
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  28 (1993) 1 8 7 9 - 1 8 8 4  

Dispersive behaviour of humid anisotropic 
media 

A. K. J O N S C H E R ,  B. N. A Y U B *  
Physics Department, Royal Holloway College, University of London, 
Egham, Surrey TW20 OEX, UK 

The results of dielectric measurements on a humid system consisting of filter papers which 
show strongly anisotropic properties in the planes and normal to the planes of the sheets, are 
reported. Configurations were used in which the f low of current is, respectively, normal to and 
in the planes and these show distinctively different behaviour. Transport in the planes provides 
some of the best examples of LFD ever seen by us, extending over up to eight decades of 
frequency; transport across the planes is influenced by less dispersive behaviour which is 
ascribed to the fibre-fibre contacts. 

1. I n t r o d u c t i o n  - l o w - f r e q u e n c y  
d i s p e r s i o n  

The availability in recent years of frequency response 
analysers (FRAs) enabling dielectric measurements to 
be made down to very low frequencies in the milli- 
Hertz range [1], and the corresponding time-domain 
instrumentation have opened up the studies of low- 
frequency phenomena which show completely un- 
expected behaviour compared with typical behaviour 
at higher frequencies. In particular, it turns out that 
the dielectric response in the frequency domain (FD) 
and in the time domain (TD) of carrier-dominated 
systems, as distinct from dipolar systems, reveals fea- 
tures known as low-frequency dispersion (LFD) [2] in 
which the real and imaginary components of the 
complex dielectric susceptibility ~ (0)) = g (0)) - ~ or 
of the corresponding capacitance equivalent 
37(0)) = K~ (0)) = (7(0)) - Coo follow two "universal" 
fractional power laws I-3] of the form 

37(0)) = B,  (i0)) n-1 (1) 

where Bn is a constant of dimensions F s" - t  = S s", 
~(m) is the complex dielectric permittivity, C(m) 
= C' (0)) - iC" (0)) is the complex capacitance, eoo is 

the limiting high-frequency value of the permittivity 
and Co is the corresponding value of the capacitance, 
while K is a geometrical factor. At low frequencies the 
exponent n 2 is close to zero, while at high frequencies 
it is nearer to unity as would be the case of a low-loss 
capacitor. This is shown schematically in Fig. la. 

The implication of Equation 1 is the ratio of the 
imaginary to the real components of 37 is independent 
of frequency 

X"(0))/X'(0)) = cot(nrc/2) 

= constant independent of frequency 

(2) 

With small values of n ~ 0.05-0.1, Equation 2 yields a 
ratio of approximately 13 to 6, implying a very lossy 
universal capacitor, in complete contrast with the 
usual low-loss capacitors for which n ~ 1. Another 
very important departure from conventional dielectric 
behaviour is the presence of strong dispersion in the 
real part X'(0)), which in the limit of direct current (d.c.) 
conduction should remain strictly independent of fre- 
quency at sufficiently low frequencies, while X"(0)) 
should be strictly proportional to 1/0). The conclusion 
is, therefore, that LFD entails a considerable storage 
of charge in the system. 

Fig. lb shows the corresponding TD charging, ic, 
and discharging, i d, currents which are the Fourier 
transforms of Equation 2 

ic(t) - i o = ia(t ) oc t - "  (3) 

With small values of n these currents are very slowly 
varying with time and the fundamental difference with 
the d.c. behaviour is the finite discharging current. The 
d.c. current, i o, is generally finite even in the presence 
of LFD. 

The corresponding complex admittance is given by 
the following expressions 

�9 ~(0)) = i0)(7(0)) 

= B,(i0))" 

= A/d6(m)  (4) 

where we have introduced the frequency-dependent 
specific complex conductance 

•(m) = cy'(m) + i~"(0)) 

= imP(m) (5) 

which is related to the complex permittivity, ~(m), and 
which represents a material property. A/d  is a geomet- 
rical factor, A being the area of the electrodes and d 

* Permanent address: Physics department, University of Karachi, Karachi 75270, Pakistan 

0022 2461 �9 1993 Chapman & Hall ] 879 



o 

N} 

,~(=)o<[i u) nz~l 

~ % ~ 1 ( u  ) xl(u)lx'(u) :ton (nw/Z) 

Xt(uJ) ~ ,~(uJ) ~ (iu} n1-1 

I 
'~c Log w 

I 
(b) 1/~o c Log t 

Figure 1 (a) A schematic presentation of the frequency domain 
behaviour of a system showing LFD behaviour with the character- 
istic paralleltism in the logarithmic plots of the real and imaginary 
components of the complex suseeptance, X'(e0) and X"(o& respect- 
ively. The high-frequency region corresponds to the normal low-toss 
behaviour of dielectrics, the low-frequency dispersive region is the 
LFD phenomenon. (b) The corresponding time~tomain behaviour, 
with the long-time almost constant current corresponding to the 
low-frequency dispersive part of (a). 
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Figure 2 Schematic appearance of the complex admittance plot of a 
dielectric system characterized by the frequency dependence of the 
capacitance shown in Fig. la. The low-loss high-frequency branch is 
defined by an exponent, nl, close to unity, the low-frequency highly 
lossy LFD branch has the exponent, nz, close to zero. The behavi- 
our is well represented by the parallel combination of two capa- 
citors, C,, and C,2. 

the distance between them. We note that o'(c0) is the 
ordinary frequency-dependent conductivity. Equation 
5 enables us to relate the admittances to the material 
properties regardless of the geometrical factors. 
In the perpendicular samples d = Nwvp, where wve 
= 0.16 mm is the thickness of an individual filter 

paper and N is their number in the stack; in the 
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parallel samples A = Nwvfl and d = s, where l and s 
are defined in Fig. 3 below. 

The complex plane plot of Y is shown in Fig. 2, and 
it has a steeply rising high-frequency branch corres- 
ponding to a low-loss capacitor, (~,,, and a nearly 
horizontal low-frequency branch corresponding to 
our LFD capacitor, (~,2, which may be considered to 
be in parallel with the former. 

If the capacitors (~,1 and (7,2 are present in their 
"pure universal" form without any series resistance 
elements, their characteristics are straight lines with 
the appropriate ratio spacing in the logo0 plots and 
straight lines in the Y plots. Any series elements would 
manifest themselves in a curvature of the Y plots and 
in deviations from the simple LFD behaviour in the 
logC-10ge0 plots. 

2. LFD in anisotropic media 
Our understanding of the physico-chemical nature 
of LFD is not adequate, even though a significant 
amount of experimental material is available [2]. It is 
significant that many of the well-documented ex- 
amples of LFD relate to essentially two-dimensional 
flow, for example in zeolites where it takes place in the 
interiors of interconnected molecular cavities [4, 5], 
on mica and on glass [9]. 

In order to advance the understanding of the LFD 
processes we have undertaken a detailed study of the 
FD and TD response of humid filter papers which 
represent essentially highly pure fibrous cellulose with 
the predominant orientation of the fibres being in the 
plane of the paper, although a finite measure of"nor- 
real" orientation is also present. The particular aim of 
this investigation was to compare the behaviour along 
and at right angles to the fibres in the filter paper. Our 
samples consisted of stacks of filter papers of variable 
number, N, of papers between 1 and 80 sheets, sand- 
wiched between massive end electrodes, pressed to- 
gether by controlled force and placed in a desiccator 
with controlled relative humidity (RH) between vir- 
tually zero (silica gel) and 97%. 

The advantage of these filter papers lies in the 
ability to insert potential electrodes between them and 
to study the distribution of this potential along the 
stack to assess the role of the electrodes. Details of the 
experimental arrangements and the general descrip- 
tion of the results will be given in a separate publi- 
cation, the present paper is concerned with the 
narrower aspect of the results in which the flow of 
current is, respectively, normal and parallel to the 
prevailing orientation of the fibres. 

The samples were of two basic types, referred to as 
normal (FP • and parallel (FP 11) with respect to the 
plane of the paper, i.e. with respect to the fibres, shown 
schematically in Fig. 3. The normal samples were held 
together by an axial compression screw under con- 
trolled pressure, the parallel samples were held in an 
insulating yoke. All samples were kept in the desic- 
cator under controlled humidity for 2 weeks to 
achieve equilibrium with the atmosphere. The perpen- 
dicular samples had an area A = 2.37 • 10-3 m:, the 
10FP II and 40 FP I] samples had s = 10mm and 
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Figure 3 The two types of sample used in the present investigation. 
(a) The "perpendicular" sample in which the current flow is normal 
to the plane of the paper and to the preferred direction of the fibres; 
(b) the "parallel" sample in which the current flow direction is 
parallel to the plane of the fibres. In (a) there are massive electrodes 
of metals or of graphite of area A and the sample of thickness w is 
held together by normal force. In (b) the electrodes of area w x I are 
painted at the ends of strips of filter paper of length s held together 
by an insulating yoke. The number of filter papers in the perpendi- 
cular configuration is 1, 10 or 80, while in (b) it is 10 or 40. In the 
parallel configuration one single sheet was also measured, in which 
the electrodes were painted on one of its surfaces. 

l = 55 mm. The e lec t rode  area  of these samples  was 
A = Nwvrl .  The single filter paper  sample  1, F P  II, had  
s = 8 m m  and l = 40 m m  and  its e lectrodes were pa in-  
ted on one surface of  the paper ,  not  on the edge, which 

would  not  have been pract ical .  

3. R e s u l t s  
Fig. 4 shows the exper imenta l  da t a  C'(c0) and  C"(c0) for 
three paral le l  samples  of 1, 10 and 40 filter papers  
(FP  I])- There  is, in this case, no need to sub t rac t  C~ 
because the effect of this would  be negligible. The  
overal l  impress ion  is that  the logar i thmic  plots  follow 
near ly  s t ra ight  lines with a near ly  cons tan t  ra t io  
X"(o3) /X ' (o3)~5  10, co r re spond ing  to a low-fre- 
quency exponent  n 2 m 0.10-0.12. The factors B, de- 
rived from these results at c0 = 1 are as given below, 
together  with the co r re spond ing  values of cy I = 161 
from Equa t ion  4: 

B, ~ 7.3 x 1 0 - T F s  - ~  ~!i ~ 9.2 x 1 0 - * S m  1, 

for 1 F P  II 

B n ~ 1.85 X ] 0 - 6 F s  -0"9, C~II ~ 2.1 x 10 4 S m - 1 ,  

for 10 F P  II 

and  B, ~ 8.8 x 1 0 - 6 F s  o.9, 

~!l ~ 2 . 5 x 1 0 - 4 S m  -1, for 4 0 F P  II 

which scales correct ly  for 10 and 40 FP ,  while the 
agreement  is less good  for 1 FP ,  even a l lowing for the 
slightly different geometry.  

The  fact that  the logar i thmic  plots  of C'(c0) and  
C'(c0) are approx imate ly ,  but  not  exactly, s t ra ight  lines 
points  to slight pe r tu rba t ions  arising from add i t iona l  
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Figure 4 The frequency dependence of the capacitance of three 
parallel samples of 1, 10 and 40 filter papers, at 97% RH, showing 
an almost ideal LFD over more than seven decades of frequency. 
The three sets of data are displaced veritcally for clarity by three 
decades and the plots of C'(c0) and C"(m) for 40 and 10 FP are in the 
expected ratio of approximately 4:1, allowing the slight deviations 
from straight lines, while the 1FP result is slightly out, but its 
geometry is rather less well defined. 

processes apa r t  f rom the pr incipal  L F D  process.  To 
establ ish more  clearly the na ture  of these, we calculate  
the complex admi t t ance  which for the 40 F P  N sample  
is shown in Fig. 5. There  is a rising high-frequency 
"spur"  which is clearly due to some relat ively low-loss 
capaci tance,  ft, ,  (c0), visible as the f lat tening of C'(c0) in 
Fig. 4 which may  be subt rac ted ,  leaving a ra ther  
shal low arc comple ted  by the circular  points ,  sugges- 
t ing the presence of some add i t iona l  e lement  in series 
with the L F D  but  which does not  admi t  further  
deta i led analysis.  

The mos t  significant conclus ion from these results is 
the prevalence of a very clearly defined L F D  spanning  
seven decades  of frequency, with very little interference 
from other  processes. This t rend  is indica ted  in Fig. 5 
as the line of s lope n = 0.05 which jo ins  the origin to 
the tangent  to the high-frequency spur. 

We now turn  to the direct ion of current  flow no rma l  
to the planes of the filter papers  and  to the prevai l ing 
direct ion of the fibres. Fig. 6 shows the logar i thmic  
plots  of C'(c0) and  C"(co) for samples  10 FP_L and 80 
F P •  with stainless steel e lectrodes at 97% R H  and  at 
1 and 9 V r.m.s, ampl i tude.  It is evident  that  the 
behav iour  of these pe rpend icu la r  samples  is funda-  
menta l ly  different from that  of the paral le l  samples  
shown in Fig. 4, in that  the near - idea l  L F D  response 
of the la t ter  is compl ica ted  by the s t rong influence of 
para l le l  and  series componen t s  which have to be 
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Figure 5 The complex admittance diagram of the 40 FP sample at 97% RH showing a steep rise at high frequencies corresponding to the 
flattening C' (o) and a broad flat arc stretching over five decades of frequency being responsible for slight waviness of the (7(co) plots. The C'(o) 
plot is extended at high frequencies by subtracting a value of Coo. The behaviour below 1 kHz may be considered as a superposition of the 
broad arc on the LFD. 
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Figure 6 The frequency dependence of the capacitance of two normal samples of 10 and 80 F P •  at 97% RH, with stainless steel electrodes 
and with two signal amplitudes of 1 and 9 V r.m.s. These show LFD strongly perturbed by extraneous processes and also some non-linearity 
of response. The logarithmic slopes of - 1 are indicated to reveal the correct behaviour at lower frequencies where this LFD process is seen in 
its pure form. 

resolved by admittance transformation. The high-fre- 
quency capacitance of the two samples scales correctly 
in the ratio of 80:10 and so does, to a lesser extent, 
their loss. The effect of increasing signal amplitude is 
stronger in the thicker sample and it tends to make the 
LFD behaviour more pronounced. Thus the LFD 
behaviour is clearer at larger amplitudes and in the 
thinner sample. 

Measurements on a similar stack of filter papers 
between graphite electrodes have shown very similar 
results. Evaluating the numerical parameters from the 
low-frequency (co = 1) end of the spectrum we obtain 
approximately 

B , ~ 4 . 3  x 10-4Fs  -~  o •  x 10-SSm -1, 

for 1 F P L  

B , ~ l . 5 x l 0  5 F s - ~  c y •  5Sm-1,  

for 10 FP l 
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and B, ~ 1.2• 10-6Fs  -0.76 
cr•215 5Sm-1,  for 80FPA_ 

We note the difference between these values and those 
for FP ]l, the former being of the order of ~ 2 x 10 - 4 ,  

except for 1 FP I[, compared to ~ 10 -5 for FP  1,  
suggesting an approximately 20 times higher conduct- 
ivity along the fibres than across them. This is not 
surprising, given that cya are dominated by transitions 
across fibre-fibre contacts, while o!l are determined 
predominantly by transport along the individual 
fibres. 

Now if the end electrodes were to contribute a 
significant series effect, this would be more pronoun- 
ced in the thinner sample, but it is significant that 
there does not appear to be any evidence for a series 
element in the impedance plots. This is confirmed 
by direct potential probing (under steady state 
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Figure 7 The complex capacitance of 1 FPJ_ at 97% RH between 
stainless steel electrodes showing a region of negative capacitance at 
high frequencies masking the low-loss capacitance region present in 
Fig. 6. The almost perfect power law at low frequencies corresponds 
to n = 0.37. 
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Figure 8 The admittance plots of the (a) 10 and (b) 80 F P Z  samples 
with stainless steel electrodes, both at 1 V r.m.s., shown in Fig. 5. 
Both reveal a nearly straight-line high-frequency "spur" corres- 
ponding to a relatively low-loss "universal" capacitor, C,,(0)), and a 
low-frequency arc corresponding to a series combination of a 
strongly dispersive capacitor, (~((o), and a resistor, R. In the case of 
80 F P 2  the arc is less strongly inclined than for 10 FPL,  in 
conformity with the much lower slope of the C,2(~o ) plot. There is 
also clear evidence of a parallel conductance. The inset shows the 
equivalent circuit of the samples. 

conditions) along the samples, which reveals only 
a slight drop at either end electrode, with most of 
the potential being distributed in the "bulk" of the 
samples. 

The corresponding admittance plots are shown in 
Fig. 8 in which there is a clear division into two 
branches, a high-frequency nearly straight line "spur" 
corresponding to a not very lossy capacitor, (7,1(~0), 
with n 1 ~ 0.8, and a low frequency arc which is rather 
shallow for the 10 FP sample and more nearly a semi- 
circle for the 80 FP sample, the latter showing a clear 
intercept, G2, on the real axis. The implication is that 
the low-frequency behaviour is represented by a lossy 
capacitor, C,2, with a series resistance. The difference 
in the inclination of the circular arcs of the 80 FP and 
10 FP samples reflects the fact that the low-frequency 
branch of the 80 FP sample in Fig. 5 shows a less steep 
slope than that for the 10 FP sample. 

An extreme example of the transverse configuration 
is shown in Fig. 7 giving the results for a single sheet of 
filter paper, 1 FPJ_, between stainless steel electrodes. 
There is no evidence of any flattening of C'(o)) towards 
high frequencies; instead a region of negative capacit- 
ance appears there. The response is otherwise almost 
pure LFD with a value of n ~ 0.37 but the admittance 
plot in Fig. 9 reveals the presence of a single skewed 
arc which might be interpreted as a series combination 
of an LFD element and a resistance. 

4. D i s c u s s i o n  
The principal conclusion from the data presented 
above is that the anisotropic medium represented by 
the stack of filter papers shows low frequency disper- 
sion (LFD) in both directions, but transport in the 
plane of the fibres shows a mean volumetric conduct- 
ivity, %, which is some 20 times higher than the 
conductivity, o• across the planes of the filter papers. 
Furthermore, transport in the planes is characterized 
by a much simpler form of response, giving almost 
pure LFD stretching over nearly eight decades of 
frequency with very few perturbing effects due to 
contacts or other complications. 

By comparison, transverse transport consists of 
two parallel processes, one of which is represented by a 
relatively weakly dispersive universal capacitance, 
ff, i(~0) oc (it0)"- 1, with the exponent n .~ 0.8, i.e. a not 
very lossy capacitor. The magnitude of this capacitor 
scales well with the geometrical dimensions of the 
stack of filter papers and we have to conclude that it 
represents the dielectric response of the stack of filter 
papers which do not make good contact with one 
another and the loss arises from the transverse polar- 
ization of the individual fibres. 

The other component dominating low frequencies is 
represented by a complex arc in the admittance plane, 
which may be considered to correspond to a series 
connection of a strongly dispersive element and a 
capacitive element, which may be envisaged as res- 
ulting from a percolative transport across the planes 
of the fibres which is strongly influenced by fibre-fibre 
contacts and also entails the inevitable component of 
transport along the fibres, as shown schematically in 

1 8 8 3  



i i i i i l l l l l l l l ~ l l l l t l l l l l  I I I I ; ; ; ~  

E 
m 

gl 
m 

m�9 1 Hz 

jO.1 Hz 

El 

10 Hz 

100 Hz 

I kHz 

10 kHz 

I I I I t I 1 I I I I I I I | 1 I I t I I I I I I I I I : : : - 

0 1 2 3 4 5 6 7 8 

Y '  (ms) 

Figure 9 The complex admittance plot of the 1 FP �9 sample at 97% RH the capacitance of which is shown in Fig. 7. There is, in this case, no 
trace of the high-frequency spur, only a strongly inclined arc going through the origin with the low-frequency tangent giving a power law with 
n = 0.37 which corresponds well to the low-frequency slope of the logC logm plots in Fig. 7. 
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Figure 10 A schematic representation of transport across layers of 
fibres indicated here by progressively lighter shading for lower lying 
layers. The current in the top fibre indicated by the arrow on the left 
has to cross junction 1 between the two fibres in consecutive layers, 
to continue along the middle layer fibre until it reaches junction 2, 
when it passes to the lowest layer. This combination of strongly 
dispersive "easy" transport along filaments and relatively more 
difficult but less dispersive transport across fibre-fibre junctions 
results in the weakly dispersive nature of the capacitor C,~(~). 

Fig. 10. I t  is this componen t  which is responsible  for 

the lower value of or• c o m p a r e d  with ~l .  
By and large, the response scales with the d imen-  

sions of the thicker  samples,  less well in the l imit  of 
single sheet samples. There  is relat ively little difference 
between the behav iour  of samples  with graphi te  and  

stainless steel electrodes.  
There  is no evidence in our  exper imenta l  da t a  of 

d o m i n a n t  effects of metal l ic  electrodes;  a slight effect is 
shown to be present  by a finite po ten t ia l  d rop  at  the 
electrodes,  with most  of the potent ia l  being d r o p p e d  
across the volume of the s tack - this will be descr ibed 
in more  detai l  in a separa te  publ icat ion.  A d i r e c t  
conf i rmat ion  of this conclus ion is found in the fact 
that  th inner  t ransverse  samples  show, if anything,  
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smaller  effects tha t  could  be a t t r ibu ted  to contacts ,  
than  do thick stacks. 

Very thin samples  in the t ransverse  di rect ion show 
relat ively simple L F D  behav iour  with ha rd ly  any 
paral le l  effects, but  their  complex  impedance  reveals a 
series combina t ion  of a lossy capac i to r  and  a resistor. 

More  deta i led results, including t ime-domain  
charging and discharging currents,  the effects of differ- 
ent e lect rode mater ia l s  and  of relat ive humidi t ies  in- 
te rmedia te  between 0% and 97%, will be publ i shed  

separately.  
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