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Some alternate models for nearly constant loss in conductive systems
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The qualitative serial-response approach recently suggested Iy Raera, and co-authors for describing
nearly constant los¢$NCL) in conductive systems proposes that NCL arises entirely from vibrating ions
confined in cages by potential barriers. Their identification of the cage potential-well activation energy as that
of single ions and also as that of the thermally activated crossover between hopping and NCL behavior is
inconsistent with prior identification of the single-ion energy in the Ngai coupling model, casting doubt on the
physical basis of the serial approach. Its authors suggested that their experimental data, showing hopping and
NCL behavior, could not be described by means of a parélein combination of expressions describing
these two processes. Here, using essentially exact synthetic data of the same character as the experimental
frequency-response data of these authors, it is demonstrated that either a parallel or a series complex constant-
phase response elemé@PE) can lead to NCL results similar to theirs with a crossover between hopping and
NCL response not of exact Arrhenius form. A plausible alternate to the serial NCL model is discussed. It
involves a quantitative parallel CPE model that identifies NCL frequency response as being primarily a
bulk-dielectric phenomenon arising from interactions between oscillating mobile charge carriers and the di-
poles of the bulk material.
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I. INTRODUCTION larly a fully complex Kohlrausch-William-Watts expression,
previously identified as the KWW1 model and hereafter des-
Recently, much work has been devoted to trying to underignated by K1*°

stand the origin of the nearly-frequency-independent part of The second term in Edq1), with the parameteA slowly
the dielectric loss present in all ionic conductors and domiincreasing with increasing temperatdnepresents CL. Later
nant at sufficiently low temperatures and/or highwork suggested that although CL was often a good approxi-
frequencies:® Such behavior leads, when the data are transmation, characterization of relevant experimental data as
formed to the complex conductivity level, to freq_uency re-NCL was more appropriate> Further, no exact expres-
sponse of the real part of the complex conductivity(w),  sjon for the imaginary response corresponding to the real
that depends linearly or nearly lineatfyon frequency, de- partAw is known, and it has been suggested that CL over an
pending on whether the loss is taken as const@nmt) or appreciable frequency range is nonphysical.

nearly constantNCL). When the experimental loss is very Although most prior NCL work has dealt only with

close to being frequency independent, the CL-NCL distinc- L . . L
tion can only be established by detailed fitting of the data’ () response, it is more appropriate to consider fitting

(see, e.g., Refs. 1, 3, and. Algai has recently characterized models that incorporate both real and imaginary response. A

such loss as ubiquitous in ion conducting glasses, melts, arﬁlaus'ble expression for modeling NCL IS of complex power-
crystals and as a spectacular phenomér®imce its detailed aw form and may be expressed' as.elt_her a constant-phase
provenance is still doubtfdt>*®it is particularly important element CPE in paralllPCPB with ionic "?W'Tr%(jgency
to attempt to elucidate as many aspects of it as possible. dlspe_rswe response or one in S.er(&.:PE with It Ap-

In earlier work of Nowick and his collaborators, CL was propriate CPE expressions are listed in the caption of Table I,

characterized as a universal phenomehamd a response and NCL requires that both thﬁ’c and (1~ ysd _e_xponents
form equivalent to be less than about 0.1, while the CL conditiopsc=0,

yields zero loss. The general CPE complex power law,
ocpe=B(iw)™, whereB is frequency independent and 0
o' (0)=oo[1+ (0lwy)"]+Aw (1) <ms=1, has been widely used in immittance spectroscopy as
a model for data fitting For example, it is the frequency-
dependent part of the ZC model, and CPE response has been
was proposeft? with 0<n<1 and botho,=1/p,, the dc  ascribed to many diverse physical processes, such as fractal
conductivity, andw, thermally activated. Here the first term behavior, a distribution of relaxation times, electrode rough-
in Eq. (1), modeling long-range ionic motion, has often beenness, et¢®'?Here it will be used to represent either NCL or
termed universal dynamic response and credited to Jonschelectrode effects, as discussed in more detail in Ref. 3.
1973-1978;%% but the complex generalization of this term,  References 2 and 6 present important, ground-breaking
a Cole-Cole expression defined at the complex resistivitydata on the crystalline fast ionic conductorg kd-a; 6:TiO3,
level, the ZC model, was used by Schwan for conductivedata that show low-temperature NCL behavior and a cross-
system analysis as early as 195eée Ref. 10 Further, the over at sufficiently high temperatures to power-law fre-
ZC model has been shown to be less appropriate for descrilquency dependence. The authors of these papers explicitly
ing resistivity dispersion than several other models, particustate that their work is not intended to develop a theory of
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TABLE I. Nearly-constant-loss quantities for PK1- and K1S-model data and fits. The parallel PCPE is givemnday)
=gy Apdi®)!” "¢ and the series SCPE hysdw)=eyAsdiw)sc. We useAyc=Ayo exp(—Exc/KT) and Ayc= By, expbycT), Where
X=P or S.S; is the relative standard deviation of a 8, is that for fits of Axc(T) using thebyc parameterSge is that usingEyc, and
Scc is that for Arrhenius fits of the crossover radial frequeingy(T), yielding the estimates d& o shown below. See Fig. 1 and the text
for discussion of the results in columns 5 and 7.

1 2 3 4 5 6 7

T (K) PK1 PK1 PK1 K1S PK1 PK1

E (e\/) EPCZOOO EpC:006 EPC:OOQ EPCZOOB prZOO].S pr:0030
1O$F APC APC APC ASC APC APC

183 K 400 843.44 1224.8 1539.3 627.35 878.30
153 K 400 400 400 553.55 400 358.65
127 K 400 157.56 98.89 179.77 270.83 165.03
1008, 12.1 17.8 10.2

100S:¢ 5.58 6.31 12.7
E.co 0.363£0.002 0.1910.002 0.106:0.002 0.1910.002 0.27%0.010 0.1930.016
100Skc 3.82 3.84 3.85 3.84 20.5 35.0
Epco 0.363 0.251 0.196 0.251 0.307 0.252

NCL but to present important experimental facts that maybut would increase very slowly with time, providing a pos-
guide others to construct such mod®Eheir detailed analy- sible explanation of the NC. .. .”

sis of their data has led them, however, to several potentially

important conclusions. The purpose of the present work is to In Sec. I, data generation approaches are discussed and
test the appropria’[eness of these conclusions by generatiHbJStl’atEd, Sec. Il presents detailed crossover results for
essentially exact synthetic frequency- and temperaturedoth parallel and series NCL approaches, and Sec. IV com-
response data sets of the same character as those presenteBares the serial NCL approach with a physically reasonable
Refs. 2 and 6, then analyze them in the same ways as erRulk-dielectric parallel one.

ployed in these references, and consider their implications

for a new physical NCL modél. Il. DATA GENERATION CONSIDERATIONS

The conclusions in question are the following: The authors of Refs. 2 and 6 plotted theil( w,T) data in
(i) “The experimental findings suggest a serial picture inisochronal format: six constant-frequency curves vs tempera-
which NCL is automatically terminated when the ions have aure T (or 10007). They also calculated six crossover tem-
significant probability to leave their cages and start hoppingperatures between the low-temperature NCL resp@agen
between adjacent wells¥*Before this happens, the ions are as CL) and an apparent fractional power-law response, such
assumed to be vibrating in their cages. as that associated with E.) when (w/ wq)"> 1. Isothermal
(i) “The ac conductivity cannot be described by the ‘aug_results were later presented involving frequency-response
mented Jonscher expression’ in the whole temperature arfg!fves for the three fixed temperatures 183, 153, and 127 K.
frequency range.” Thus, a composite parallel-respons&TOSSOVer frequenciesico, marking a transition from low-
model consisting of the sum of power-law response and a Cfrédquency ionic-hopping dispersion to apparent CL behavior,
term, as in Eq(1), is “at variance with the observed tem- Were obtained from the 10% criterian’ (wco) = 1.1Awco.

perature dependence of the NCL over a wide temperaturén€y 18d t00”(wco) results in good agreement with those
range.” estimated from the crossover temperatures. In particular, the

, . calculated crossover thermal activation enefyco was
(iii) The crossover between the hopping and NCL regiMeJuoted as 0.170.03 eV. Although somewhat similar iso-

is “thermally activated with an activation energ¥  cpronal and isothermal plots appear in Ref. 14, the demon-
=0.17 eV, significantly lower than that observed for the dCgyration in Refs. 2 and 6 that there seems to be a thermally

conductivity (at low temperaturgsE=0.4 eV.” activated crossover whose activation energy may be esti-

(iv) The above smaller activation energy “has the sam&nated and physically identified is particularly important and
value as that obtained from NMR spin-lattice relaxation,”

_ : ) X ' s further discussed in the following section.
equals the height of the single-ion potential wéll,, and is In order to obtain synthetic data to approximate that in

also essentially equal to the activation energy of the highrets 2 and 6, it is necessary to pick a response model and
temperature part of the dc conductivity. Note that the singleyetermine appropriate values for its parameters. Because the
ion potential barrier is also defined as that of the high-c1 has been shown to be a particularly appropriate fitting
tempe[glture primitive response of the Ngai CO“pI'”gmodel?‘5’1°| shall begin with the PK1 model, a parallel
model: combination of the K1 low-frequency conductive-system
(v) The authors’ picture suggests that “the mean-squarelispersion model and the PCPE, usually defined at the com-
displacement of ions while still caged would not be constanplex dielectric constant level but expressed at the conductiv-
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—— PK1 o' data
74, - - = PCPE part of PK1
%

PK1-model responses for the above choices &npd
=0.06 eV are shown in Fig. 1 for all three temperatures.
These curves, calculated witlevm, very closely resemble
the experimental ones presented in Ref. 6, with, however, a
somewhat different frequency scale. It needs to be empha-
sized, however, that they arise here from a composite paral-
A lel, not series or serial-, response models. The dashed lines
a @555:8?83&1 Eaaco2s20) allow one to compare the total response with that associated

8 9 10 11 only with PCPE contributions. The crossover points in the
log(w/wn) figure are discussed in detail in the next section.

FIG. 1. Frequency dependence of conductivity data calculate!€@rly, these Fig. 1 results disagree with conclusith

from the PK1 conductive-system response model for three values dsted in Sec. I.
temperature: 183, 153, and 127 K, from the top to the bottom. The

values of the nearly-constant-loss PCPE parameters usegpare IIl. CROSSOVER ANALYSIS
=104, taken to be temperature independent, and the three values '
of Apc shown in columns 3 and 7 of Table I, where definitions of A. PK1-model data generation

parameters are listed. The K1 parameter values are discussed in
Sec. Il. Filled circle symbols designate PK1 crossover points fo
10% deviation from the PCPE lines for thgc=0.06-eV(column
3) data, while open-circle symbols show those for thgc

; In order to explore crossover behavior, many sets of syn-
thetic data have been generated and their crossover charac-
teristics calculated. Some of these results are presented in
=0.030-K? (column 7 choice. The open-square points were ob- Table I. For PK1 parallel-response sit.uations, the K1-model
tained from an Arrhenius fit of théopc=0.030-K™* crossover par_ameter values were taken to_ be fixed ar_ld the_ effects of
o' (weo,T) values. The quantities, =1 rev/s, andr,=1 S/cm. various temperature dependencieshgg were investigated.

The data sets involved 50 points per decade, and the PK1
crossover frequencwco was determined as follows. First,
the ratior =o' (w)/op{w) was calculated over the entire
frequency range. Then, for a particular choice of this ratio,

wherer,, the characteristic relaxation time of the model, isSuch as 1.1, interpolation with five or more points was
thermally activated with an activation enthalpy Bf, and “_Se‘?'_to Obt'?"n a value Gbco accur/ate to fourl or more
B, is the shape parameter. Some numerical experimentationdnificant figures. Altf crossoverp’ (wca) =T op wco)

for T=153K led to the K1 valuepo=1/oy=10"7 Qcm  =revApcSin(mypsd2)we,’"C Therefore, ifwco is taken to
and 7,=10" s. In addition, the value 0B, was selected as be thermally activated with activation energy,co., it will
0.35 and taken to be temperature indepenfiédthough the  contribute a term (% ypd E,co to E,co, the activation en-
K1 model cannot be expressed analytically for arbitrdfy ~ ergy associated withr’ (wcg)-

it can be accurately calculated numerically using the
complex-nonlinear-least-squares-fitting progresam .

Here | shall follow common usage and takgT as in- )
volving the same thermal activation energy as thatrgf Although | concentrate on using the parallel PCPE model
— , expE,/KT), wherer, is independent of temperature. In Nere, some attention is given to K1S respofi€eand SCPE
contrast, although in Ref. 6 the Nernst-Einstein equation In senes_at the_com_plex reS|§t|V|ty leyéh order to illustrate
was found to be applicable, the authors tdBk=E.. (see =~ SOMe of |_ts S|mlla}r|t|e_s and differences from those of the PK1
Ref. 17 rather than the presef, = E. choice, whereE modgl. First, notice in Table I that for columns 2—4, where
is that forey T instead of that ofr,. Recent fitting results for Apc i taken thermally activatedE,co=(1- ypdEauco
0.88ZrQ,- 0.12Y,0; daté and other materiaté22show that +Epc and the relative standard deV|at|on.s Bf.co and
B, is indeed virtually temperature independent and althougffeco: @nd Seoc and Sg,c, are thus essentially the same.
E,=E., E,#E.. Therefore, only valu_es B, c=Src are listed in the table.

In Ref. 6, the authors quote a low-temperature-regior O the present choice ofpc, (1~ ¥pdE.co may be re-
value of E,~E_=0.4 eV for their Lj1da.;TiOs material.  Placed byE,co to good approximation. Column 2 of the
Using this value foE,; andE, in the above relations allows t@ble, for the Epc=0 situation, involves temperature-
one to calculate the consistent valuesrgfand p, for 183 independent values &pc and leads to the surprising result
and 127 K. To obtain the response of the composite PKihat
model at all three temperatures, we must finally specify val-
ues of the PCPE\p: and ypc parameters. In order to ap- E,co=E,co=0=E,1—A#E,=0.4¢eV. 2
proximate the CL assumption in Refs. 2 and 6, we take a
temperature-independent value of the NCL quanips of  Here A=0.0371 eV, a significant quantity not identified in
10" 4. At 153 K, we setApc=400; then when values of the the work of Refs. 2 and 6.

ity level in the caption of Table I. The quantity, is the
permittivity of vacuum.
The K1 model involves the parametgrg, 81, and 7,

B. PK1-model crossover results

Epc or bpc parameters ofApc (see caption of Table) lare For the presenEp=0 situation, in Ref. 6 it is assumed
selected, values dipc at the other two temperatures may bethat E, co=E,=0.4 eV. Although it might be plausible
calculated. herein to calculateE oo from To'(wep,T) values, rather
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than fromo’ (wco, T) ones, the latter choice has been made - —— PK1 Ex=0.06 eV
. . X B =4 e K1S Epo=0.06 eV
in order to compare more directly with the results of Refs. 2 N ~o PKI =009 ov
and 6. Further, it turns out that values calculated with the >

former choice all exceed the latter-choice ones by only 0.013 o

eV, close to the value predicted from a result of Nowick, -

Vaysleyb, and Lit® and thus allowing simple conversion if

desired. —167 o e
Incidentally, the nonzero value & found here does not 20 © .

arise from the use of the K1 model instead of the universal CERTE TR

dynamic response part of E(L). In the present frequency log(w/wn)

and temperature ranges, th€(w) response of the latter

. : n . i
model is dominated by(w/wo)" while that of the K1 be model and the series K1S one at 183 K. See columns 3 and 4 of

. 17B1 .
comes proportional tare(w o) , an equivalent power Table | for the PK1-model situations and column 5 for tBg:

law. Numerical experimentation shows that although the_ ;g o\ k1S one. The K1S model parameters were obtained by

value ofA is independent of the choice Bf,r, and although  ing pk1 data over the range from 160 10" r/s, and the PK1
the value ofé is independent of that ohpc, & does satisfy  ang k1S models were then used to calculate the present
8(B1—vpd=0.12698 eV, at least for T0=<ypc=<10"°.  extrapolated-range responses.

Further, it is clear that whegpc= B4, not a NCL situation,

there is no crossover because the high-frequency-limitinghe numerical value of 2., we obtain the proper value of
slopes ofo’ (w) associated with the K1, and the PCPE mod-0 252 eV. It is evident that plays an important role in
els are then identical. determining values oE,, .

Column 6 of Table | shows results for thépc It is worth mentioning what happens if one alternatively
=0.015 K™* choice. Although theSec value is very large, defines crossover as occurring at an abrupt transition from
indicating a poor fit, the estimatelipc value was 0.0298 K1 response to PCPE response, similar in philosophy to that
*0.0033 eV, numerically nearly twice the inpbigc value.  of the Ngai coupling model, but not consistent with the
The column 7Apc values were obtained by fitting the col- present simulation data. Then we may Wride ; (wco)
umn 3Apc values with its expression involvingec, as de- =opdweo)=0'(wco), and, although the values @bco
fined in the caption of the table. Again t$g,c=Sec value  anq;(4, ) are then found for the present data to be quite
is very poor, and the resultingpc value was 0.0593 giferent from those following from the usual crossover defi-
+0.0070 eV, once more about twice the injpgg value. AS  pition, values of botE, ¢ andE,co are the same for both
shown in Fig. 1, the open-circlesc=0.030-K * results fail  gefinitions.
to agree well with the filled-circleEpc=0.06-eV ones of — Ajthough the authors of Refs. 2 and 6 found that NCL
column 3 and involve the extreme value $ic=0.35. But  temperature dependence was better described by exponential
note that even the filled-circle points, involvit8,c=Sr.c  response involvindT, as defined in the caption of Table I,
=0.04, do not represent an exact Arrhenius response, ajhan by thermally activated response, the Table | results
though deviations are not evident on the log-log plot of Fig.show that the latter response leads to about a ten-times closer

1. Thus, only inexact Arrhenius crossover behavior is foundgpproximation to Arrhenius crossover behavior than does the
raising doubts about the appropriateness of conclugion  former.

The results shown in Table | for the PK1 model with
Epc=0 eV satisfy very closely the relations

FIG. 2. Log-log exactos'(w) responses for the parallel PK1

C. K1S-model crossover results

E,co=(E,7—A)—Epc/(1—n) eV 3 The wide-range results of Fig. 2 show that although at
sufficiently low frequencies it should be possible to distin-
and guish between series and parallel NCL behavior, the close
equality of these responses over four or more decades, as in
E,co=(E,1—A)—Epdn/1—n) eV, (4)  the figure, renders such discrimination difficult at higher fre-

quencies. Therefore, even though PCPE response is usually
wheren=1- ;. For bpc#0 situations, however, the case much more appropriate for most NCL situatictfsseries
investigated in Ref. 6, the authors started with Bg.of the  response needs some investigation as well. Further, in actual

present work and derived the expression situations with blocking or nearly blocking electrodes, it may
be necessary to use a composite model such as PK1S, with
E,co=E,— (n/1—n)kbpcT? eV. (5 the SCPE representing electrode effects and the PCPE one

NCL ones. A series electrode-related model has been found
If we use E,=0.4—0.013=0.387 eV, n=0.65, andbpc  to well describe low-frequency(w) behavior'! It is thus
=0.030 K1, and takeT as the mean of the present three plausible to identify an SCPE element, with-Jysc of the
temperatures, Eq5) yields E,co=0.273 eV, compared to order of 103 to 104, as representing a nearly complete
the actual column 7 result of 0.252 eV. If instead we replacélocking situation, and indeed one often finds values gf
theE, in Eq.(5) by (E,+—A)=0.3629 eV, as in Eq2), we  consistent with expected double-layer capacitance. Future
obtain 0.249 eV. Also if we use E4) with Epcreplaced by  experiments with a range of electrode separations, allowing
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extrapolation to infinite sample thickness, and/or ones withindependent, a negative value of thequantity of Eq.(3)

parent-ion electrodes would certainly be worthwhile. was found. These results suggest that for the series model,
The K1S-model results shown in column 5 of the tableE, co depends delicately on the temperature dependence of

were obtained by using theevm program to fit the three Ascand may be either less than or greater tBgn, here 0.4

column 3Epc=0.06-eV PK1-model data sets with the K1S €V, unlike more reasonable PK1-model response.

model. To do so,8; was held constant at 0.35, as was 1

— ¥pc= vsc=0.9999. Thus, real-part fitting involved the V. DISCUSSION OF EVIDENCE FOR ALTERNATE NCL

three free parameters,, 7,, andAgc. The fitting yielded MODELS

exceptionally close agreement, with theSjtvalues increas-

ing from 1.5<107° at 127 to 4.% 10 ° at 183 K. The re- o ,

sulting Asc estimates are listed in the table. They led to 1he work of Refs. 2 and 6 is interpreted by their authors

Esc=0.077 eV, but the 5.6% relative standard deviation of®S precluding the use of the parallel composite response

the fit was poor. Although the column 5 results are those fomoge: ior;trllie p:ﬁS?mCELm:;f A? the); ?Ot”tn ?rUt’ Suﬁhi a Sr%m h
the K1S model, they are identified as involving tBgc odel Implies tha €IeC’s PErsISt 10 Irequencies mue

—0.06-eV PK1 quantity since this value was the StartingIower than that associated with the residence time of ions in
point for generating the K1S data. potential wells, a possibility they reject. They therefore pro-

S . pose, in qualitative terms, a serial approach to explain their
The method of determiningco was different for the K15 data. No quantitative model that instantiates the serial model

situation frlom that de,scnbed gbove for the PK1 one. The,y can pe used for data fitting, such as the present compos-
equation o’ (wco) =ropdwco) involved the full K1S re-

) ( ite PK1 model, is provided, however.
sponse on the left side buts(wco) could not be used on  Thjs serial model differs from the present composite ones
the right because of the series combination of the modely, the following respect. It is assumed that high-frequency
Instead, at a given temperature the KiSw) data values NCL (or CL) effects are associated entirely with the vibra-
were fitted with the PK1 model and the resulting PCPEtjona| behavior of ions that remain caged within their sites
opdw) response was used on the right side of the abov@ng that there is an abrupt crossover from such localized
equation. Once an estimate afzo was obtained, the full pehavior to hopping to adjacent sites. In the PK1 model, as
K1S model could be used to obtain the associaté(lvco)  in the serial one, virtually all ions are vibrating in cages at
value. the highest frequencies. Further, even though the present data
Because the series model of column 5 fits the parallehnalysis using the PK1 model shows the presence of a ther-
model so well, one obtains very closely the same crossovemally activated crossover of approximate Arrhenius charac-
results as those for column 3. But notice that fg esti-  ter, the proportion of ions that stop vibrating and begin hop-
mates are not well fitted by either the thermally activatedping increases monotonically as the frequency is lowered. A
formula, sinceSe=5.6%, or by the exponential one involv- plausible explanation for such behavior is provided in the
ing bpc, whereSg,=10.2%. In addition, the estimates ob- following section.
tained for thepy and r, parameters were very much smaller  The important conclusiofiv) of Refs. 2 and 6 states that
than those used for the PK1 model and, even more interesthe crossover activation energy foundg,co=0.17
ing, they led to estimates oE, and E,r of only 0.024  +0.03 eV, is the same as that obtained from spin-lattice and
+0.003 and 0.0550.007 eV, respectively. These estimateselectrical conductivity relaxatiof® In fact, the spin-lattice
are much smaller than the 0.4-eV value used for these quanalue quoted in Ref. 23 is 0.15 eV, equal to the above value
tities in the PK1 model, and Arrhenius response was onlywithin one standard deviation. Note that this value is very
approximate since th& relative standard deviations of the close to that obtained from the original Ngai coupling-model
fits were about 0.056 and 0.152, respectively. expressiort>?224E = (1—n)E, 1, with (1—n)=8,=0.35,
Another K1S-model fitting, starting witlepc=0.09 eV,  the present K1-model value. Helg is the activation energy
led to even more peculiar results. The K1S data were obef the high-frequency-limiting primitive Debye-response part
tained by the same procedure described alexeepthat the  of the Ngai coupling model; see below. In turn, 0.17 eV is
values ofpy were not taken to be free to vary but were heldidentified as the height of a single-ion potential wEl,,
fixed at the corresponding PK1 values. Although the K1S fitsalthough such an important identification does not appear in
of the PK1 data were nearly as good as those obtained witRef. 23. While this conclusion is consonant with the
free pg, it turned out that all three, estimates were larger NCL-CL physical model proposed in Refs. 2 and 6, it does
than the PK1 ones by a factor of 1.219; thus begiT and  not seem conclusively established.
7, were of thermally activated form with the activation en-  For example, the Ngai coupling model identifies the
thalpy of 0.4 eV, as before. Although the valuesfef- were  single-ion energy barrier as that associated with a thermally
much larger than those shown in column 5 of Table I, theyactivated primitive relaxation time,, that of the limiting
were thermally activated with the exact valuEsc Debye response appearing at and above a temperature-
=0.09 eV. independent frequenay.= 1/, of about 182 r/s. Such an
These data sets led to the surprising estimdgs,  identification seems incompatible with the crossover energy
=0.696+0.002 andE,co=0.599+0.005 eV, with corre- E_,co identification, since NCL behavior is quite different
sponding fit relative standard deviations of 0.034 and 0.104from Debye response and is generally observed at far lower
respectively. Further, whefigc was taken to be temperature frequencies tharw.. If indeed E g is not the single-ion

A. The serial approach of Lem, Rivera, and co-authors
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potential barrier, then the serial approach becomes less jughis identification is indeed appropriate because all ionic-
tifiable. In addition to identifyingE,, o as the single-ion po- hopping effects were well fitted by the K1 model aldrtbus
tential, the authors of Refs. 2 and 6 also point out thaBhe implying the need for an additional nonionic process to ac-
activation energy of their data equals 0.17 eV at high tem<count for NCL behavior.
peratures and 0.4 eV at low ones, a type of non-Arrhenius In Ref. 4 itis found that in th&.— 0 limit one may define
behavior. the ep..o dielectric constant quantity, appropriate in the ab-
Although coupling-model explanations of the appearancesence of alkali material. Rather than model the increase of
of a lower-activation-energy response region at sufficientlythe bulk-dielectric constant and NCL behavior by the free
high temperatures have been provided by Ngarthe cut-  parametek .. alone(no NCL) or by PCPE response alone
off modef? provides a possibly superior alternative explana-(zp.. effects roughly included as part of the OPEood fits
tion. This model, involving a short-time cutoff in the K1- over an appreciable range of concentrations were found by
model distribution of relaxation times, can also lead to suchaking ep.. fixed atep.o and then including in the full re-
non-Arrhenius behavior. Further, work in progress of the ausponse model a PCPE representing the power-law incre-
thor using the cutoff and coupling models shows that themental increase in the effective,.. and associated NCL
smaller high-temperature activation energy is neither entirelypehavior.
constant nor necessarily equal to the single-ion activation In this NCL model it is assumed that the charge-carrier
energy and does not satisfy tliig,=E.=(1—n)E,r rela-  motion, approximately vibratory and dipolarlike at high fre-
tion. The above considerations suggest that(thend (iv) guencies, as assumed in conclus{gh and involving both
conclusions of the authors of Refs. 2 and 6, while involvingforward and some reverse hops at lower offés,coupled to
interesting and suggestive hypotheses, are currently unhe dipolar response of the bulk material in such a way that

proven. increases in ionic concentration increase the effective high-
frequency-limiting bulk-dielectric constant, just as found
B. The PCPE bulk-dielectric NCL coupling model from accurate fitting resultsIn turn, such increased cou-

pling would be expected to increase the PCRE NCL

; 2 . arameter, again just as observed. In this NCL model, unlike
the open circles in Fig. 1, as well as the experimental result : . o .
e serial one, ions thus play an indirect rather than a direct

of Fig. 2(b) of Ref. 6, do not lie closely on a straight line. : . . . _
Further, even when the NCL parts of the response are takerole in leading to NCL behavior. Clearly, theoretical analysis

. : of this ion-dipole coupling model is needed for comparison
of Arrhenius form, for the present virtually exact results the_ . h th L | di f
crossover points are not exactly of such character but involve’ it .t € quantitative resu t_s presente' In Ref. 4.
Finally, note that there is another independent effect that

a relative standard deviation of fit, given By,c=Sr,c of might lead to changes ifp.. asx, increases. It would arise
about 4%, as indicated in Table I. Finally, it should be men-. " anv difference in the polarizability of the, part of the
tioned that in order for the present PK1 or K1S models tobulk meﬂerial as comparez to that 0¥ the- & ppart It is

) : c .
y|eId.a valug OfE,co Of 0.17 eV, an appreciably larger value likely to be small in any event and has not been accounted
of b is required than that found in Ref. 6. cfjor in the analysis of Ref. 4

If the serial approach of Refs. 2 and 6 were to be rejecte : e -

as unlikely and unproven, what other explanation of NCL In conclusion, the present results indicate that there seems

behavior might be more plausible? Recent complex-no need to invoke a serial model to explain the important

nonlinear-least-squares fitting &ENa,0-(1—x,)Ge0; data crossover behavior described in Refs. 2 and 6, as in conclu-

over an appreciable range of ionic concentrationshas _sions 1) gnd (V.)' Further, conclusion§ii)—(iv) seem to be
strongly suggested that NCL effects were present and Coullgapproprlate, inaccurate, and/or unlikely.
be well represented by a PCPE elentftfihis response, be-
ing in parallel with conductive-system K1 response at the
complex conductivity level, may be identified as part of the
bulk-dielectric response, that involving the high-frequency It is a pleasure to thank Dr. Carlos Lredor providing a
bulk-dielectric constantp.., and it causesp.,, when taken  preprint of the present Ref. 6 and for stimulating and valu-
as a free fitting parameter, to increase with increasing able correspondence.

The presenbT results of column 6 of Table I, shown by
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