite reasonable for this type of material. 

At 123 and 173 K both samples show clear loss 
peaks superimposed on the same general universal 
trend, with corresponding dispersion of ~ 
The low-frequency values of e'(w) now reach 
3 to 5 x 103, values which cannot reasonably be 
attributed to lattice polarizability. The peaks 
are much more pronounced in the AI samples, 
and it is interesting to note that the spread of 
values of the loss peaks is also larger between 
the various compositions than in the correspond- 
ing Mg series. This is shown in Fig. 3, where the 
amplitudes of the peaks are seen to grow in the 
sequence x = 2.0 -+ 1.6 ~ 1.8 4 1.7 ~ 1.9. By con- 
trast, in the Mg series the peaks at 123K are very 
closely spaced, while the 77 K loss data are equally 
narrowly spread as for AI. 
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Figure 3 The frequency dependence of the dielectric loss at 77, 123, 173 and 273 K for the entire range of composition 
of both Mg and AI series�9 The meaning of the symbols is the same in all four diagrams. Note the separate ordinate 
scales for the higher temperatures. 131 1 



With a further rise in temperature we find a 
rapid increase of both e'(w) and e"(co), the Mg 
series showing a steeper rise, with smaller values 
of the exponent n than the A1 series, but in both 
cases n < -~ is attained at the highest temperature 
of 373 K. The sequences of rising values of  both 
e'(~o) and e,(co) at constant low frequencies for 
different compositions are 2.0 ~ 1.7 ~ 1.8 -+ 1.9 
for AI and 1.9 ~ 1 . 7  -+1.6 ~ 2.0 ~ 1 . 8  for Mg 
series. 

While the details of the low-temperature be- 
haviour across the composition range are some- 
what complicated, there remain a few clear-cut 
features which may be summarized as follows: 

(i) three types of dielectric behaviour are 
clearly discernible, namely the classic universal 
behaviour given by Equation 2 at 77K, a loss 
peak in the intermediate temperature range and 
a strong low-frequency dispersion at 300K and 
ab ore; 

(ii) the real and imaginary parts of permittivity 
attain values which at the higher temperatures are 
completely incompatible with any form of lattice 
polarization and must, therefore, be attributable 
either to some form of spurious barrier phenomena 
or to the presence of charge carriers; 

(iii) the dielectric response seems to be practi- 
cally independent of  x in the two solid solutions. 

We shall return to a detailed discussion of the 
implications of this behaviour in a later section. 

4. H i g h - t e m p e r a t u r e  m e a s u r e m e n t s  
One of the immediately striking features of the 
dielectric response of hollandites at temperatures 
above 500 K is the shape of the complex Z dia- 
grams which become very broad and depart 
strongly from the classical inclined circular arc 
shape with a clearly distinguishable low-frequency 
spur. Fig. 4 shows typical examples of this type 
of response which is not compatible with any 
form of series combination of two different 
regions, such as the bulk and the barrier. 

This behaviour may be understood in terms of 
the frequency dependence of  the real and imagin- 
ary components of  the complex permittivity. 
Figs. 5 and 6 show the data for e'(co) and ~ 
in the upper temperature region for one example 
each from the Mg and A1 series, respectively. 
The onset of a strong low-frequency dispersion 
for both the real and the imaginary parts is evident, 
with the characteristic feature that their ratio 
remains approximately independent of  frequency. 
This is seen more clearly in the compilation of 
Fig. 7 which gives the data for e'(eo) and ~ 
plotted in pairs for the highest available tempera- 
ture for every composition in the two series. The 
dielectric loss follows the law of Equation 2 but 
with the values of the exponent n close to zero. 
The chain-dotted lines give the expected position 
of the real part e ' (~)  calculated from the Kramers-  
Kronig relation (Equation 3) with the appropriate 
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Figure 4 The complex impedance (Z) dia- 
grams for two Mg samples with x = 1.7 and 
1.8 and for an A1 sample with x = 1.6. 
These plots refer to the higher range of 
temperatures and they show clearly the 
strong departure from the more commonly 
found circular arc plots with a separate low- 
frequency part representing the effect of a 
separate barrier, as shown in Fig. 1. 
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value of  n. The agreement is seen to be excellent 
in some cases, while in others the graph of  �9 
shows a bulge with only gradual attainment o f  
parallelism, seen especially in the A1 samples. 
On closer inspection we note that the �9 data 
in these cases show a distinct change of  slope 
towards higher values of  n at the lowest fre- 
quencies and this necessitates a reduction o f  the 
ratio e"(w)/e'(w), as seen experimentally. This 
ratio is a more sensitive indicator o f  the value o f  
n than the slope of  the graph in the region of  small 
values o f  n. 

Figs. 5 and 6 show very clearly the gradual 
transition from the low-temperature universal 
response with values o f  n in the range 0.6 to 0.7, 
to the high-temperature strongly dispersive regime 
with small values of  n. This transition had already 
been apparent in Fig. 2 but is now much more 
fully developed. 

A different aspect of  this behaviour may be 
seen in Fig. 8 where the data for the Mg sample 
x = l . 8  and A1 sample x = 2  are shown in the 
"normalized" form obtained by translating the 
data for different temperatures laterally to bring 
them into coincidence. This technique can be 
very effective where there is a single mechanism 
of  polarization [7] but if more than one mech- 
anism is at play, it may be difficult to obtain 
the optimal fit for both �9 and e"(a~) in the 

low-frequency region, giving rise to some dis- 
crepancies at the higher frequencies. The locus 
of  the translation vector gives a good straight 
line plot against 1/T for the Mg sample, with 
an activation energy of  0.95 eV, but the A1 sample 
does not give such a clear-cut activation response. 
It should be noted that the normalized graphs 
for e' and e" have been displaced with respect 
to one another in the interest of  clarity, since 
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Figure 7 A compilation of the frequency dependence data at the highest available temperature for each of the com- 
positions in the Mg and A1 series. The real part e' is always denoted by open circles and the imaginary part e" by solid 
circles and the respective pairs are on a common ordinate axis, while different pairs are successively displaced vertically 
by one decade, to avoid undue overlapping. The values of the exponent n indicated in the diagrams are obtained from 
the low-frequency parts of the e" plots and the chain-dotted lines are then drawn at the Kramers-Kronig compatible 
separation to indicate the theoretically expected' position of the real part e'. This was not done for the upper two A1 
samples which show two slopes in the e" graph and the corresponding bulge in the e' plot. 1315 
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ence. The Mg sample gives a clear activation energy of  0.95 eV, the A1 sample shows no such simple relation. In order 
to avoid confusing overlapping the e~ and e r data were displaced laterally and the chain-dotted lines in each case indi- 
cate the theoretical posit ion of  e r with respect to e r. The points A denote  the corresponding positions on the displaced 
diagrams. The frequency scale refers to the e~(r data at the respective lowest temperatures. 
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they tend to intersect one another, as in Fig. 7. 
The chain-dotted line represents the proper 
position of e" relative to e' with the point "A" 
giving the correct relative positions on the dis- 
placed graphs. 0.95 eV is the same as the d.c. 
activation energy in Table I for the Mg com- 
pound. 

Finally, in Fig. 9 we look at the temperature 
dependence of the e' and e" at the lowest fre- 
quency, f = 5 Hz, for all compositions in the two 
series. This representation provides information 
about the activation energies at constant fre- 
quency, as well as the relative magnitudes of the 
dielectric permittivity in the low-frequency, high- 
temperature regime. It is now instructive to com- 
pare the information on Fig. 9 with that on 
Figs. 5 and 6. The latter represent the complete 
e(~,  T) responses for one particular composition, 
the former gives the relative values of e"(T) at 
5Hz for the different samples. The activation 
plots of  Fig. 9 give reasonably well-defined 
activation energies in the range 0.5 to 0.7eV 
which are significantly lower than the d.c. 
activation energies given in Table I and also lower 
than the energy obtained from the frequency shift 
in the normalization operation shown in Fig. 8. 

This discrepancy is not surprising if we note the 
fact that the direct current and dielectric polariz- 
ation are independent processes which reflect 
different physical situations, but in addition it is 
relevant to note that the temperature dependence 
at constant frequency shown in Fig. 9 is not the 
most reliable way of ascertaining the activation 
energy of a dielectric process - a much more 
satisfactory way in general is the plot of fre- 
quency shift in the normilization process. 

The important information to be obtained 
from Fig. 9 concerns the dependence of the 
dielectric loss on the composition of the samples; 
it is clear that the dependence is much stronger 
in the A1 series than in the Mg series, with the 
sequence of increasing loss 

A1 x = 1.6 ~ 1 . 7  ~ 1 . 8  ~ 2.0 

Mg x = ~ 1 . 8  ~ 1 . 7 - + 1 . 6  

The significant point is that this dependence is the 
same as for the d.c. conductivity. 

5. Time-domain measurements 
The dielectric response of a material may be fully 
characterized in one of two equivalent ways - 
subject only to the condition of linearity of 
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Figure 9 The activation plots of the loss at the lowest frequency of 5 Hz against the reciprocal temperature for the 
various compositions in the AI and Mg series. The activation energies appear to be comparable in both series and the 
spread of values with composition is larger for AI. 
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response with the amplitude of the applied signal. 
One of these is the widely used frequency response 
representation, either as the complex impedance 
plot or, in our Opinion preferably, in terms of the 
frequency dependence of the real and imaginary 
components of the complex permittivity. The 
other method is to plot the time dependence of 
the charging and discharging currents under step 
function charging and discharging. The two 
representations are Fourier transforms of one 
another. 

In an ideal system, the charging and discharging 
currents should differ by a constant magnitude of 
the direct current, io. However, in non-ideal 
systems it is well known that the difference 
between the charging and discharging currents is 
not a constant and this provides the evidence for 
some nonqinear processes [7]. 

Very few measurements have been reported on 
any ionic conductors in the time domain and this 
is regrettable, since this manner of investigation 
gives a much more immediate evidence of non- 
linearities than the more common frequency 
domain representation. We report here one result 
for K2MgTiTO16, beginning with 10-4sec after 
the onset of the step function and extending over 
some eight decades of time (Fig. 10). 

It is evident that the difference between the 
two currents is not a constant, but we shall not 
enter into further details of this phenomenon. 
The most characteristic feature of the response 
is the very long flat "tail" of the discharge current 
- which may be expressed as a time dependence 
of the type t-", with a small value of the exponent 
n. This is exactly the counterpart of the frequency- 
domain dispersion at low frequencies shown in 
Figs. 7 and 8. In fact, by analysing the complete 
time response into two components as indicated 
in Fig. 10, with the values of the exponent n 
corresponding to 0.64 at short times, i.e. at high 
frequencies, and 0.125 at long times or low 
frequencies, we note that we are able to obtain a 
Fourier transformed loss characteristic that is 
very similar to those shown in Fig. 5, except that 
it relates to a much lower temperature and extends 
to lower frequencies. 

6. Interpretation and conclusions 
Our experimental data for the range of hollandite 
materials show an unusually large span of different 
types of dielectric response for any single class of 
materials. It is possible to identify clearly the low- 
temperature response which is of the classical 
"universal" type at the lowest temperatures and 

- 6  

- 9  
-4  

log//A 

0o K, Mg Ti, O,, ., , , , ,  ,~  a,r. 

0 o Oo 

" ~ e ~  ~0 000~ 

~"  ~  �9 ~ o o  o o ~ -  o o  
~ e eeee~ ~ o ~ 0 0000~0 O0 O 0 00C~O O0 O0 

~ - ~ ~ e e e b  o o CO00~ O0 0 
~ - - - - - - - - ~ ~ . . - .  ~ o oooo~ 

O,12S - " ~ ' ~ 1 7 6 1 7 6 1 7 6 1 7 6  �9 

~ ~ e~ �9 

I I I I I I I I 

- 2  0 +2 + 4  
Iogt/s 

Figure IO The t ime-domain response to step funct ion charging and short-circuiting, plotting the logarithm of  the 
charging current ie(t) (o) and of  the discharging current id(t) (*) against the logarithm of  time. The data relate 
to K 2 MgTi 7 O~6 at 296 K and they were obtained using an automatic digital current measuring equipment  constructed 
by J. T. Ryan under an SRC Research Grant [17] .  The two straight lines represent an a t tempt  to fit the data to two 
Cur ie -yon  Schweidler laws of  the form id(t) ~ t -n with the given values of  the exponents  n. The difference between 
ie(t) and id(t) is not  a constant ,  indicating some non-linearity in the system. 
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becomes overshadowed by a dipolar mechanism 
at intermediate temperatures. The universal 
response shows a very weak temperature depend- 
ence, which is a common feature of many such 
responses and the dipolar loss peak response gives 
the familiar frequency dependence with a low 
activation energy of the order 0.i to 0.2 eV. 

We propose to identify the response at 77K 
with the localized movements of  ionic charge 
carriers over very short distances, almost certainly 
along the one-dimensional tunnels of easy flow. 
These are many-body interactions on account of 
the high densities of  the mobile species, but their 
contribution to direct current conduction is 
negligible at the low temperatures in question. 
This interpretation in terms of movements of  
charge carriers is based on the absence of any 
loss peak down to the lowest frequencies investi- 
gated [7]. The value of the "high-frequency" 
dielectric permittivity at this temperature appears 
to be of  the order of 60 to 80 which is reasonable 
for this type of material. 

The onset of  the clearly observable loss peak in 
both series of samples at temperatures in the range 
120 to 170K must be related to a "dipolar" 
process. Taking into account the oxygen environ- 
ment of  the potassium ions this could be inter- 
preted as vibrations of  the K - O  bonds. We are 
dealing with a high density of dipolar species, as is 
witnessed by the resulting large increment of e' - 
approximately one order of magnitude - in com- 
parison with the first mechanism. 

It is interesting to note here that the A1 series 
shows a stronger loss peak amplitude than does 
the Mg series (Fig. 3). This result could be explained 
by the fact that the K - O  bonds are weaker in the 
A1 solutions [12] on account of the more covalent 
character of the A1-O bond in comparison with 
the Mg-O bond. 

It is significant that the dependence on x does 
not reflect the same trend as the d.c. conductivity 
and the strongly dispersive region, suggesting that 
the two sets of phenomena are quite different 
in nature. The highly dispersive behaviour observed 
in the region of temperatures in excess of some 
500K represents an entirely different feature of  
the behaviour of hollandites, distinguishing them 
from the majority of other fast ion conductors. 
This dispersion is found in many materials the 
common feature of which is the presence of  large 
densities of  mobile charge carriers [16]. Its pro- 
posed interpretation invokes the concept of  

strongly interacting dipoles created by charge 
carriers which are restricted to movements in 
localized regions - in the case of  hollandites it 
is proposed that these are the spaces between 
"blocking" defects in channels (Fig. 11), The 
fact that this type of dispersion obeys theKramers-  
Kronig relations proves that it is a volume effect 
which is linear in the applied electric field and that 
it is not the question of some blocking action at 
electrodes or at grain boundaries. However, 
unlike the many-body interactions governing the 
low-temperature dielectric response, this mech- 
anism is closely related to the d.c. conductivity, 
both as regards the magnitude of the activation 
energy and with respect to its dependence on 
the composition fraction x. 

Having reached a "lattice" response at suf- 
ficiently low temperatures, we may then raise 
the temperature and watch the onset of  the high 
values of  permittivity. I f  this sets in gradually 
with increasing temperature, there is every reason 
to believe that this is a bulk effect manifesting 
itself as the carrier "mobility" increases. The 
presence of a barrier would be expected to result 
in a much more rapid onset of  barrier phenomena 
which depend on the densities of charge carriers 
rather than on their mobility - usually a more 
strongly activated process. 

We conclude the present discussion with the 
remark that our entire interpretation of the very 
interesting and varied dielectric response of 

Figure H The proposed nature of the "giant dipoles" in 
the hollandite structure, resulting from the presence of 
point defects blocking the one-dimensional channels at 
random intervals. The potassium ions K § are, therefore, 
constrained to move in strictly limited regions, unless 
they receive sufficient thermal energy to overcome the 
blocking action. The interaction of these giant dipoles 
gives rise to the strong low-frequency dispersion. 
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hollandites is placed in the framework of  the 

"universal" dielectric response. This involves 
many-body interactions which lead to departing 
drastically from the classical Debye responses 
[18]. We believe that  the present approach is 
satisfying in that  it  offers an explanation of  the 
observed phenomena in terms o f  simple concepts 
of  universal applicability.  

Note added in proof 
Most recent measurements on sample Mg, x = 1.6, 
reveal that  e' and e" change very litt le between 

77 and 5.2 K [19] ,  confirming the non-activated 

many-body nature o f  the phenomena in question. 
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