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Effective-medium model for nearly constant loss in ionic conductors
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A complex quantitative model for nearly constant lof€8CL) is proposed based on an
effective-medium approach. Unlike previous NCL response models, it satisfies the Kronig—Kramers
transform relations. Here the effective-medium dielectric-level model depends directly on the
concentration of mobile charge present and its complex dielectric response is identified as arising
from electrical interactions between vibrating and/or hopping ions and the bulk matrix material. The
parallel combination of the effective-medium response with dispersive hopping described by the
Kohlrausch K1 model, a version of the corrected-modulus-formalism approach, leads to behavior
that can represent dominant NCL at low temperatures well and, at higher temperatures, dispersive
response followed by NCL. Complex nonlinear-least-squares fitting of experimental data sets that
exhibit both types of response leads to excellent fits. Further, the effective-medium NCL model,
which involves physically realizable response, can represent a wide range of NCL behavior
analytically. Such behavior ranges from either approximate or exact power-law frequency
dependence for both parts of the complex dielectric constant or to such response for its real part and
very close to constant loss over a wide range of frequency for the associated imaginary part, as
sometimes observed. @003 American Institute of Physic§DOI: 10.1063/1.1576289

I. INTRODUCTION real and imaginary parts of the data simultaneously to a com-
plex response model, and it invariably yields estimaten of

Although it has been known for many years that the reaklightly smaller than unitysee e.g., Refs. 5, 7, 12, and)16
part of the ac electrical conductivity of ionic conductors of- For many thermally activated situations where NCL domi-
ten shows nearly linear frequency dependence at sufficientljiates, the terms involving, in the above equations are
low temperatures and/or high frequencies, only recently hagegligible compared t&w" response, both because the tem-
this important phenomenon attracted widespread interest angkrature dependence Afis found to be far less than that of
led to much discussion and analysig® Such frequency de- oo and because in the high-frequency regi"” increases
pendence leads to nearly constant IOS$€L) at the complex  faster with increasing frequency than do the ordinary ionic-
dielectric constant level. The complex conductivity and thehopping dispersion effects present in the total response.
Complex dielectric ConStar(br relative dielectric permittiv- Most of the models used in discussing conductive-
ity) may be written ass(w)=o0'(w)+ic"(w) and e(w)  system data that exhibit some NCL behavior have included
=¢'(w)—ie"(w)=o(w)/iwey, respectively, wheresy is  in expressions for’ (w) not only a part that represents the
the permittivity of vacuum. dispersive behavior associated with mobile charges but also a

We next define og(w)=0'(w)—0o and eg(w)  separate part, such ", to represent NCL. The log—log
=&"(w)—(0oo/wey), Whereay is the dc value ob' (). In gslope (called slope hereaftenf ¢’ (w) will then increase
the frequency region whereg(w) is approximated well by  towardsn as the frequency increases and fe" term be-
Aw", with A frequency independent anuslightly smaller  gins to dominate. We shall be concerned herein with more
than 1,e¢(w) will then be proportional tas"~*, NCL be-  gophisticated versions of such composite-model approaches,
havior. Forn=1, one obtains constant loss not physically gnes with the NCL part associated with bulk dielectric ef-
plausible over an appreciable frequency rahgthough this  fects as well as with ionic vibration and hopping. The gen-
has been a common choi¢e.g., in Refs. 2-4, 8, and L1  grgjity of such composite models seems necessary to ad-
One reason for this choice is that most of the prior work NOlequately represent both direct ionic-motion effects and
by the present author has primarily dealt only with(w)  indirect ones.
data, often does not employ even nonlinear-least-squares fit- |t js worth mentioning, however, that some models, such
ting, and never uses complex-nonlinear-least-squaregs the random barrier models of Dy¥& although involving
(CNLS) fitting. _ hopping behavior alone, lead tosd (w) slope that continu-

In such situations, the parameteis not accurately es- qysly increases toward unity as the frequency increases.

timated and its vailue is not usually distinguished from unity.g,ch unitary models do not generally lead to physically re-
It can be welln?gtim'c_lted, however, by using the_ free LEVM g)istic low-frequency-limiting slopes o 4(w) and (),
CNLS program.” This program allows one to fit both the 5.4 they do not include the sort of dipolar—ion vibration

interactions considered herein. Further, it does not seem that
dElectronic mail: macd@email.unc.edu they can yield the NCL behavior often observed at suffi-
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ciently low temperatures where the temperature dependendéBLE I. Summary of the model building blocks and composite models.
of cr’(w) is much smaller than that of the ion-hopping ther- Composite models are generally designated by names like PEMSE, where

. . . . M is the model name, PE identifies a response element in parallel electri-
mally activated behavior observed at appreciably hIghe'éally with M, and SE indicates an element in series with M.
temperature$=>’

In Sec. Il, important composite models are defined andlock Response element or Number of Response
discussed, especially an effective-mediu@M) one for  No. model parameters type
NCL. Then in Sec. lll, accurate fits of experimental data aréviodel building blocks
used to illustrate the extrapolated behavior of the EM part of 1 C Capacitor 1 &p- OF blocking
the response model both for limited-range data that show? EM Effective medium 3 or 4 NCL
only a small amount of NCL at high frequencies and for 3 glp*é\gi\z’vl 32 ONMgL
low-temperature data entm_aly domln_ated by NCL. Other_5 S SCPE 5 Electrode response
NCL response models are discussed in Sec. IV, and Sec. V is _

a brief summary of conclusions. Composite

models

6 CK1 4 CMF
Il. MODELING OF DISPERSIVE DATA ! CK1S 6 CMF

8 CP parallel 3 £pw, NCL
A. Background and earlier fitting elements 9 CPK1 6 CMF
and models 10 EMC 4or5 NCL, blocking

_ . . 11 EMK1 6or7 CMF

The present story begins with the development in 19732 PC series 3 NCL, blocking
of the important original modulus formalis@®@MF) for de- 13 PK1 5 CMF
scribing thermally activated dispersive frequency response of* PK1S 7 CMF

conductive systems. Although this model has been and
continues to be widely used, it does not treat the high-
frequency-limiting dielectric constant of the material,,  complex-response complex phase elen{@RB),*" has been
properly, and thus it turns out to be both theoretically andgdenoted just by P, which represents the PCPE when the CPE
experimenta”y inconsistent and inappropriﬁ{‘ezl6 We de- isin parallel with other elements and Usua”y by S, the SCPE
note the bulk dielectric constant as,.. ; it is found to be when the CPE response is in series with other response ele-
frequency independent over the range of usual experiment&hents. An exception is the PC, a CPE in series with an ideal
data when ionic conduction is negligible. As shown in Ref, 7,capacitor, which could be alternatively designated as S€.
however, the total bulk dielectric constant seems to involvediscussed in Sec. Il B, the present EM response involves a
an additional small frequency-dependent term that increasd¥rameter; that represents the relative concentration of mo-
with the concentration of mobile charge. The present work iile charges. The value of this parameter is usually known
primarily concerned with analysis of such behavior since itfor @ given material and it should then be held fixed, but
appears to offer a physically plausible explanation of NCLsSince it can also be used as a free parameter the number of
even though it seems to be a second-order effect. free parameters shown in Table | includes this possibility.

The corrected modulus formalism mod€MF), like the ~ CNLS fitting comparisons between the K1 and most of the
OMF, involves Kohlrausch frequency response indirectly decomposite models involving it listed in Table | appear in
rived from the assumption of stretched-exponential temporaRef. 26.
behavior'®~26 We denote the model that involves such  For situations where NCL appears to be present in the
Kohlrausch response by K1, written as KWW1 in earlierfange of measurement, it has been found preferable to re-
work. It is used alone for the OMF, but early versions of thePlace the parallel ideal dielectric constant of the CK1 by a
CMF approach involve both K1 and a dielectric constapt /0SSy, complex-power-law expression, thus yielding the PK1
or capacitance in parallel; it has thus been denoted bynodel”>’**1%*The PCPE part of this composite model may
CK1,>712243 composite model, and leads to far better datPe expressed at the complex dielectric level by
fitting than does the OMF because it takes explicit accountof . —a_ (jw)~ 7ec, (1
£p. by means of the separate free parameter Then the . .
high-frequency limiting dielectric constant is given sy, ~ Where 0<ypc<1. Thus, whenypc=0, epc is an ordinary
—ep.+ecy, Where ecr=ecy(®) is the K1 nonzero dielectric constant, and whefpc= 1 epc leads to a pure
high-frequency-limiting response that arises entirely fromconductance that would then contribute a terlr;aitgo When
conductive-system mobile charge effet®&:2% Incidentally, ~€pc iS employed to represent NCL behavidr, !¢ ype<1
the so-called Jonscher universal dynamic response expreddd thempc=ep... Finally, the CPK1 model has been used
sion widely used ino’ () for modeling ionic dispersion O fit data with the parallel C and P parts denotig. and
effects(see, e.g., Refs. 2 and R8eed not be considered here NCL effects, respectively, and, as usual, K1 represents the
since its complex version has been shown to be much lesdispersive response associated only with ionic motion.
appropriate for data fitting than the CK1 mod&f®

Because we will be dealing herein with both individual
response elements as well as with numerous composite mod- Although the CP combination has been successfully em-
els that involve such elements, Table | has been included tployed to represent putative dielectric effects indirectly asso-
define, codify, and characterize them. In Table I, theciated with ionic motior” it involves a simple sum of two

B. Effective-medium model for nearly constant loss
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dielectric effects and does not lead to a physically correct
response at limiting low and high frequencies. These defects
are banished or ameliorated if the two effects are combined
using the physically plausible Maxwell-Garnett effective-
medium approximatiofR®~3°The EM approach “... is useful
when one of the components can be considered as a host in
which the inclusions of the other component are

0.8872r0£0.12Y,05 T=503K
Single crystal

log(¢/0n)

embedded.”® The host involves a homogeneous dielectric — 121 m— E:’:K;o,t
constant, and, in the simplest case, the inclusions are taken ' = K1 port
as spheres of dielectric constasnf arranged on a cubic -1 4:

lattice?® The resulting dielectric constant responsgy, —16- lines: $=0"(w)

may then be expressed as points: ¢=0'(w)—ay

. “BETITTETETT Y
n(eg—€1) @) |Og(GJ/G.Jn)

semleo= 1 o e+ meo—51)

FIG. 1. Dissection of synthetic data derived from fitting experimeatal)

. . . . data with the EMK1 composite model for the choige=0.12. Real part
where 7 is the volume fraction of the inclusions. The com- conductivity results are compared for the full EMK1 model, the conductive-

posite model that involves EM and K1 responses in parallelsystem K1 part, and the dielectric-system effective-medium part. Open
the EMKZ1, should be superior to the CPK1 model since jtcircles are for the K1 part and closed circles are for the EMK1. Here and
. . . - elsewherew,=1r/s ando,=1 S/cm.
involves physically realizable limiting responses as well as
additional generality. Both models may involve as many as
six possibly free parameters wheyis taken as fixed. Allthe ;| pATA FITTING AND EFFECTIVE-MEDIUM
OMF and CMF models of Table | have been instantiated ingeqavIOR
LEVM and allow very accurate CNLS fitting. ) ]

The above expression involves dipolar but no higher™ Conductive-system response dominant
multipole interactions among the inclusions, an excellentap- We begin with an analysis of single-crystal
proximation whenn<0.4, as shown in Ref. 28. Its limiting 0.887r0,-0.12Y,0; data atT=503 K. Frequency-response
values are forp=0, egy=egy=go, and for =1, efy  data for this material at various temperatures have already
=g;. For the present situation, we sep equal to the peen analyzed with the CK1S, PK1, PK1S, and CPK1
frequency-independent dielectric constant of the bulk in thenodels’'%2° The SCPE response element, represented here
absence of mobile iong,y... Note that it is inappropriate to by S, may be expressed o= syAsdi w)?sC. It has fre-
defineg, as the full complex-dielectric response associatedquently been used to represent blocking or partially blocking
entirely with ionic motiongc,(w), as in the K1 model, or as  electrode effects withysc equal to or slightly smaller than
its limiting value ey, . % unity, respectively:”*>?>3'For the presenf =503 K data

Next, we follow the work in Ref. 7 by representing the set, no series element was needed, and using an EMK1
dielectric effect of ions vibrating over a limited region, for model leads to the excellent fit value of Sthe relative
example when localized in potential wells produced by surstandard deviation of the fit, of 0.005 25, slightly smaller
rounding bulk atoms and ions, as of lossy dipolar charactethan that obtained earlier using the PK1 mod&he CNLS
We then assume that the vibrating ions interact electricallfit was carried out using LEVM with proportional weighting
with bulk dipoles and thus augment the bulk dielectric re-at the complex conductivity level.
sponse. As a first approximation, it is plausible and consis-  Although the fit was very good, the EM parameter
tent with previous work to approximate this dielectric effectcould not be accurately estimated from the available data.
of the vibrating ions by setting;=ep{w). We shall ap-  Simulation results showed that appreciably more accurate
proximate here byx., the fractional concentration of mo- data would be needed to estimate it adequately. Therefore, it

bile charge carriers, assumed to be fully dissociated. was fixed at the value of,=0.12 of the present material. In
Now with the choice ofe;=epc and with »#1, it fol-  order to generate data that allow accurate subtraction and
lows from Eg.(2) that extrapolation, the well-determined EMK1-fit parameter esti-

mates were rounded off to the following values: Kdg
=1/07=5.421x10" Q cm, 7,=4x10"%s, and B;=1/3;

and EM: eg=¢&p..=23, Apc=32.3, andypc=0.024. These
values may then be used with LEVM to generate wide-
and frequency-range data consistent with the measured results in
their common range.

Figure 1 shows wide-range results, using the above pa-
rameters, for’ (), og5(w), and the EM part of’ (w). The
slopes of these curves are shown explicitly in Fig. 2. We see
These expressions lead to the plausible restflfg>¢, for  that the Klog(w) slope reaches its proper low-frequency-
w=0 andey<egq for =00, limiting value of 2 and the EM slope is very close to unity

eemleo— (1+279)/(1—7) as w—0, (3)

eemle0—2(1—n)l(2+7) as w— . (4)

Downloaded 17 Jan 2005 to 152.2.181.221. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 J. Ross Macdonald 561

2.0 =" ssszom.12v0; 24.5 EM data and fits
8_ L e ® Single crystal 7
_O 1.6 1 o T=503K
[ ] . Slopes of: w 10.115
1 ® Jines: o'(w) -
1.2 1 . o points: a'(w)—a, ..w
- : 23.5
0.8 { ocooo K1 part © b
1 K1 t 3
] =g e 0.105
04 -1 eeeee EMK1
] 0.882r020.12Y,0;
] Sing_:_e sc&itol <« PCPE
v rrrfigrreyry vy rviT = N
00 53788 225t 10,095
l0g(0/e,) -3-11 3 5 7 9
A&/ Cn log(w/wn)
FIG. 2. Log-log slopes of the real part conductivity responses presented in . . .
Fig. 1. FIG. 3. Dielectric-levele’ (w) ande”(w) EM parts of the synthetic data.

The lines marked CP and PCPE are fits of the EM responses using the
composite CP model and the PCPE model.

(constant lossover the entire range shown. It is evident from
the results shown in both Figs. 1 and 2 that abovkri®the  EM bulk dielectric response is driven in part by ion motion
total response line lies above that arising from the K1 re-and only becomes independent of conductive-system re-
sponse and its slope approaches that of the EM responssponse whem;=0 and, as shown by Eq3) and (4), then
Here, the high-frequency-limiting slope of the K1 response isgy,=&¢=€p.. -
1- B,=2/3. Further, we see that the solid(w) points also Figure 3 shows botk’(w) ande”(w) results, not only
closely approach the EM response at sufficiently low fre-for the EM but also for those obtained from CP and P
quencies. Thus, the present results indicate that NCL behayPCPE fits of the EM data. Clearly, the three-parameter CP
ior for a given temperature may become dominandrfjiw) fit yields results much closer to the EM lines than does the
at both low and high frequencies but not necessarily betweetwo-parameter PCPE, and the real part of the CRmft
these regions where hopping may be dominant. shown is appreciably closer to the' (w) EM line than is its

Although NCL dominance is often identified only for imaginary part. Some numerical results for the EM data and
low-temperature datdRefs. 32 and 33, and Refs. 1-6 fits are shown in Table Il. It is clear that the EM parameter
therein, many low-temperatufd! or even above- values are not entirely comparable to those obtained from the
room-temperatur@ data sets involve a crossover transition two fits. The EMep., value in the absence of ionic effects,
from Kl-type conductive-system response to higher-23, may be compared to the CP approximate estimate of
frequency response with a larger, nearly constant slope dfl4.83+9.16)=23.99 and the PCPE estimate @& pc
unity or slightly less. Note that the CK1S model can fit low- =23.97. The Fig. 3 results show that varies with fre-
temperature experimental data well and exhibits a highquency sufficiently over the 12 frequency decades in Fig. 3
frequency slope appreciably greater than unity, and such fitso that none of these constant values is entirely representa-
ting leads to a slope estimate of about 1.7 for the saméve. Further, the other fit values ofpc are much smaller
material cited in Fig. 1 at 302 K2 When the observed high- than the EM one even though thé frequency dependencies
frequency slope is just below unity, however, it has beerare somewhat comparable. Because of the small size of the
shown that either the CK1S or the PK1 model can often fitEM ypc parameter, very much lower frequencies would be
such data equally well, and they can only be differentiated byequired to show the final approach ®@§(w) to the limiting
their different responses at sufficiently low frequencfelt.  response following from Eq3).
is therefore important to distinguish between the nearly full
blocking electrode behavior described by the CK1S with 1TABLE . Dielecti want results from fitting the comlex EM data

H . lelectric constant r

~vsc<1 and .PKl or EMKl NCL re_sponse Withpc<1, a derived from the full EMK1 fit of Fig. 1. Hereygo.lZ. ThepS and 3
task best carried out using CNLS fitting. Unfortunately, noquantities are the log-log slopes of the real and imaginary parts cf(thle
such tests were applied for the data sets in Refs. 8, 11, and }&sponse at the lowL) and high(H) frequency ends.
that showed crossover.

Let us now consider EM behavior at the epsilon level —100§  —100§
calculated directly from the EM parameters and thus not ipModel  100% e Apc Yec —100§, —1008,
volving such a conductive-system dielectric parameter agM 23 323 0.024 0.3148 0.4436
£c1.. Since we have proposed that for the EM 0.2735  0.1144
=epdw), a quantity arising from interactions between bulk cp 054 1483 916 00081 0 207?%98 g'gggg
matrix quantities and vibrating ions, or even from forward—pcpg 304 - 2397 0002981 02981 02981

backward ionic hopping at lower frequencies, the present
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-0.002 - TABLE lll. Synthetic e(w) data and fit parameters for Na-3SiO, glass at
€ N 122 K (after Ref. 2 using the PCPE, PC, and EM composite response
o models. Row 2 shows an EM fit of the exact data of row 1, while rows 4-7
%—0.004 are fits of the row 3 exact data. For the EM fitswas held fixed at 0.25.
s - - slope PCPE fit Q:/antities such as 1.54 designate the values of series specific capacitance in
pF/cm.
—0.006 siope EM
Row Model $ Apc Ypc €D
-0.008 1 PCPE 8.885  0.00310 -
2 EM 4.86x10°° 14.31 0.011 57 7.497
3 PC-1.54 18.15 0.006 17
-0.010 0.88Zr020.12Y,05 4 PC-1.00 7.9x10°° 4132  0.01325 “e
Single cystal 5 EMC-1.00  99X10% 6808 005066  34.80
~0.012 6 EMC-1.54 1.9%107*  31.37 0.02307 14.93
. -3-171 3 5 7 7 EM 451x10°° 2154 001239  6.500

-3
log(w/wn)

FIG. 4. Log-log slopes of the EM lines and the PCPE fits presented in Fig, . ,
3. The real and imaginary slopes of the PCPE responses are identical anteduency-independest’(w) response was found to be 1.54
equal to—0.0031. pF/cm. The resulting PC-1.54 fit parameters were then used

to generate exact PC-1.54 data. These PC results satisfy the

: Kronig—Kramers relations, which is not true for real-part
F|_gure_ 4 compares the slopes of the EM an_d PCPE "Chower-law response with its imaginary part completely fre-
sults in Fig. 3. The slopes of the real and imaginary PCPEauency independent
parts are the same, and are quite different from those of th Table Il shows in rows 1 and 3 the parameter values
EM. Clearly, the parameters of the PCPE that is a part of th%sed for generating the exact PCPE and PC-1.54 data sets. In

EM model are appreciably different from those obtained by -
L . . . . . 4-7 P EM f I f the PC-1.54
fitting the EM data with a single PCPE. Finally, it is evident rows € and itting results of the PC-1.54 data are

; Figs. 3 and 4 that the EM" i< of variabl presented for various values of series capacitance. It is evi-
rom Figs. 5 an atthe (w) response is of variable dent from the results of rows 4 and 5 that, for a value of 1.00
NCL character but not of exact constant-loss character.

pF/cm, the EMC model yields a much better fit than does the
PC model. Also, although the EMC-1.54 model leads to an
even better fit, the fit in row 7 using the EM model alone is
In 1998, Nowick et al. presented frequency response appreciably better. Itsp.. estimate of 6.50 is smaller than
data for a NgO-3Si0O, glass over the range from 2 to 435 thee,, value of 9.45 listed in Ref. 2 for higher temperatures,
K.2 Unfortunately, the original data are unavailable, but thosébut since the EM parameters in row 7 lead to exceptionally
at 122 K, presented in their Fig. 8, shavi(w) power-law close fits of both the real and imaginary parts of the data, one
response that can be accurately fitted by a PGRESCPE  might well conclude that the 6.50 value is the more appro-
response function.The £”(w) power-law response follow- priate. Incidentally, this value ang=0.25 lead, using Egs.
ing from this fit disagreed with the Ref. 2 experimental re-(3) and (4), to the estimateseg,,(0)=13 and efy, ()
sults for this quantity, ones that were very close to being=13/3. Thus, even if an estimate of the latter quantity could
independent of frequency over more than two decades: ede obtained, it should not be identified&as= ¢p., if the EM
sentially constant loss! An explanation for this discrepancymodel best represents the data.
was proposed in Ref. 5 by considering the response of a pure Comparison of the EM row 2 and row 7 corresponding
capacitance or dielectric constant in series with a PCPE ovalues demonstrates the important result that the EM model
SCPE model. Such a composite model is the PC, a seriezan equally well fit data for which the”(w) response either
combination of the PCPE and a capacitance that might poss of power-law form or is very nearly independent of the
sibly model complete blocking behavior at the electrodes ofrequency. The former situation was investigated in Sec.
the material. As shown in Ref. 5, the PC model can indeedll A, while we are primarily interested here in response of
lead to a very close approximation of constant loss over athe latter form?
appreciable range of frequency. Figure 5 shows:'(w) PCPE and PC data and fits, and
Nevertheless, the case against the presence of actullg. 6 presents the correspondiaf(w) results. Although
constant loss over a finite frequency region is made in Refaiot shown in Fig. 5, the original PCRE (w) data cannot be
5 and 34-36. These results thus raise the question of hodistinguished there from that of the PC-1.54 response al-
well the EM response model might be able to reproduce th¢hough they are not exactly the same. Further, Fig. 5 shows
effects found in Ref. 2, either with or without additional that the real part of the complexXw) EM fit of the PC-1.54
series capacitance present. To obtain synthetic data that ddata, as well as that of an EMC-1.00 fit, also cannot be
plicate as closely as possible the Refl 2122 K results, we distinguished in the graph from the original data. This is
started with the PCPE power-law fit of the exa¢{w) data  clearly not the case for the PC-1.00 fit results.
of Refs. 2 and 5 and generated a full complex PCPE re- Figure 6 compares the PCPE data and EM fit with those
sponse from it. Then PC fits of this data set were carried oufor the PC-1.54 data set and various fits of it. The PC-1.54
with different values of series capacitance. The value of the”(w) nearly horizontal data line varies continuously over
specific capacitance that led to the closest approximation tthe range shown but is nevertheless constant to four signifi-

B. Nearly constant-loss response dominant
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8.73 @ — s
N Na,0-3Si0, 0.21 - ==
w T=122K
= Effective Medium results
8.68 - e | 0.35
d \
0.17 1 0.25
8.63 1 o1
*-oooe ES f1i.t54 pF/cm N -/_ -
mFC 1.00 pF/cm fit |
EMC 1.00 pF/cm fit S 1’ =0.00 1
8.5% T T T T T T T T 1 0.1 3 ¥ LJ v T v 1} v 1 v 1 b
D 3.5 4.5 -3-11 3 5 7 9

log(w/w,) log(w/wn)

FIG. 5. ¢’ (w) results for the exact PC-1.54 data set and various fits to it.FIG. 7. Dependence af{(w)=¢"(w)/7 on 7 for a wide frequency range.
The EM fit is that in row 7 of Table IlI. All the other parameters of the EM fit in row 7, Table IIl, are held constant
for these calculations.

cant figures. We see, in agree_m_ent with the Table IlI resu_lt§Jlt 122 K, they seem unlikely to explain the small value of

that, although the EMS-1.54 fit is excellent, the EM one is; g4 hr/em. Therefore, an appreciable advantage of the EM

appreciably superior. Again, the PC-1.00 fit is particularly ;,oqal over the EMC or PC ones is that it can lead very

poor. ! . . closely to constant-loss behavior without the need for the
The EM fit of the PC-1.54 complex(w) data is superior resence of any small series capacitance.

to the EMC-1.54 fit and leads to a more plausible estimate o[f) Figure 7 demonstrates how the EN(w) response var-

€D than does the Iattgr. FurtherZ there is difficulty.in justi- jas over a very wide frequency range for differepvalues
fying the values of series capacitance used here in the PGnan the parameters of Table Ill, row 7 remain constant.

and EMC models. They cannot be identified with the CONEyidently, the slopes of the” () curves can be either posi-

ductive systemec,.. quantity becausecy () is in parallel, e or negative, although they are not completely constant
not in series, with the PCPE or EM dielectric response mOdbver the present frequency range. For example, for she
els. Although electrode effects are indeed in series, the usual 3 601 cyrve thes”(w) slope varies from at;out 35

double-layer capacitance associated with the blocking of mos, 102 at the low-frequency end to about X802 at the

bile charge at the electrodes is generally three or more Ordefﬁgh-frequency end of the range. The correspondifgo)
of magnitude larger than 1.54 pF/cm. With a series specifi%'ope is of the order of T because for such a small value

capacitancg for thg EMC even two orders of magnitudey nthee’(w) response is very close to that of the constant
larger, negligible difference is found here between the EM

: ) . N . €p- parameter. Forp=0.5, on the other hand, the’(w)
model (with series capacitance of infinite size yielding no slope is about—4x10"2 at the high-frequency end. Al-

effecy and such an EMC model. Thus, even if electrode-y,,,gh these results are interesting, one expects that most, if
blocking capacitances are significant for the present matene?,lot all, of the EM parameters may dependmhso in prac-

tice the EM may not actually lead to positie€(w) slopes

and thus to ones for the real part of the conductivity that

0.0426 NS0 K slightly exceed unity.
< 2 2
w T=122K !
0.0424 IV. DISCUSSION OF VARIOUS RESPONSE MODELS
. Recently Ngai and Leo stated, “One of the frontiers
of research in the field of dynamics of ions in ionic conduc-
0.0422 tors is the origin of the ubiquitous near constant loss
(NCL) ...,” ®" thus underscoring the need to develop a real-
PCPE / istic model for this phenomenon. They also mentioned
/ . . . .
0.0420 GlIDgg f1i'5§,° ';3':5\- A that the presence of NCL in crystalline ionic conductors
anaaa M fit oA’ ST ] “... rules out the possibility that the NCL of present inter-
00418 1222 S A AR est originates from the glassy matrix in which the ions are
. 2.5 ) 3.5 embedded.” This conclusion is, however, inapplicable to the

4.5
|Og(CO/G) ) dielectric NCL model discussed earlier and its present EM
n development, both of which quantitatively model NCL in

FIG. 6. Comparison ok"(w) data and fits for the PCPE and PC-1.54 both glas_sy Or_ CrySta"ine m_aterials Yery W?eITI.'he_se ap-
models. proaches identify NCL behavior as being induced in the bulk
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dielectric matrix by the presence and motion of ions in theto NCL response with somewhat qualitatively determined
material, not as originating as an independent bulk effect. boundaries, and no discussion was provided concerning pos-

Noteworthy, however, is the “jellyfish” model of Lu and sible types of charge motion present in this intermediate fre-
Jain}*338 one partly based on an asymmetric double-wellquency region, one of a decade or more in extent. Further,
potential that involves transitions of ions from one well to their approach involved fitting the hopping part of the re-
the other. Most comparisons of this approach with experisponse by means of the OMF K1 model, one identified in
ment have, however, involved the empirical equation, Sec. Il A as inappropriate.

The above qualitative model is characterized as serial
and thus involves neither parallel nor series response, a nec-
essary justification for its proposed physical explanation of
crossover. In fact, the authors claimed in Refs. 8 and 11 that
a composite response model such as the “so-called aug-
fpented Jonscher form?

o' (0, T)=AwPexpa'T), (5)

where 1.06c8<1.13 anda’ is taken temperature indepen-
dent and very small. This is not a full response model, how
ever, both because no corresponding expressioa’fo®, T)
is provided and because it does not include any separal
diffusive ion-hopping response and a transition from that 0 /()= 5[ 1+ (w/we) "]+ Aw, (6)
power-law-frequency response. It thus applies only at suffi-
Cienﬂy low temperatures that hoppmg effects arefa”S to describe ac conductivity in the whole range of fre-
negligible?®>%*It is important to mention that in this tempera- quency and temperature. This real-part model is of parallel
ture region the asymmetric-double-well-potential model, unform and involves arw constant-loss term.
like that of Eq.(5), can explain the appearance of an inter- Detailed quantitative analysis of synthetic data shows,
esting peak ifToo(T) vs T observed for some glasses at low however, that a parallel model can indeed describe well both
ionic concentration&® the real and imaginary parts of much experimental ac con-
In Refs. 13 and 38 an interesting physical picture of theductivity data, including the details of crossovef:*°In a
origin of such response is proposed, one that involves thearallel model, it is unnecessary to make the questionable
collective motion of a jellyfish group of glass-network atoms Serial-response assumption that NCL and ionic-hopping ef-
and ions(called ions in the Ref. 14 mention of this ap- fects cannot exist simultaneously. Instead, the quantitative
proach. Although this model is not strictly of usual NCL parallel approach, as in the PK1 or EMK1 models, indicates
character since is not expected to be less than unity, it that NCL behavior rapidly becomes less and less significant
could be readily identified as such if experimental analysigcompared to hopping effects described by the K1 mpoatel
yielded a somewhat uncertain estimatesof frequencies appreciably below crossover, and K1 effects are
It is worth mentioning that exponential temperature re-dominated by the NCL response at frequencies appreciably
sponse like that in Eq5) was later employed for NCL tem- above crossover. Finally, the cage-decay, serial NCL model
perature dependence by othérand found to be superior to is incomplete since no analytical expression is available for
an Arrhenius expression. Later work of the present authoitS complex conductivity that encompasses the transition
suggested, however, that the reverse conclusion was prefdfom hopping to serial behavior. In contrast, the EMK1
able, at least for the data considered tH&@&he principal ~Model appears to be the only one so far that provides such a
temperature dependence of the EM model is associated wifl¥lly complex physically realizable expression that can be
that of theApc parameter of Eq(1), dependence that appears Used for CNLS fitting of data that exhibit both hopping and
to be very small and may possibly be best represented byNCL or either one separately.
the exponential form above or by an Arrhenius response with
very small activation energy. Once a plausiBlg(T) ex-
pression has been established by data fitting over a range ¢f symMARY
temperatures, it may be used to both fit experimental data or
predict NCL temperature dependence providgeT) is A physically realizable NCL response model, based on
temperature independent, as is fhef Eq. (5). effective-medium physics, was described and its response
There is general agreement that NCL response is not possibilities investigated. This model, designated the EM, is
significant part of low-frequency hopping behavior, such asable to fit a wide variety of NCL-type frequency response,
that often represented by “universal dynamic resporfs8” ranging from that of a complex power law, the PCPE model,
or by the present K1 model, and Rivera and co-autffors to that where the real part of the NCL dielectric constant is
have recently stated, “At this time it is too early to identify experimentally indistinguishable from power-law behavior
the true source of NCL.” Nevertheless, a proposal for thebut its imaginary part is very nearly frequency independent:
origin of NCL behavior has been described, a qualitativeconstant loss behavior. It is suggested that EM response in-
approach that assumes that NCL is associated with ions virolves electrical coupling between vibrating and even hop-
brating in potential-well cages that very slowly decay overping ions and dipoles of the bulk material. Other NCL re-
time #811141537The original version of this approach in- sponse models considered herein are characterized as
volved the assumption that there is a thermally activatednappropriate or incomplete and do not allow CNLS fitting of
crossover transition from NCL to diffusive response, withcomplex frequency-response data that encompass the transi-
NCL ceasing when conductive-system hopping behaviotion from diffusive hopping behavior to NCL response, as
begins*®114|n later work on other materiaf$;*’ the au- does the composite EMK1 model proposed and investigated
thors defined a finite-length crossover region from hoppindhere.
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