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Fig. 5. Graphs of the sa me character as tho se of Fig . 4, but here respon se is fo r a single-ex ponent ial 
distr ib ut ion of activa tion energies (E DAE .) with cP = CP c = CPo = I, using IR cut-off values of XL = 15 
(or gre at er) a nd X II = 0 
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Fig. 4. G rap hs illus tra ting the norma lized freq uency res po nse a t T = 200 K of th e D EDA E of Fig . I a 
with ou t cut ofTs. T he left part sho ws dielect ric-system respo nse at three immi tta nce levels, while the 
right pa rt compares conducting-system respo nse for the co ndi tio n th at I d w) = I o(w) 

notice part icularly th e difference in the slo pes of the YNC co m po ne nts fro m those of YNO ' 

Furth er , th e slope of the e ~e curve for w < W o is just -I, aris ing fro m the non-zero Gco 
of the C-system. 

As al read y men tion ed , the EDAE 1 ex hi bits a single slope determ ined by 'I = 'It . It is of 
particu la r inte res t whe n 'I ~ O. T hen, for 'I > 0 o ne dea ls with an ex po nentially decreasing 
distribution , frequen tly seen experimentall y in semicond uctors as an expo nentia l ba nd tail 
[24]. For 'I = 0, the slo pe is zero, a nd the DA E is then a box d istribution with a fia t top 
extending from EL to Eo = EH . F ig. 5 sho ws resp onses for th e CP e = CPo = cP = I choice; 
th e co rres po nding values of Ae and },o a re 0 a nd - I , respecti vely. 
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The w < Wo slopes in Fig. 5 arise from the cut off at E = EL, and we see that the left-side 
slope of Y~D has the limiting value of 2. For w > Wo, on the other hand , the slopes of the 
components of YNC asympto tically approach the value of unit y predicted in Table 1, and 
those of I~ and I~ are properly - 1. But the other slopes do not entirely agree with those 
predicted . For example, that of I~ is algebra ically greater than - 1. Fina lly, note that since 
the slope of YNCapproaches unit y for w > wo, the associated capaci tance (see the c~ c curve) 
approaches approximate frequency independence as well. 

5. AC Conductance for a Conductive System 

In recent work [11 , 25], it has been pointed out that measurement of Y~ (w) alone is usually 
'insufficient to allow unambi guous discriminati on between different d ispersion models, but 
that CNLS fitting of full Ydw) dat a does permit such discrimin at ion [25]. Macd onald [25] 
also discusses ways of ana lyzingj = C da ta when Coo cannot be neglected. Int eresting Ydw) 
data have recently been presented by Lee et al. [26j5) which fall into two types : one in 
which the slope of the data is un ity over a wide temperature ran ge, and ano ther in which 
s decreases linearly from unit y down to a satura tion value of 0.6 as the temperature is 
increased. Lee et al. prop ose that such limit ing s = 1 behavior at low temperatures is a 
universal phenomenon. 

Now since, for the EDAE I with class-I behavior , q> = 1 - kTI] when Pc = 1, Fig. 5 and 
the last line in Table 1 show that with s :::::: q> the above slope behaviors are approxi ma tely 
consistent with those predicted by an EDAE. When s :::::: 1, it is merely necessar y that 
kTltil ~ lover the temperature ran ge of measurement. Fu rth er, j = C dat a for num erou s 
different materials are kn own to lead to s values which decrease approxi mately linearl y 
over a range of increasi ng temperature, implying that I] > O. Th e high- T satura tion value 
of exactly 0.60, which was observed for three different materials by Lee et al. may be an 
art ifact of measurement arising from the difficult y of determining s when the maximum 
available frequency is limited and only a vanishingly small region of Yd w) response exhibits 
an approach to a constant slope value. Alternatively, it may signal a tran sition to a different 
dispersion process (e.g., that from class-I to class-II behavior). 

Although Lee et al. rejected the hypothesis that their dat a imply the presence of a DAE 
because they believed that a wide uniform DA E is unl ikely for the materials they measured, 
the temperature dependence of s they found is neverth eless evidence for the possible 
presence of such a distr ibut ion. Altho ugh their s = 1 dat a for NaCl:Zn2+ over the 
temperature range from 296 to 533 K were only ava ilable in gra phical form , I used their 
value of 0.95 eV for the activa tion energy of Gco and their publ ished curves to obta in 
Gco(T) values well approximating theirs. Then with q> = I and an ac tivation energy of 
0.88 eV for ' 0 , the EDAE I led to the curve s of Fig. 6. The j = C ones are very similar to 
those of Lee et al., and the j = 0 one is included to show that the correspo nding D-system 
EDAE 1 with GDo(T) = Gco( T) and q> = 0 lead s to a limiting slope of 2 rather than 1 and 
is thus inapprop riate, as expected. Incidentally, the presence of a Coo with a value even 
much larger than likely affects Y ~(w) here but not Y ~(w). The minimum value of (Eo - E.J 
found which led to negligible cut-off effects was 0.42 eV. Thus the EDAE 1 extended from 
about 0.46 eV, or less, to 0.88 eV. 

5) In this work the autho rs associate power-l aw frequency res po nse wit h st retched-exponentia l 
tran sient respo nse, only t rue in the asymptotic w ~ Wo limit. 



6. Discussion of Response Models 

Although there exist a plethora of theories which yield CPE-like response with one or more 
slopes (see [10,11] and references therein) , few of them predict slope temperature dependences 
and none predict such dependences from an ab initio many-body treatment. Thus, as in 
the present EDAE approach, arbitrary assumptions are generally made about such 
temperature dependences. Although these models are thus incomplete, when good agreement 
between EDAE predictions and measured frequency and temperature response is found, it 
is probable that there is a DTR present in the material -electrode system being investigated. 
Further, class-I and class-Il responses together cover the majority of experimentally seen 
D- and C-system slope-temperature responses. For class-I response, it is often found that 
in the w > W o region the magnitude of the I j slope increases with increasing temperature 
for D-systems and decreases for conducting ones for '11 > 0, the usual EDAE I situation, 
consistent with the linear cp dependence of Table 1 when the difference between cp and actual 
slope exponents is recognized [9, 14]. 

Wang and Bates [18] have recently proposed a semi-microscopic hopping model for 
dielectric materials which involves charged-particle activation in a potential double well. 
It leads to exactly the DEDAE of (3) with PD = 0. By somewhat arbitrarily assuming that 
- Al (their "a") and ..1. 2 (their "b") are positive and by taking both quantities temperature 
independent, they arrive at class-It peaked relaxation response but do not extend their 
work to include other possibilities. With the alternate assumption that '11 and '12 are 
temperature independent, however, class-I response results . The WB work is discussed in 
detail elsewhere [27]. 

In an earlier work, Elliott [28] also considered hopping of charged particles (electrons) 
over a barrier between two sites. Unlike WB, however, he found a single class-I y ~ frequency 
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Fig. 6. Log -log plot of the real part of 
the EDAE 1 admittance, the conductance, 
vs. frequency,f, wherefo is a scaling factor 
equal to I Hz. For j = C, sp = I and for 
j = 0, rp = O. Values of 2(0) and t o were 
selected to yield close agreement with 
similar curves of [26] 
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These results suggest that since the 
j = C EDAE I model can fit the 
main features of the data of Lee et aI., 
it may be appropriate after all, unless 
a more plausible model which can 
explain the slope temperature depen­
dence is found . If the EDAE I is 
applicable, the cp :::::: s = 1 value at 
low temperatures is not surprising 

5 and scarcely seems to merit elevation 
to universality. 
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power-law exponent of approx imately [1 - kT{6jWM)] , where the binding energy WM was 
approximated by the energ y gap of the material. Although these result s confirm that hopping 
can lead to class-I beha vior , the world still awaits the availability of full microscopic theories 
for dielectric and conductin g systems which lead at the macroscopic level to good 
approximations to DEDA E class I and II response, since only then will two -slope disper sion 
data be fully explicable without the need for an y ad hoc assumptions. 
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