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We have carried out ac-conductivitg{w) measurements on bidiO,, 5, 0<5<0.08, in the frequencyw)
and temperature ranges 5 Hz—13 MHz and 75-300 K. The ac conductivity follows a set of basic characteris-
tics: (i) o(w) obeys thew® power law ©~0.38—0.85).(ii) At higher frequenciesg(w) saturates. To our
knowledge, saturation af(w) with o in the radio frequency range has not been previously reported for an
electronic systentiii) o(w) is weakly temperature dependent in the dispersive regionBelow the saturation
region, for a fixeds, the reduced conductivity(w)/a(0), at various values of can be scaled to a generalized
reduced frequency,= w/a(0)T". For §=0.01-0.08n is =—3 or —3. (v) Furthermore, at a fixed, the
reduced conductivities for variouslie on a universal curven in this case varies from% to —%. (vi) Good
agreement of data with the Summerfield extended pair approximation thetay/c(0)=1+(Awae?/
a(O)kBT”)b, is found;b~0.64—1.(vii) Our data analysis reveals two loss peaks; the first is located near the
critical frequencyw. below which the imaginary part of conductivity,(w) is proportional tow. (viii) The
relationa(0) w, is obeyed, withw ccexp[— (T,/T)Y¥|. The second loss peak lies near the onset of saturation.
These characteristic signatures in the ac conductivity point to a transport mechanism involving localized states
near the Fermi leve[.S0163-182806)04540-1

[. INTRODUCTION tal and theoretical investigations, that a large number of in-
vestigators have contributed to this field. The first theoretical
We report here on ac-conductivity properties of investigation of Mott and Austh(1969 had a number of
La,NiO,, 5, which, to the best of our knowledge, have not shortcomings, which have since been addressed in several
been published so far. Considerable interest attaches to tHigeoretical treatments on hopping transgért? using a va-
system because of its close relationship to@z0,, which ~ riety of approaches, such as the effective-medium
belongs to the class of quasi-two-dimensionaNKe, struc-  approximation'? effective pair approximatiori (EPA)
tures. For doped and reduced,Cai0, (Refs. 1-3 and Sr- (Butch.er and Summerfield continuous time random-walk
doped LaNiO,,* the dc conductivitya(0) varies withT as  formalism* (Dyre), and percolation theoty (Hunt. We em-
TM wherem lies in the range between 3 and —3. In later phas_lze that these theoretlcgl results _d|ffer only in _flr_ler
work, La,Cu0;. 5, 0.0016<0.01, was reported to exhibit details:® Therefore our focus is to examine ac-conductivity
two-dimensional (2D) weak Anderson localizatioh. For data in a broader context rather than within the confines of a
La,NiO,, the 2D character was established through dc meaParticular theory. We have approached this goal by adopting
surements on single crystals, which indicate that the condu@eneralized parameters, and by utilizing the simplest ac con-
tivity of the nickelates in the Ni@basal plane exceeds that ductivity theory for a semiquantitative analysis of specific ac
along the orthogonat direction by nearly two orders of conductivity features.
magnitudé®. Various band-structure schemes have been ad-
ya_nced to rationalize the observed transport ae_H_awever, Il. EXPERIMENTAL DETAILS
it is not clear whether the charge carriers are itinerant large
polarons or localized small polarons, i.e., whether the ob- Experiments were conducted between 75 and 300 K in a
served activation energy is due to the thermal promotion oftandard, pseudo-four-probe configuration on an HP 4192A
carriers across an energy gap and/or to an activated mobilitympedance analyzer operating over the 5-Hz—13-MHz fre-
Recent resistivity measuremehtsonducted on as-grown quency range. The experimental setup was interfaced with an
La,NiO,4, 5 (6~0.05 crystals in the Ni@ basal plane by the HP 85 computer for data collection. Experimental details are
potentiostatic four-probe resistivity technique reveal that available elsewher¥. Contributions from parasitic elements
m=— 1 over the 300—77-K range. Furthermore, ac conducwere evaluated by measuring a set of known resistive and
tivity in the basal plane exhibits dispersion in the 5-Hz—10-capacitive elements in various configurations, as described in
MHz frequency range, whereas along thelirection it is  Ref. 16. All the reported data in the present report have been
dispersionles&. These experimerftsalso confirm the 2D subjected to this correction.
character of LaNiO,, and suggest that transport involves  Single crystals were grown as described elsewhdree
localized states. As oxygen stoichiometry affects all physicabamples were cut in the shape of parallelepipeds iratle
properties, we have carried out systematic investigation oplane, typically about 0.5 c¢m in length and 0.010%cim
the ac-conductivity characteristics of INIO, as a function cross section. The samples were annealed for 24 h to attain
of stoichiometry. the desiredd values, as prescribed in Ref. 7, and drop
The ac-conductivity data, in general, display a set distinctquenched. Samples withvalues 0.01, 0.03, 0.06, and 0.08
basic characteristics, gathered from the wealth of experimenn the single phase region were kept in mineral oil and ex-
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FIG. 1. loggo(w) vs loggw plots for the as-grown sample at FIG. 2. loggo(w) vs logqw plots for all samples at-100 K.
various values off.

periments conducted within a time span of 24 h. The as- s=d Ino(w)/din o, (1a

grown sample, included in the present investigation, has @hich yields

composition close ta9~0.05. Contacts to the sample ends

were made with indium, electrically connected to the ac con- s=1-4/In(vyy/w). (1b)
ductivity leads using silver paint. Utmost precautions were .

taken to ensure good Ohmic contacts: bad contacts resultdd€'® ¥pn IS @ fundamental rate constafuf the order of a
in erratic impedance behavior as temperature was lowere@"NON frequency-10" _101. S ). For a particular d|sp§r-
Such data sets were discarded, and the experiment was rave curves depends om, principally through the transition
peated on a fresh sample. Data at 5-Hz matched data tak&f d¢ conduction at low» and to saturation at high. Hence

by four-probe dc measurements. All reported data were colve find it convenient to define an averages,, with a

lected during the first cooling cycle corresponding average frequeney, at the midpoint of the
' dispersion range, which is well separated from the transition
Ill. RESULTS AND DISCUSSION regions.

The temperature dependencesgfis complex: According

We first plot the ac conductivityo(w) [=oi(@)  to Eq.(1b), s depends on how,, changes witfT. It is often
+io,(w), where subscripts 1 and 2 denote the real andverlooked thats may further change witil because the
imaginary componenisat selected temperatures as a func-midpoint of the dispersive region moves to lower frequencies
tion of frequencyw. The representative legr(w)-logiqw  as the temperature is lowergBig. 1); this results in a cor-
plots at various values of for the as-grown sample are responding increase is,, [Eq. (1b)]. Thus in the Austin-
displayed in Fig. 1. The key features are listed belWwThe  Mott formula the details of thes,, T relationship are inti-
log;go(w)-log, g curves are flat in the low-frequency region mately linked to the variation of,, with T, as well as to the
a(w)~o¢d=0(0)~0(5 Hz)]. The ac conductivity in the dis- T dependence of the dispersion characteristics, and are diffi-
persive region follows an approximate power lafw)*w®  cult to predict.
(0<s<1). (i) o(w) finally saturates ais or becomes very In Fig. 3,s,, vs T values are displayed for afl. For all
weakly frequency dependertfii) After o(w) rises from its  samples except fof=0.01,s,, varies between 0.6 and 0.85,
dc value, its temperature dependence weakens as the frgs is found for many cases of interéSt including

guency increases; this is evidenced by the crowding of thga20uo4+5,5 Further, s,, increases withé except for
log;go(w)-l0g;qw curves in the high-frequency region. The

conductivity ratioc(10 MH2)/o(0) is strongly temperature

dependent(iv) The shape of the Iggo(w)-log;qw curves is *?
similar for various temperatures. 08 _

Additional characteristic signatures of the ac conductitivy
emerge from Fig. 2, which is a lgg(w)-log;qw plot near o7} -
100 K for variousé: (vi) The shape of the curves is similar
for all 6 at fixedT. (vii) The critical frequencyw, at which & o8 .
o(w) begins to rise from its dc value decreases with). For
a fixed 6 value, w, decreases with temperatufieig. 1). We ) iy
now discuss these key ac-conductivity features in the context ‘%é <<<<<<<<<< - SO Do
of our data on LgNiO,_ ;in further detail. Ll I G 3 7

A. w and T dependence of ac conductivity 03~ p~ py poos pos 0 w50
T (K)
1. Frequency exponent s
The Austin-Mot? equation for ac conductivity is approxi- FIG. 3. s,, vs T variations together with least-squares fige

mated byo(w) > w®. The frequency exponestis defined as texs.
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6=0.06; a trend to the contrary was reported for the Cu . : : . ; .

analog> However, theT dependence of,, is complex: the As-grown La,NiO

weakT dependence of,,, as computed from the movement 2| log o(w)/o(0) vs log (a; ®;) f f o apa00K
of the dispersion region to lower frequencies, is indicated by 0, = 0/6(0) T; @, = w/c(0) T M O ;283K
the least-squares fit in Fig. ®roken ling. For the 5=0.03 _ K 4 o1k
and 0.08, and for the as-grown sample, we could assume thaE' A Z ::m
vy is independent off and that it increases from10%to & 'f “ B;%b o 0 078K
10'°s7%, respectively; a value of 19s tis found for impu- £ E9 o ays0K
rity conduction in G&'® For 6=0.06, the comparatively steep el D 0y283K
S, T curve cannot easily be reproduced, even with an expo- i 3 :: :zﬁ
nentialT dependence of,,. For 6=0.01,s,, remains excep- o 03100K
tionally small between 0.38 and 0.45 at all temperatures. For , , , , , . 0 57K
this sample an additional dependencergf on T must be 2 0 2 4 & 8 10 12
invoked to simulate the,,-T behavior, shown by the broken log (@; @)

line in Fig. 3. We also note that for this sample the rat{®@0
MHz)/o(0) is small and the dispersion region is narrow; both ~ FIG. 4. log qo(w)/o(0) vs logygw,, E’lOtS illustrating scaling with
w. and wg have rather low values; see Fig. 2. T (78-300 K. N=1, wreg=w1; N="73, Wreg=p.

2 Saturation with e We enlarge on the universality properties of our data by

. o combining thereduced ac conductivity(w)/o(0) with agen-
Saturation or near saturation is observedrim) at about  ergjized reduced frequenty

100-200 K in the frequency range of our measurements; at a
fixed frequency the lower thé value the higher is the onset = w.=w/(c(0)T" 2
temperature of saturation. This may be seen in Fig. 2 by Wreg=w, = 0l (o(0)TT, @

noting that for6=0.01 saturation is already encountered atyheren is a fitting parameter. This generalized form will be

low frequencies, whereas f@=0.08 it has barely setin.  ysed below to examine scaling with respectTtdat fixed
This appears to be the first report of saturation in the rad'%omposition) and to compositiortat fixed T)

frequency range in an electronic system. A similar plateau in
the frequency response otw)_ in the range 189-10° Hz was _ 1. Scaling with T
observed in a Czochralski-grown single-crystal alumina ) ) ) ) i
sample at highT (1323-1623 K, subjected to an oxygen e first consider scaling with respectToat a fixed com-
partial pressure of 210 2to 1 atm*® under these conditions POsition 6. Representative reduced data are displayed in Fig.
ionic conduction is presumed to dominate. 4 for the as-grown sample, as lgg(w)/a(0) versus logw
curves fom=1 and—3; in this figure,w,=w, for n=1, and
w,=w, for n=—%. Forn=1, the reduced curves do not
overlap very well; this is also the case for all other samples.
From the T dependence of the various terms in theFor n=0, the lowerT reduced curves remain shifted to the
Austin-Mott’ formula, a weak, non Arrheniu dependence right (as forn=1 in Fig. 4, though to a much lesser extent.
of the ac conductivityr(w)=T" is predicted (8<t<1). The  However, as is illustrated in Fig. 4, an excellent universality
absence of an exponenti@l dependence ob(w), and the  plot is obtained fon= — % up to logyw,~9.5. The superpo-
weak T dependence observed in our data, strongly suggesition deteriorates below 100 K for frequencies exceeding 1
that hopping transport involves localized states with energieMHz; this may be related to saturation atw) in this w-T
within kgT of the Fermi level® This is further inferred by region. The same degree of universality is encountered for
the stronglyT-dependent(10 MHz)/o(0) ratio. These fea- samples withs=0.06 and 0.08. By contrast, for samples with
tures are in striking contrast to hopping phenomena in bang=0.01 and 0.03, excellent scaling is obtained over the en-
tails for which an Arrhenius-typd dependence of the ac tire measured frequency and temperature range, including
conductivity and an associated neaflyndependent conduc- the saturation region. The empirical values fall between
tivity ratio is observed, as for example in AsBoped —3 and —; for o(w)/0(0)<100. Reported literature values
polyphenylacetaté’ for n range from 1[o(w)/c(0)<10°] for heavily doped
n-type Si and O5-P,Os glasses! to 0.57 for Au-doped
amorphous S{o(w)/o(0)<100],?? to 0 for amorphous Ge
and Si[o(w)/a(0)<10].1° The above analysis indicates that
We next concentrate on the scaling properties of our datdor La,NiO4, s n is negative and obviously system depen-
Summerfield® noted(from data for diverse systems such asdent.
amorphous and doped semiconductdtat the ac conduc- Interpretation of nHunt® noted that if experimental data
tivity tends to be universal function of a reduced frequencyobey the relationw,~<w/c(0)TP, thenT P is to be identi-
which containsT and o(0) as important parameters. Thee  fied as the appropriate preexponential factoroi®). Hunt
duced ac conductivityr(w)/o(0) scales withreduced fre- illustrated such a correlation for Au-doped amorphous Si as
quency @/o(0);?* here ®=w/R, and 7(0)=c(0)kgT/  reported by Long and Hansmafinp varies from system to
aRye?. R, is a transition rate preexponential factor, anis ~ System, as the various reported data analyses ré&lElaA?
the spatial wave-function decay parameter of the localizedFor our scaled data for the as-grown sample,n=—%, in
states. Other symbols have their conventional meaning. close agreement with the theoretical preexponential factor

3. T dependence of ac conductivity

B. Scaling characteristics
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FIG. 5. loggo(w)/a(0) vs log,ow, plots demonstrating univer- . T . . .
sality with changing compositions at80 K. wes=w,; N varies 20 LagNiOgs {b) .
from —3to —3. o from the EPA fits

TY for hopping transport, which we encounter in the data
below our critical frequency. .

0.01

2. Scaling with composition 8r 008 |

0.06

Dyre!* first reported that ac conductivity additionally
scales with chemical composition. This was illustrated by

him for a number of diverse systems; however, composi- 50 100 150 200 250 300 350
tional scaling has seldom been explored. For our purposes T

the compositional parameter is implicit in the variation of

a(0) in Eq. (2) with changing composition. FIG. 6. (8 o(w)/a(0) vs logqw plots at various values of

We examine scaling with respect to composition via ad-open symbols displayed together with the EPA fits from E§3a)
justment ofa(0) (that is, variation ofs) at a fixedT. The  and(3b) (solid line). See text(b) 1/a vs T variation for all §; « is
generalized reduced frequenfiq. (2)] now containss(0)  determined form the EPA fits. Refer {e) and text.
andn as variables instead 8. n in Eq. (2) has been suitably the conductivity ratio, and is not identified with a distribution

adjusted to achieve the superposition displayed in Fig. 5Of hopping rates, as in the pair approximation.

Only minor alterations are required to achieve complete scal- gt '\ve discarded data in the saturation region which is
ing below saturationn=—3, —3, —3, —1/2.5, and—3 for covered by the scaling law. Second, we replabéy T"
6=0.01 and 0.03, as-grown, and 0.06 and 0.08, respectivelyy the denominator of Eq(3a) for generalization, and uti-
at about 80 K. In the saturation region, the reduced curvegzed n values consistent with the ac conductivifyscaling.
are very similar in appearance, but they do not overlap; thigye adopted a nonlinear least-squares fitting procedure to ob-
breakdown of scaling is expected, as mentioned below.  tain a best fit to the data. The resulting EPA curves and data
for the as-grown sample are displayed in Figg)6There is
fairly good agreement between the data and the EPA results
3. Summerfield scaling law (solid line), except in the transition region; similar fits were
) ] ) ] ) found for all others. The fitting paramete of Eq. (3b) falls
Up to this point we have emphasized scaling, using &etween 0.9 and 1, except f6r-0.01, whereb varies from
generalized form, which leads to the superposition of data &} g4 1o 0.7¢ due to slight variations of the lggr(w)-log, g
various values of (Fig. 4 and at several compositioBig.  cyryes withT at the onset of dispersidnFrom the EPA fits
5). We now specifically examine the degree to which indi-o, estimate of the localization lengthsydis obtained; these
vidual data sets agree with the Summerfield scaling law. Th'?ange from 6 to 18 A, which are reasonable values close to
procedure also yields an estimatecof those quoted by Summerfiéldfor amorphous Ge. In Fig.
Summerfield found that ac-conductivity data are well réP-g(p), we display 1& vs T plots for all 8; a similar weakT
resented by an empirical scaling Bw dependence is also encountered in other hopping systems,
o but is not well understood at present.
o(0)o(0)=f(AB/0(0))=f(Awae® a(0)kgT), (33
C. Loss peak atw,

~ b ; —
f()~1+x" with b=0.725, (30) 1. Peaks in the normalized ac-conductivity

where A is a model-dependent constant. In the high- functions F; and K

frequency limit and over an extended temperature range, the A loss peak is an essential feature of hopping
scaling breaks down. In this approach, depends only on transport®**however, spatial inhomogeneity may also give
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FIG. 7. logo1(w)/o4(0) and log go(w)/a41(0) vs loggw, plots 8 ' ' " '
(solid symbols for the as-grown sample at78 K are displayed. La,NiO,, 5 (b)
Note the two crossover points. Also included are plots ofJbg 7L log oo vs T3 -
and loggF; vs logow, (0open symbols which show peaks in the
vicinity of the crossover points. ~ ol |
‘n
rise to such structures, as pointed out in Ref. 10. Such sig- g Y voy
natures are well established; they have been seen in lossy = °[ 4 a 1
dielectrics and insulators, as well as in glasses, for many 0 003 o, 24
10,11,24 . . . A As-grown =} a
years.”~<"They were first theoretically predicted for elec- 4 v 008 @, ]
tron hopping(as opposed to Debye relaxation phenomena
by BryksinZ?®> who found a loss peak in the vicinity @b, . . , . . .
Other hopping models have since yielded similar resilts. b 6 o 22 24
This feature can be clearly seen in the two normalized con- (1000m™= (<)
ductivity functionsF, andF; , which are model independent. _
These functions are defined beldfv: FIG. 8. (& log;gw, Vs log,qo(0) plots for various values o6

iIIustratinl%]3 the o(0)xw, proportionality. (b) logigw. VS
Fo=[(o4(0)/o(0)— 11wy, (49 (10001m) " plots for severab values.
loss peaks. Further corroboration is found in the correlation
Fi=—d(oy(w)/c1(0)wy)/d(w,). (4b) of ¢(0) and w. and their functional dependence dn as
discussed below.
Plots depicting logyF, and logqF; vs logw, [again, -
w,=w, for n=—1} in Eq. (2) for a generalized reduced fre- 2. Critical frequency e, versuso(0) and T
quency for the as-grown sample at 78 K are displayed in A well-known proportionalityo(0)> w, is observed in all
Fig. 7. Also included in this figure are lg@r(w)/o1(0) and  other systems characterized by hopping transpdrhe criti-
log,005(w)/a4(0) vs logqw, curves. The salient features are cal frequency as determined from the peak in the measured
the following: (i) The log qoy(w)/o1(0) and logqop(w)/o1(0)  imaginary part of the impedance I&) is close to the cross-
versus logyw, curves cross over at two frequencies and  gver point, and is displayed as lgg(0) vs logqw,. plots in
w, near the two peaks in the lgff, and logoF; versus Fig. §a); the linearity of these curves indicates that
log,gw, curves.(ii) The first loss peak occurs near the fre- 5:(0)xw, for La,NiO,. 5. We further find that logyw,
quency of the onset of dispersionn(), below which  «T~13 a5 displayed in Fig. @) for several values of. A
ay(w)la,(0) is proportional tow. (iii) The second crossover curvature in the data fof=0.08 is evident, indicating more
(loss peakoccurs near the onset of saturation in ac conduccomplex behavior in this case. The valuegf is estimated
tion. (iv) Both F, andF; are similar in shape; the former is to be ~10''-10'?s™%, close to that encountered in impurity-
smaller by a factor of 10. doped Gé?® Due to the proportionality betweer(0) andw,,
Tentatively, we associate the second loss peak with th@e may assume that(0)=T~ Y3 This is consistent with the
saturation ofo(w) and determine the saturation frequency aforementioned result of Ref. 8, and indicates that both the

from the location of the second loss peak or from the corredc and ac transport processes involve the same mechanism.
sponding crossover point. Because saturation is not normally

encountered, to our knowledge this is among the first obser-
vations of a second loss peak.

The above-mentioned features in ,N#O,, s, except Our ac-conductivity data on LAiO,, s exhibit the fol-
those due to saturation, are commonly encountered in sy$ewing set of signaturesi) The ac conductivity follows @°
tems involving localized carrier§.Since our 5-Hz resistivity power law €~0.38—0.85).(ii) At higher values ofw, a
data suggest variable range hopping, hopping transport, neaturation in frequency response is encounteigd Beyond
inhomogeneity, is deemed to be the underlying cause for the., the ac conductivity displays a wedkdependence(iv)

IV. CONCLUSIONS
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The reduced ac-conductivity data at various valuet s€ale  erature lead to the conclusion that,M#O,. s is a polaronic
with the reduced frequencw) The reduced ac-conductivity or Anderson-localized material. Among these measurements
data for variouss at a fixedT lie on a universal curveyvi) ac  are soft-x-ray absorption and emission studfeshotoemis-
conductivity may be treated by the Summerfield scaling lawsion work?’ electron-diffraction experiment§, infrared-

(vii) Two loss peaks are observed in the normalized conducabsorption measuremerits, neutron-diffraction  studie®
tivity functions. These occur in the vicinity ab, and ws.  magnetization measuremerits? and electron-transport
(viii) o(0)*wc, with w.xexp[(—To/T)* . Below w:,  phenomend®®® A number of theoretical presentations are
oy(w)lo(0)*w. also based on electron localizatitht® On taking all of this

The above ac characteristi¢sxcept the saturation pla- ork into account, one is forced to the conclusion that most,
teay bear a close resemblance to those encountered ifinot all, charge carriers in the LNiO,, ;5 system are local-
amorphous- and impurity-doped semiconductors. These al§ged, and require a thermal or optical activation energy to
meet all the criteria expected from hopping transport in anmove from site to site.
electronic material.

One of the important conclusions of the present investi-
gation is that localized charge carriers at the Fermi level
must be present in LAiIO,, s at densities (~3x10%
states/crieV) sufficient to produce the very significant dis-  We gratefully acknowledge the technical assistance of P.
persion effects summarized above. Any itinerant electrond/etcalf, and illuminating discussions with Professor F. A.
also present are not detected by ac techniques at frequenci€budnovskii. This project was conducted with the financial
up to 10 MHz. In the earlier literature, transport phenomenassistance of a National Science Foundation Grant No. DMR
were generally discussed in terms of itinerant charge€2-22986, and a Department of Energy Grant No. DE-FGO02-
carriers® However, several observations reported in the lit-90ER452427.

ACKNOWLEDGMENTS

*Present address: Department of Physics, University of Oregor’R. M. Hill and A. K. Jonscher, J. Non-Cryst. Soli2, 53
Eugene, OR 97403. (1979.

TPermanent address: Department of Physics, Department of NaturdiN. F. Mott and E. A. Davis,Electronic Processes in Non-
Sciences, Pukyong National University of Technology, Namgu, Crystalline Materials(Clarendon, Oxford, 1971

Pusan 608-73, Korea. B4, M. Kizilyalli and P. R. Mason, Phys. Status Solidi36, 499
IM. A. Kastneret al, Phys. Rev. B37, 111(1988. (1976.
2N. W. Preyeret al, Phys. Rev. B39, 11 563(1989. 20A. P. Bhatt, W. A. Anderson, and P. Ehrlich, Solid State Com-
3C. Y. Chenet al, Phys. Rev. B51, 3671(1995. mun. 47, 997 (1983.

4Th. Strangfeld, K. Westerholt, and H. Bach, Physical& 1  2!S. Summerfield, Philos. Mag. B2, 9 (1985.
(1990; X. Granadoset al, J. Solid State Chem102 455 2p R, Long and L. Hansmann, iHopping and Related Phenom-
(1993. eng edited by H. Fritzsche and M. PollafVorld Scientific,
5C. Y. Chenet al, Phys. Rev. Lett63, 2307(1989. Singapore, 1990 p. 77.
6D. J. Buttrey and J. M. Honig, iThe Chemistry of High Tem- 22A. Hunt, Philos. Mag. B64, 579 (1991).
perature Superconductaredited by C. N. R. Ra¢World Sci-  24J. C. Dyre, J. Non-Cryst. Solidk35, 219 (1991).

entific, Singapore, 1991and references therein. 2y, v, Bryksin, Sov. Phys. Solid Stat22, 1421(1980.
"R. R. Schartman, Ph.D. thesis, Purdue University, 1989. 265, M. Butorinet al,, Physica C235-240, 1047 (1994.
8R. J. Rasmussefprivate communication 27H. Eisakiet al, Phys. Rev. B45, 12 513(1992.
9. G. Austin and N. F. Mott, Adv. Physl8, 41 (1969. 28C. H. Chen, S.-W. Cheong, and A. S. Cooper, Phys. Rev. Lett.

10A. R. Long, inHopping Transport in Solidsedited by M. Pollak 71, 2461(1993.
and B. Shklovskii(North-Holland, Amsterdam, 1991p. 207, 29% .-X. Bi, P. C. Eklund, and J. M. Honig, Phys. Rev.A, 4756
and references therein. (1990.

113, C. Dyre, J. Appl. Phy$4, 2456(1988, and references therein. °J. M. Tranquadat al, Phys. Rev. Lett73, 1003(1994.

124, Bottger and V. V. Bryksin,Hopping Conduction in Solids 3!K. Yamadaet al, Physica C221, 355(1994).

(VCH Verlagsgesellschaft, Weinheim, 1985 325 -W. Cheong, Phys. Rev. £9, 7088(1994.
133, Summerfield and P. N. Butcher, J. Physl%; 7003(1982. 333, Nishiyama, D. Sakaguchi, and T. Hattori, Solid State Commun.
143. C. Dyre, Phys. Lettl08A, 457 (1985. 94, 279(1995.
15A. Hunt, J. Phys. Condens. Mattér6957(1992, and references *J. Zaanen and P. B. Littlewood, Phys. Rev5@ 7222 (1994.
therein. 35H. Roder, H. Fehske, and R. N. Silver, Europhys. L28. 257

18R, J. Rasmussen, Ph.D. thesis, Purdue University, 1988. (1994,



