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New model for nearly constant dielectric loss in conductive systems:
Temperature and concentration dependencies
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By appropriate fitting of conductive-system frequency-response data for two different ionic
materials over ranges of temperature and ionic concentration, it is shown how dispersion associated
entirely with ionic motion and that leading to nearly constant dielectric Id$6L) can be
unambiguously distinguished and separated. The latter is clearly associated with polarization of the
bulk material, and in the limit of zero mobile-ion concentration NCL appears to approach zero,
yielding only a bulk dielectric constant..q, one that is frequency-independent over the usual
immittance-spectroscopy experimental range. For nonzero ionic concentration, however, dielectric
NCL appears and can be represented by a small-exponent constant phase &dtEenbmplex

power law in frequency. This part of the full response may be modeled either by a CPE that includes
all bulk dielectric dispersion or, more plausibly, by..q and a CPE representing only incremental

bulk dispersion associated with coupling between ionic motion and bulk polarization. In this case,
interestingly, precise power-law dependencies of various dielectric parameters on ionic
concentration are established but need theoretical explanation. Fitting of the ionic part of the total
dispersion with three different Kohlrausch—Williams—Watts models leads to dependencies of their
different 8-shape parameters and dielectric quantities on temperature and on ionic concentration and
strongly suggests that the widely used original-modulus-formalism dispersion fitting model is
incorrect and should be replaced by a corrected version20@2 American Institute of Physics.
[DOI: 10.1063/1.1434953

I. INTRODUCTION character, it is then in parallel electrically with conductive-
: . L system ionic response, contrary to recent conclusions of
An |mportant outstanding problem in lmmlt.tance'spec-l_eon et al. in Ref. 4, further discussed in Sec. V below.
troscopy Is the r_1ature of nearly constant dlele_ctrlc IOSS The coupling between ionic motion and dielectric polar-
(NCL) in cqnductlve syste_m_s such as glasses with mObIIszation evident in the present results needs detailed theoreti-
charge carriers. Characteristic behavior is that where the dEaI analysis and is different from that of the Ngai coupling
electric loss functiong9(w), or a component of it, is a very theory”” and from the Funke theory of mismatch and
?Iowl¥_3?ecrea3|rlg fUI’ICtItOI’l ?fw' usually of power;llalw relaxation®® On the other hand, it may possibly be related to
dorm.. tn .somt(; em.[t)era uge-_(rjeqt:sfa_nc(:jy regions, suct: ?SS the qualitative concept of correlated states discussed in Ref.
ominant, in others It can be identilied as an IMportant S€¢g - e total high-frequency-limiting dielectric constant is
ondary part of the response, and in others it may not b% e g
resolvable®. Ngai, who has recently reviewed the NCL situ- ~~ InCl;Che Dpwrésent work, the temperature and ion-
aélﬁn n detg;yl, S[hara(_:tenzes NCdL’ (t)'r applarent constli\nt IOS(’ioncentration dependencies of significant parameters of vari-
( )t’ las ud'qlﬁ' oust in lon _tcon ue lngtg alsses,h men?, aN%bus dispersion models used to fit immittance data for two
crysNas_ar:] ¢ Iarac erlzes; Idif\ a; SNpgf acutar _p_ento fenondifferent ionic materials are estimated by complex nonlinear
gai has aiso suggested tha may onginate from g, ;¢ squares fittingCNLS) of the data. Such fitting has been
fundamental mechanism in condensed matter and that fQ{arried out using the LEVM computer prografhDifferent
ionic conductors it “originates principally from some local models are compared in order to show their appropriateness
motion or vibrational degrees of freedom of the mobile '

. N~ “or lack thereof, and to support and quantify the present NCL
ions.” The present work clearly indicates that, for the alkali PP 9 fy b

. : . .. explanation. Most of the present fitting has involved propor-
glass data analyzed here, NCL is not directly associated wit onal weighting(PWT).1°

the effective high-frequency-limiting dielectric constant aris-

ing directly from ionic motionec1... Instead, the presence

of ions leads to an increment in the high-frequency-limiting!l- DATA-FITTING MODELS

dielectric constant _of _the bulk matgriai[,w, an ir_1crement The main models employed here are types of
that thus depends indirectly on ionic concentration. BECaUSR o|rausch—Williams—Watts onddLet us distinguish them
the data fitting suggests that the NCL effect is dielectric INysing an index. Then they may be denoted by KWRphere
simplified as K&1271°The most conventional model is the
3Telephone(919 967-5005. Electronic mail: macd@email.unc.edu k=0 KWWO0 one, or KO. Its frequency response corresponds,
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through a Fourier transform, to stretched-exponential tempo- There are three free parameters in the OMF K1 model
ral behavior and involves the shape paramggr By, the  and four in the CK1 CMF K1 one. The KO model again
stretched-exponential exponent, witkk@,<1. When it is requires a free dielectric parameter, this time representing
alternatively used to represent dielectric dispersion at the., and it will then be designated as the CKO. In addition,
complex dielectric level, rather than resistivity dispersion,there are situations where a series or parallel power-law
we setk=D. KO is also the basis of the two other KWW constant-phase-elemef@PE response function needs to be
models used hereif **and, although no analytical expres- made a part of a composite-fitting modef*°A series ele-
sions for their frequency responses are available for arbitrargnent, the SCPE, possibly representing electrode effects, is
B values, LEVM allows all KWW models to be used for best defined at the complex resistivity level and may be writ-
fitting or simulating frequency response or temporal datden aspsdw)=11eyAsdiw)?sc], wheregy, is the permit-
with a relative accuracy usually better than %0 tivity of vacuum andAgc is a pure dielectric element when
In 1972-1973 the original modulus formalis(@MF) vsc=1. Similarly, a parallel CPE element, the PCPE, may
conductivity-relaxation approach was published, and it wade expressed aspc(w)=Apc(iw)” ?Pc, where Apc is a
first shown there how the KO response model could be trangpure dielectric element wheppc=0. The combination of a
formed to an important new one, the K&'” although these K1 response model and a SCPE will be denoted as K1S, and
distinctions were not made at that time. Since then, the OMrhat of a PCPE and a K1 as PK1. Both combinations involve
has been widely used up to the preséef., see the 20 five parameters.
references to it listed in Ref. 18even though crucial defects It has recently been shown that either the CS or the PC
in it were pointed out in 1996'*°and a new version of it, the model can lead to small-exponent power-law response for
corrected modulus formalisfiCMF), was introduced. Un- the corresponding8(w) response and to apparent CL re-
like the KO and many other dispersion models, K1 responséponse fore9(w).* But the more common NCL response,
involves a dielectric constant contributiofig;(w), that can  involving small-exponent power-law behavior for both parts
be shown to arise entirely from mobile charges and whos®f (), can be modeled with such a combination as PK1 or
high-frequency limiteci()=&c1.., is nonzero>*+1? PK1S2 There are seven parameters involved in the PK1S
Although the OMF dealt primarily with modulus re- model, and wherypc=0 it reduces to the CK1S model in-
sponse,M(w)=1/e(w), it introduced a high-frequency- volving six free parameters. The CKOS model also involves
||m|t|ng dielectric constant, there denoteﬂsl an integra| SiX pal’ametel’s. Of the Composite models discussed here, the
part of the conductive-system dispersion. This quantity wa$K1S and CK1S ones have usually been found to be the
identified as containing “all the ordinary contributions to the Most appropriate when the data involve a frequency range
relative permittivity of the material except those connectecpufficient to allow statistically significant estimates of all
with the long range ionic diffusion proces&®It was further their parameters to be obtained. Finally, it is worth empha-
noted that “...e5 contains contributions from deformation Sizing that the o(w) response associated with the
and vibration losses and from the electronic polarization offontinuous-time random walk microscopic hopping theory of
the material, but no contributions from migration losse€.” Scher and L& agrees closely in form with that of the mac-
These definitions imply thats represents the present bulk '0SCopicod;(w) K1 model.14'1_5'21S_uch_det_alled agreement
£p.. quantity, although in more recent work it has been iden-th_us provides further_theoretlcal justification for the appro-
tified with «., (e.g., Refs. 5, 6, and 18 prlateness and effectiveness of CMF K1 models in data fit-
Both of the above definitions afs are inapplicable be- tNg.
cause the Kl (w) expression, and therefoeg;.,, arise
entirely from mobile-ion effects and thus should not include
any pulk 'ones..'For. actual data in cases where the ion-bull; TEMPERATURE DEPENDENCE
coupling identified in the present work is appreciable, one
might expect that the changes éf.. might themselves af- Table | lists some of the results of fitting single-crystal
fectecy., but any such changes are likely to be negligible.0.88ZrQ,-0.12Y,05 data covering a range from about 20 Hz
Note that although one expects that whep,(w) ap- to 1° Hz. These data sets were kindly sent to me by Dr. C.
proaches and reaches;.., ions will be executing local li- Leon and form a part of a larger group of data on
brational motion, such dipolarlike effects involve the ions ZrO,—Y,05 solid solutions’ ones that exhibit ionic conduc-
rather than the bulk-material surrounding network. Althoughtivity. There is, however, no significant overlap between the
both the OMF approach and the CMF &h&15%%involve  present work and that in Ref. 22. The quantity iS the
the K1 model, they differ in two important respects. The firstrelative standard deviation of the fit residuals. Values of the
is the consistent use of the ion-only deriveg,.. quantity in  order of 0.01 or less indicate an excellent fit, while those of
the CMF and its replacement by the composite ion-bulk0.1 or more a poor fit. The OMF K1 fits of tHd9(w) data
guantity e, in the OMF. The second is the need to include awith unity weight [UWT] emphasize the fit to the largest
separate parallely., free parameter in fitting with the CMF values and thus yield estimates of tBg shape parameters
K1 model. No such parameter is used or needed in the OMlose to those that would be obtained from the OMF proce-
since that approach already implicitly or explicitly includes dure involving the full width of theM9(w) curve at half
all p., effects throughes. When a freesp.. parameter is height (hereafter just “width.).31>1" No adequate OMF
included in K1 fitting, the resulting CMF composite model K1S fits were found to be possible.
will be designated by CK1. The K1 CMF model leads to the following expression
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TABLE |I. Fitting results for single crystal 0.88ZX.12Y,0, data and various models. All fits are CNIsSlevel with PWT except for the OMF K1 ones
which are NLSM9(w) fits using UWT. Herek=0 for the CKOS model and 1 for the rest.

T Model 100$ Bk EDw APC Ypc ECke Ex
464 K K1 14.2 0.423 24.6
CKOS 0.93 0.566 0 29.9
CK1s 0.79 0.313 22.4 5.88 28.3
PK1 0.97 0.323 24.0 0.0045 5.50 (29.95
503 K K1 12.4 0.507 29.1
CKOS 1.26 0.537 0 29.2
CK1s 0.91 0.319 23.1 5.15 28.3
PK1 0.55 0.322 24.2 0.0031 5.14 (29.3
544 K K1 412 0.534 29.7
CKO0S 0.84 0.512 0 30.0
CK1s 0.87 0.319 23.9 4.75 28.7
PK1S 0.72 0.319 25.4 0.0041 4.69 (30.1
583 K K1 1.53 0.571 31.2
CKOS 0.69 0.478 0 324
CK1s 0.60 0.319 25.5 4.43 29.9
PK1S 0.58 0.318 23.6 —0.0051 4.49 (28.1)

for the high-frequency-limiting dielectric constant arising en- Because the available frequency window did not cover

tirely from mobile charge$?1415:21 enough of the low-frequency responseTat 464 K and 503
K, no significant estimates of the SCPE parameters in the
ec1e=0o(Mor/ev PK1S model could be obtained for these temperatures. At
=007l (1/B1) B1ev 464 K, the peak of thé19(w) curve was not reached, and
5 the parameter estimates for this temperature are less well-
=[yN(qd)*/6kTey]. (1) defined than are those at higher temperatures. A similar prob-

Here o, is the dc conductivity{ 7)o, is the mean of the K1 lem for the 583 K datg, -but arising from ir_]sufﬁcient high-
7, characteristic relaxation time parameter over the Ko{requency response within the available window, led to the
model distribution of relaxation times, and the 01 subscripSMall nonphysical negative estimate ofpc shown in the
indicates tha3,, not 8o, be used in the distribution, as in the table. Since its relative standard deviation was greater than
second part of the equation whel¢) is the Euler gamma  0-9, however, it cannot be well-distinguished from zero,
function. Further,y is defined as the fraction of charge car- Showing that the CK1S results are more appropriate here
riers of chargey that are mobilgsee later discussignN is  than the PK1S ones. Nevertheless, the other very small posi-
the maximum mob”e-charge number density; ahts the tive values Of’)/pc, all of which are Statistica”y Significant,
rms single-hop distance for a hopping entity, sometimes writindicate that NCL effects may be clearly identified in the

ten asr e or [<r2>]1’2. data, although for the present data, CK1S fits yield compa-
Note that, as shown in E@l), ec;.. is a purely derived rable results. _ _

quantity, one depending only on the fitting parametess It turns out that at high temperatures one sometimes

7o, andB;. For the OMF, howeveg ., is replaced by.., finds that at the low end of the available frequency range,

a quantity that includes response associated with botlr8(w) response, rather than remaining constantogt
mobile-charge dispersion and the dipolar-vibratory bulk-slowly decreases as the frequency decreasesgéfw) de-
material dielectric constanty.. .1%*’ Thus, the OMF analog creases to a minimum, begins to increase, may reach a peak,
of Eq. (1)} requires that., (or ep.. ) be fully determined by and finally decreases again at lower frequencies. A good ex-
the purely ionic dispersion quantities, 7,, and3;, mani- ample of such behavior appears in Ref. 23 for
festly incorrect! CaTiO;:30%AR™; it is clearly associated with electrode ef-
The results in the table indicate that for the presenfiects, and it may be modeled with a SCPE. Thus, such re-
data, CKOS fits are nearly as good as CK1S ones, but theponse is usually an indication of the presence of non-
former ones do not lead to separate estimates of bothegligible electrode polarization contributions to the overall
£p« andecy., . Further, for a wider frequency range, the dif- response, and it cannot be modeled by means of a PCPE. For
ferences in Svalues would be greater, making the choice ofthe present 583 K data, the beginning of such behavior oc-
the most appropriate model much clearer. Although thecurs at the low-frequency end of the data. Therefore, the
proper definition ok, is e,=&¢c1.+ epw, Whenypc<1,as need for a series CPE in the 544 K and 583 K fitting models
it is here,Ap should be a good approximation £g.,, and  indicates that electrode effects are important at these tem-
those quantities in the,, column of the table shown in pa- peratures as well as are separate NCL effects.
rentheses are,, estimates based o1, +Apc. In contrast, at sufficiently lower temperatures, both
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0.88Zr0»0.12Y,05 nitrate mixtures in Ref. 25. Herg, is also the limiting high- _
Single crystal frequency power-law exponent of the KO response, and its
o) interpretation when it approaches unity is somewhat
anomaloug® Unlike the K1 model, whose intrinsic response
is independent of the presence &f.., the KO model re-
quires the addition to the model of a dielectric constant such
ase., in order to yield a peak in thM3(w) response. Thus
there is no one-to-one relation betwegp and the width,
. CMF CKIS fits and the CKO or CKOS model must be used for fitting in
CMF PK1,PKI1S fits order to obtain a meaningful estimate 8§. It follows that
: 8%8 Kf]itsflts the magnitude ot.., can influence whether the width of the
) N . M (w) curve increases or decreasesfgschanges over a
= = limited range. Here the dependence &f on temperature
. leads to a decrease in the CKO width from about 2.1 decades
- lKVI\/V\/xk ‘frtls . at 464 K to about 1.8 decades at 583 K. In most previous
500 550 600  work, the symbolB has been used instead 8§ or B, but
T (K) the proper choice can usually be identified from the context.
The Ngai coupling model involves KO response and in-
terprets changes iB, with temperature as a measure of the
degree to which cations intera@ouple.®?’ It follows that
the approach to Debye behavior @s— 1, discussed in Ref.
26, represents decreasing cation-cation interaction. The
present work, however, strongly suggests that decreases in

power-law fashion, as the temperature is decreased. It turrfsfoegggz clj?c:‘[;]eeasm/g temrz('?igagﬁrio?nnriinpstlimg;ilgnsfrwr?eig-
out that they can then be fitted quite well by the addition of €De/EC1e . .

either a SCPE or a PCPE, for example, by CK1S or by PK1€1» contr!butes to the experlme_ntal data, as it does here. In
This is evidently the case for the results for the two IowermOSt previous data analyses using the KO model, no least-

temperatures of Table |. Because the NCL behavior at thesguares fitting of eitheM(w) or M3(w) has been carried

. gut, and the effect of .. has not been separately accounted
temperatures involves very small power-law exponents, the

r : . . .
is little difference between the CK1S and PK1 models an(for' Thus, many if npt all, previous mtprpretauons,@ﬁ asa
measure of correlation between mobile ions may need recon-

the PK1S model is inapplicable. Thus, the results at these.

) o : Sideration.
temperatures illustrate the fitting of NCI__ effects by_elther a For the present data, the CMF fits are most instructive
series or a parallel added eleménSince the higher-

temperature results show typical electrode-effect behavio@vr;%Ilgdeliateec;[rlﬁ;l?hcf L;,%rgﬁ Ir,]r? stri{itr;]eifrl){hzogzggt,r;gi-
however, it is plausible to identify the SCPE as modeling P ying

actual electrode polarization and the PCPE as modeling Ncﬁtli)nl\ﬁrocess \.'SO# Id a!so dolsof. Anal);)ss 5204v;sdthat ;he K1-
behavior. These identifications are confirmed by theZgXK %(wz) Wi ;4\661(;'65 gny rorggaKout .I di eca es_at
concentration-dependence results of Sec. IV. . toa ogt ' ecades at_ S S K, preciuding meaning-
ful interpretation of changing ion-ion interactions in this
A. KWW shape-parameter dependencies temperature range and consistent with the lack of Coulomb

interactions in the microscopic Scher—Lax response nfddel.
shown in Table | are important because of their differences N Summary, for the present data and probably more gen-

and because there have been many varying interpretations Sfally: as the temperature increases and the frequency range

them. Figure 1 shows their dependencies on temperaturkSMains adequatesy)oyr increases, the CMiB, remains

Except for some uncertainty in tiB=464 K point, we see virtually constant, andg, decreases. The low- and high-
that the CMF CK1S, PK1, and PK18, values represent the frequency slopes of the various KWR¥hodels are discussed

same temperature-independent behavior and lead to a KE detail in Re1;. 26, including'the use of thg KO_ at bhaavel,' h
high-frequency-limiting power-law constant slope w1 the KD model. For conductive-system situations, the widt

— B,~2/3. Although the OMF approach is incorrect, it has °f the M3(w) curve at half-height increases the smajtar
been so widely used that it is worthwhile to show its approxi-a"d here at least, the largp. For a pure dielectric disper-
mate (8;)our K1 response here, one which increases withS'o" system, |_t seems clear theg ger_1era||y increases as the
increasing temperature. It shows a similar trend to earlief€MPerature increases, and the width of #§{w) curve

OMF results found in Ref. 24 for a lithium-ion conductor, Creases agp decrease$:”
Again, the corresponding limiting high-frequency power-law
slope isngue=1—(B1) ome, Which here decreases with in-
creasing temperature.

The CKOS fits of the present data lead By values
decreasing almost linearly with increasing temperature in the  Unbiased least-squares analy3isf the 7,(T) CK1S fit-
present range. Similar decreasing behavior appears for metding results shows that this quantity may be well-described

Ll

0.60
w 0.55
0.50
0.45
0.40
0.35
0.30
0.25,

T A R I A AT I

Q

\

3 N

[0] N

8 \

AN

XX X X
I
O =

%

AN B R AW

N

(N1,
O

FIG. 1. B, temperature-dependence estimates forkthed model designa-
tions listed.

o8(w) ando9(w) decrease monotonically approximately in

The various B, (0<By=1) shape-parameter values

B. Further temperature dependencies
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higher three temperatures, one finds that.=(2.5845
+0.0021)(18/T) with S-=0.0013, very close indeed to
T~ ! dependence. Similarly, fitting yielddeq,=(27.984
i0050)(lé/T) Wlth SFIOOOSJ., thus, ASC]_/SClao

O.88ZrOZ-O. 1 2Y203
33 Single crystal

eeeee Dot 10ecie =10.83, in full agreement with theo:** The figure shows
Vask QOOOO Fit 10€cie that the points corresponding To=464 K lie above the ex-
i trapolated lines by a factor of about 1.06. This value seems
Foloriok Data Aecy ’ unlikely to arise from the temperature dependence ofythe

OLLLA Bg%g (AAGE?:‘I)OMF temperature if recombination occurs; therefore it is probably
an artifact arising from the limited low-frequency data at this
temperature, as already mentioned.
Recently, Sidebottofh proposed that the approximate
expression

As=go—e,=yN(qd)?/3kTey ®)

6 5 . <X><XX> Fit Aec of Eq. (1), which should decrease from unity with increasing

055-

4.5
. be used as a universal scaling quantitydd(w) data. It has
Go0808 Extrapolation of 3—point fits been found to be useful for this purpc¥end this and other
3? ' ' ! ' scaling have been recently discussed in Ref. 15. The present
. 7 /] . 9 2 . 1 analysis extends these results by explaining why, and under
1 03/‘|‘ ( K —1 ) what conditions, such scaling works and how it is related to
the CMF response model.

FIG. 2. De . . iy . ) First, note that Eq(3) agrees with the right-hand side of
. 2. pendencies of variousrelated quantities on inverse tempera .
ture. Herescy.. andAscy=sc10—scy. values are derived from the cK1s- Ed. (1), except for the replacement of the experimental quan-
model fits, Asco=&co Values from CKOS fits, andAec))omr=(cc1o  tity Ae by the theoretical onecq.., and by the factor of 6
—&.)omr Values from K1 OMF-model fits. by 3. When a response model involving K1, such as the
CK1S or PK1S, fits the data welhec; andAe are essen-
; 1
by thermally activated Arrhenil_Js behavior with an activation}lsa:grﬁsggtj:] ec!irt:gg;:)gzgglr?t,sgso "vd'vl s chg ee (;] (;ig\fiilﬁrl];ﬂ 'I}h e ba-
energy ofE,=1.218 eV. Equatior(l) leads to sic quantity isec1., and the present results show how it
po=Tol'(1IB1)! Brecizey, (2)  generalizes the Sidebottom expression. For the present data,
using y=1 and the relatiord®=0.3522* wherea=0.516
nm, the structural parameter of the bulk material, one finds
thatN=7.65x 10°° cm™ 3, probably somewhat more accurate
than the value 9810%° cm 2 calculated earlier for this
material®*
Second, note that although Fig. 2 shows thst 1) ome

indicating, on using the right-hand part of E@) for e¢1..,
that po/T should only show Arrhenius behavior with,
=E, when any temperature dependencel@fl/B,)/3, is
properly accounted for. Here, the CK1S estimate@pfre
closely constant, and one obtaiBg=1.218 eV from fitting

the po/T estimates with or without thg; terms. On the . . :
other hand, fittingoo(T) estimates does not yield agreementCan also serve approximately for scalinyeco, obtained
X 0 from CKO or CKOS fitting, shows quite different behavior

) 0 -
\évsli?mi;ebut leads to about a 3% smaller activation eNe9Yand would be inappropriate for this purpose. It follows that

The present estimate &, agrees well with the more Eq. (3) should only be used for scaling for situations where a

approximate estimate of 1.22 eV presented eafiene cal- .CMF dispersion model is applicable aiy i.S te.mperature—
culated without thed; term. No such agreement would result mdepen.dent.' Therefore, when such scaling is found to be
from analysis of the8,-dependent OMF K1 results using Eq. appr_oprla_te_, it suggests that a CMF model should be used for
) . 1 detailed fitting of the dat®
(2), with or withoute;., replaced bye,,. TheI' (1/81)/B1
guantity varies rapidly in the sma#l, region, from about 9.3
at 8,=0.3, to 5.0 at 0.35, and to 3.3 at 0.4. The present
results suggest that previous estimategfwithout using
the B, part of Eq.(2), the usual approach, should only be Table Il shows fitting results fok.Na,O- (1—x.)GeG
satisfactory for situations where the data could be adequatefyequency-response data with various sodium oxide concen-
fit by the CMF CK1 model and no appreciable dependencérations, x.. These data were kindly provided by Prof. D.
of B, on temperature was present, as in the present work. Sidebottom; they are particularly noisy at low frequencies, so
Figure 2 shows the dependencies of someelated not all the low-frequency points were included in the fittings.
quantities on 1&'T. The right-hand part of Eq1) indicates  All the fitting models used here involve K1. The first is the
thatec;.. should be proportional t& %, provided the other OMF one, as in Table II, and the others are versions of the
guantities in this expression are temperature independenEMF approach, all involving CNLS fitting of the fulkr(w)
Further, for the CK1S modehec, is related toeci., by a  data.
pure function of 8,.'® Thus, for the present situation we Although the CK1S estimates ef,.. and the PK1 esti-
might expect these quantities to be proportional. For thenates ofAp-=¢p. are somewhat uncertain, rough extrapo-

V. CONCENTRATION DEPENDENCE
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TABLE II. Fitting results forx.Na,O-(1—x.)GeO, data with differentx, values and various models. All fits
shown involved PWT.

X AT Model 100% e €Dwr €0 Apc YpcC £C1w -2
0.003 K1 135 0.611 5.48
308 K CK1 3.23 0.333 5.63 0.411 6.04
CK1S 2.92 0.357 5.54 0.483 6.02
PK1 3.25 0.351 5.63 0.00089 0.455 (6.09
C;PK1 3.10 0.342 5.0 0.648 0.0078 0.423 (6.07)
0.01 K1 12.1 0.523 6.56
284 K CK1 4.60 0.368 5.51 1.47 6.98
CK1S 2.44 0.356 5.89 1.18 7.07
PK1 3.48 0.354 6.04 0.0019 1.17 (7.27
C;PK1 3.47 0.352 5.0 1.09 0.0126 1.14 (7.23
0.03 K1 11.1 0.439 7.01
278 K CK1 5.50 0.340 4.95 2.42 7.37
CK1S 1.76 0.348 5.03 2.48 7.51
PK1 1.30 0.349 5.69 0.0063 2.35 (8.09
C;PK1 1.64 0.344 5.0 1.65 0.0920 2.16 (7.8)
0.1 K1 12.9 0.426 9.98
263 K CK1 6.27 0.348 7.81 4.29 121
CK1S 2.92 0.360 6.62 4.26 10.9
PK1 1.23 0.364 7.85 0.0095 4.08 (119
C;PK1 1.42 0.348 5.0 3.53 0.0260 3.48 (12.0

lation of their values tox,= 0 suggests that a common value in the absence of any ionic effects, and, when charge-carrier
for ep.. Of 5.0 is reasonable. This value has been used in theffects are present, the induced bulk dielectric dispersion is
CrPK1 model, where the:p, parameter has been taken associated only with a PK1 model where;!kp(c)cfiPKl

fixed atep.o. Note that the PK1 model, through its PCPE =[(Apc) k1~ €p=0]~(ep»—&D=0), appropriate wherypc

part, requires one to assume that there is dielectric dispersiofi 1. Since this inequality is reasonably well-satisfied by the
of the full ep(w) response, contrary to the usual assumptiorPresent results, we shall seAdc)c p1=Aep.. Note that
that any dispersion associated only with the bulk materiathe present results deal only with NCL in conductive systems
occurs at frequencies much beyond the highest in the preseand suggest that NCL disappears at zero ionic concentration.
data. The GPK1 model involves the more plausible assump-Nevertheless, it appears that a different type of NCL may
tion thatep(w) is undispersed over the experimental rangealso appear in insulators:

0.0 0.70 =
= i 859 . \\ <NOZO>XC<GeOZ>1—xC
\UJ/ 0.5 ] . « 0.65 1
—0.97 @ 5
g 1 Xc=0.003 0.60 1
—1.0 1 & mamannn RS KAXKAAK 0.55 4
: . XC=O.1 E
1 e Data ‘ 0.50 4
151 QOO0 PK1 fit ]
: . soooo K1 part, PK1 fit 0.45 1
] *x %k % PCPE part, PK1 fit ] . ﬂ
] a222a PCPE part, CPKI fit 0 40 1 0om0iTl: oM K1 modei it wT
_20 7] ’ 1 CEFBIk=1: OMF K1 model fit, PWT
] AXXXXKXAKAKX%5X Xc=0.003 035 { AAAAA K=0: CKO model fit, UWT
2 :(NOzo)xc<GeOQ)1_xc ’ g
'%.O 5.5 6.0 6.5 0.50 F=rr e Y
0.01 0.
log(v/Va) Concentration x

FIG. 3. Log—Ilog plots o£9(v) data and fits vs frequency, for two relative FIG. 4. B, concentration-dependence estimates for fits with various models.
ion concentrationsx.. Also shown are the estimates associated with theHere PWT and UWT indicate proportional and unity weighting, respec-
separate K1 and PCPE parts of the composite fitting models.d;jeré Hz. tively.
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~~372 . OMF estimates are, however, nugatory and should not be
|_C (N O2O>XC<GeOZ> 1—xc ,/ used to assess ion—ion correlation effects.
. ‘ Figure 5 shows some interesting and significant results.
— 3.0 A In the past | have stated that., and the dielectric effects
associated only with mobile charges should be independent
to first order® The figure shows, however, that since both
the bulk dielectric incrementAep,, and ecq.. depend
strongly onx;, ep. andec,, are mutually dependent, indi-
cating appreciable coupling between ionic and bulk pro-
cesses, the origin of NCL behavior of the present kind.

The three lowest points of each line in Fig. 5 are excep-
tionally well-fitted by an equation of the form

2.8 1

log(n

N
o))
|

— m
2.2 1 seese 3_point data Tn=B.AX(. @

QOOOOFit 3—point dat : . ' . '
. ooy 4'£po;n$o,dnoto e For the = &1, choice withA =y fixed at unity, one finds

20 _ mmman IElxltrOPololtionl of ?—.p.?h.qlt fits B..=7166+19, m=2/3, and Sc=0.0046. Equation(4) is
) consistent with the right-hand side of Eq), provided one
0.01 0.1 dvo2ocx- 13 here A o ;
COHCGHtI’OtiOI"] N sgtsNocxC and y oci(c . Fort en_— €Doo sﬂuaﬂgn, a fit
C with Eg. (4) and A=1 leads toB,,=1631*+14, m=0.362
FIG. 5. Log—log plots ofyT for designatedy quantities. Heré\ep.. is the +0.002, andSF:O'OO.Sl' Now it turns out that here esti-
Apc quantity listed in Table Il and involves the fixed valeg..q=5.0, and mates Ofm_ are appreciably dependent on the Va"_*@@im
T,=1K. and a choice of 4.975 rather than 5 leads to a slightly better
fit than that listed and ton=0.335-0.002. It thus appears
thatm=1/3 is an appropriate value for this situation.

Figure 3 presents fitting results for the two extreme val-  How can we explain these exponent values? If the mo-
ues ofx.. Although the fits involved the full datéminus  bile ions were homogeneously distributed and fully dissoci-
some extreme outlying pointextending from about 4 Hz to ated, one would expect that the interionic separation dis-
5x 10° Hz, only results for the highest-frequency points aretance, dya_na Should be proportional ta; ¥®, consistent
included here for increased resolution. Table Il shows thawith the transport-distance dependence for sxatibtained
even though the tabular values 9f: associated with PK1 in Refs. 39 and 40 for the present material but inconsistent
and G;PK1 differ appreciably, their nearly-constant-loss with the present... dependence, one where theof Eq.
PCPE contributions to the fit in the figure are quite close to(1) is closely proportional to<c_1’6. There is, at present, no
each other, in agreement with the rough equality of the Sgood explanation for this discrepancy but it suggests that the
values for the two full-fitting models. The figure also showsd of Eq. (1) may not be the same quantity dg,_ngin the
those parts of the fit arising only from the K1 part of the smallx. region. It is worth noting that although
model: lines with slopes of 3, which are not a part of the Sidebottont! on analyzing the present data with E@),
NCL response. stated that hisyd? results were roughly proportional to

Figure 4 shows the dependencies of the variguguan- xc‘2’3, in fact his three smallest; points are much more
tities on concentration. We see that, except for a small deviasonsistent with the accuraie 18 dependence found here.
tion of the x;,=0.1 point, the CK1S8, values are closely The pre:sem.TAsDococxé’3 result also requires explana-
independent of ion concentration. Although the OMF K1 re-tion. First, consider the differences between the extrapolated
sults shown in Table Il involve PWT, the figure compareslines and the actual;=0.1 points shown in Fig. 5. For the
both PWT and UWT OMF estimates. The UWT results leade 4., Situation, a value ofA =y=0.73 at this concentration
to better estimates of the widths of the experimeM&l w) yields agreement with the data. We can now rule out the
curves, ones that always includg,., effects, and so are not possibility that Asp., is proportional to &cy..)Y2 even
representative of the true CMF K1-moddi(w) widths>*®  though this choice yields exponent agreement. The figure

The UWT OMF results are qualitatively similar to OMF shows that in order to change the extrapolateg,.. point so
ones obtained by Patel and Martin and others on variouthat it agrees with the data, one would require a valud of
alkali glasses*~3’ The results included in Ref. 35 for the =y greater than unity on using this square-root relation. In-
same material as that considered here are mostly comparaldtead, if we posit that for this situatioh=1/y and assume
to the present ones, making it clear that thgi 1—n results  that Aep., is proportional to 1yd?, along with the present
are actually OMFB, ones rather than K@, ones. These &1, result thatdzocxc_m, then a value ofy=0.76 leads to
same results are included in Ref. 38 where, however, they argreement. The two values gfare sufficiently close to each
misidentified as stretched-exponential Kohlrausch exponentsther that the preserdc;.., and Aep,, relations may be
B (i.e., By ). Figure 4 shows thgB, increases, rather than taken as consistent.
decreases, as the concentration increases, opposite behavior We may interpret the above<1 results in several
to that of the OMFB, parameter. Since, unlike the CMF, the ways. Although unlikely, they may arise only from a Haven
OMF approach yields,; estimates that do not represent theratio less than unity at this higher concentratiorMore
actualB, values appropriate for the K1 model alone, all suchlikely is that there is some ion association at this concentra-

Downloaded 11 Apr 2005 to 152.2.181.221. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3408 J. Chem. Phys., Vol. 116, No. 8, 22 February 2002 J. Ross Macdonald

tion. The present results lead to quantitative dependencies @iequency rangél2131523Thys, they may possibly be mis-
the interesting NCL-related quantity¥ep.. on temperature taken for NCL in some ranges where the data may be fitted

and on 1#d?, but not directly onN. with either a SCPE or PCPE added element, and where bulk
dispersive response, such as that associated here with K1,
V. DISCUSSION may be of minor or no importance.

Future analysis should try to explain the present NCL Here, where good fitting often requires both a PCPE and

behavior in terms of a microscopic model that shows howA" SCPE in the model, it is evident that the PCPE term leads

high-frequency vibrational motion of ions can augment thel0 dielectric NCL behavior and the SCPE one accounts for

high-frequency polarization of the bulk material, thus Iead—elfegr?dj effeclgs. Whentthig, is_ the (I:.asgi the lseria[{hap[;](oach
ing to NCL of the type identified herein. The present identj-°' R€l- 4 would seem 1o be napplicable uniess the high-
fication of NCL as a bulk dielectric phenomenon does not€mperature parts of the response were ascribed to electrode

ascribe observed NCL behavior directly to localized ioniceﬁeCtS: Then, th? prese_nt parallel dielectric model for NCL
vibration as in Refs. 4 and 5 but invokes coupling of suchmay still be consistent with some or all of the Ref. 4 data and

. . . . Its. It remains to be shown, however, whether either the
motion to the surrounding nonionic elements of the material' €>Y ) ! ’
9 rallel PK1 or the series CK1S model can lead to the tran-

The present results suggest that a small part of the energy b .
vibrating ions is transferred to the bulk material, resulting insmonal effect demonstrated in Ref. 4 and as well, to results

increased bulk polarization at high frequencies and thus to aﬁhowmg low-temperature NCL behavior, such as those pre-

increase inep.. dependent on the mean separation of thesented in Figs. 7 and 9 of Ref. 41. Work in progress is aimed

ions. It seems likely that such a theory would need to involveat evaluating these possibilities, and preliminary results seem

both electromagnetic interactions between ions and suPromising for both models.

rounding bulk dipoles, as well as contributions from high-
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