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In homogeneouéfdeal) glasses, the important dimensionless stretched-exponential shape parameter
B is described by magigmot adjustefisimple fractions derived from fractal configuration spaces of
effective dimensiorl” determined by different topological axiomsiles in the presencéabsence

of a forcing electric field. The rules are based on a new central principle for defining glassy states:
equal a priori distributions of fractal residual configurational entropy. Our approach ang its
estimates are fully supported by the results of relaxation measurements involving many different
glassy materials and probe methods. The present unique topological predictiofisyfoically

agree with observed values to1% and indicate that for field-forced conditiogs should be
constant for appreciable ranges of such exogenous variables as temperature and ionic concentration,
as indeed observed using appropriate frequency-domain data analysis. The present approach can
also be inverted and used to test sample homogeneity and qual2@0® American Institute of
Physics[DOI: 10.1063/1.1850901

|. BACKGROUND ond ubiquitous relation that describes relaxation of any

Among nature’s nearly infinitely many materials one probe ‘puise of intensity as a function Of. tlme:l(t).
finds only a few good glass formers. The rarity of such ma-iexd_(t/ﬂﬂ]} wh_ere ponven_ﬂonal exponent!al rengaﬂon
terials is not widely appreciated, because the attention of“th a relaxation timer IS obtam_ed when the dimensionless
science has focused on the few that do efgsth as window raction 8=1. In fact, this functioncalled stretched expo-

glasg because of their immense technological value. AImostneT)tl'al rralaxafuor(SEF?] "’?'dso dgscrlbes relagatlon in meta-
all materials are “normal,” in the sense that when they aretable glass-forming liquids wit<1. As T decreases to-

cooled slowly their viscosity increases linearly with tempera-VardsTg, 5 decreases, sometimes reaching a plateau near or

ture, until the freezing point is reached, where they crystalSOmewhat abovd, depending on the probe. This glassy

lize. Good glass formers, by contrast, encounter configuraplat_eag valugs(Ty) is discussed in great detail in a lengthy
tional barriers to crystallization on laboratory time scales. Ad€ViEW; it is also an important subject of this paper. Unlike
a result, they can be cooled far below their equilibrium freezhe Vogel-Fulche, which is subject to 50% uncertainties,
ing points into metastable states characterized by an expd?® SEZR B has been determined with high precision
nentially increasing viscosity; described by ubiquitous  (~1%),” rendering it an object of greatest theoretical im-
functions of the Vogel—Fulcher form,\,qu[T*/(T_Tg)]a) portange in the study of glasses and their microscopic
with a~1 [or 1.5 (Ref. D)]. properties.

At present there is no consensus regarding the nature of One can “explain” SER by noting that it corresponds
the configurational barriers to crystallization that characterizénerely to a particular distribution of relaxation times, and
good glass-forming liquids. There are many families of goodone would expect the relaxation times of glasses and super-
glass formergnetwork glasses, such as window glass; mo-cooled liquids to be broadly distributed, because of the ex-
lecular glasses, such as glycerol; polymeric glasses, such &9nential complexity of the Vogel-Fulcher relation. This ex-
synthetic rubber, fused salts,, and even electronic glasges Pplanation, however, begs the question of why in
Ref. 2, and it seems likely that each family utilizes differentmicroscopically homogeneouidea) glasses and super-
kinds of configurational barriers to avoid crystallization. cooled liquids the distribution of relaxation timakvayshas
There is one practical observation that can be made: whathe stretched exponential form, after artifa@ssociated, for
ever these barriers are, it seems likely that they can be stugxample, with sample boundaries such as electjodage
ied more easily, more accurately, and more completely in thé&een removed. Moreover, this explanation does not indicate
glass than in the supercooled liquid. However, as implied bya path towards understanding the microscopic significance of
the Vogel-Fulcher relation, the viscosity itself is so large inthe dimensionlesshape fractiorg.
glasses as to be nonmeasurable. Broadly speaking, at present one can distinguish two dif-

Fortunately, experiment has shown that in ideal glasseferent ways of approaching descriptions of the glassy state.
(ones that are microscopically homogengadhegre is a sec- One can start with the picture of a normal liquid with inde-
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pendent gaslike particles, and add correlations through polyrange of experimental data from multiple sources using
nomial interactions from presumed collective modas in  many different methods. Several new examples of ideal SER
mode-coupling theoryRef. 2(Sec. 3.1 and Ref. 3}. These are discussed below.
hydrodynamic mode-coupling models are useful, for ex-  Although the topological approach has been reviewed in
ample, in weather forecasting, and they can be used to filepth(Ref. 2, Sec. 3.2 it is summarized here for the read-
some properties of the supercooled liquid, especially afteer’'s convenience. All glassy relaxation is supposed to take
three-mode interactions are addethich include adjustable place in an exponentially restricted configuration space that
parameters to fitT, (poorly predicted by the two-mode is drastically different from conventional free particle con-
mode). Although this polynomial approach is useful for figuration space. There are many ways that could be used to
curve fitting some kinds of experimental datespecially describe this abstract space, but happily it has turned out that
scattering data taken by the very powerful spin-polarizedhe simplest way is by far the most successful, as verified by
neutron method), it still leaves unanswered the central comparison with many experimentRef. 2, Secs. 699 and
question discussed here, namely, the meaning. of subsequent amazingly successful predictiof@escribed

In this paper and in the lengthy reviéwyhich provides here. The simplest way is topological: one imagines that
the foundation necessary to understand our axiomatic modelelaxation paths are obtained by diffusion to relaxation sinks
one takes a different approach. One argues that the appear defect$? in a space of restricted dimensionalitly <d
ance of the singulafor stretche@l exponential functions in  =3. There are a very few simple axiomatic rules for deter-
supercooled liquidgor glassesshows that no polynomial, mining d*, which turns out to be of the fornfid, with f
perturbative, or hydrodynamic approach based on ideas ap-m/n, wherem andn areintegers(not irrational numbers!
propriate to normal gases and liquids is appropriate foand m=n<10. In other words, the configuration space is
glasses. Instead, one utilizes axiomatic topological modelfactal, but it is a very simple fractal space. The integers
that are qualitatively different from geometrical models of andn arise in obvious physical ways and they are not adjust-
normal liquids. These models plausibly assume that glasseable; there are only a few possibilities, and once determined
which differ from normal liquids because they are “frozen” for a given material, process, and probe, they are fixed and
into configurations with exponentially lardeffectively infi-  unique for the given situation.
nite) viscosities, correspondingly occupy exponentially small ~ There are two kinds of data on glass SER: temporal data,
fractions of free particle configuration space. Thus all geowhere the relaxation time and 8 can be obtained simply by
metrical real-space models, especially those that depend ditting the residual[t>100r (Ref. 2] field-free relaxation
parametrized polynomial assumptions, are exposed to theegime, and dispersive frequency-response data, usually ob-
risk that the configurations they describe are not, in facttained by measuring steady-state dielectfield-forced re-
consistentlyglassy (exponentially entangledAs an aside, sponses over limited, but often broad, frequency raRges.
one should note that this kind of problem has been familiaBecause glassy states occupy only exponentially small frac-
to mathematicians, especially set theorists and topologistsions of phase space, one should not assimseis usually
for more than 100 years; they refer to such problems aslone that the values of the dimensionless stretching fraction
“non-polynomial (NP) complete” or exponentially complex. B are the same when measured in steady-state dielectric and
The prototypical exponentially complex problem is the trav-in field-free relaxation experiments. Standard procedures ex-
eling salesman, who should visit randomly placed citiesist for obtainingr and 8 in the field-forced case by fitting to
along the shortest path. Mathematicians frequently emphaaccurate numerical frequency-response models, but these
size that such problems cannot be solved by brute-forcenust be handled with exceptional care to obtain reliable re-
polynomial methods, not even with the largest computers. sults, especially f0|,8.5’6 The kind of SER that is observed

One of the most obvious weaknesses of many theoreticallso depends sensitively on the excitation and measuring
papers is that they are connected to only @mere often, nd  probes used, and it is much more sensitive to the nature and
experiment. Moreover, older SER experimefgay, before scale of sample inhomogeneitigstatic or dynamit Usually
1980 were often made with samples that were not idealthere is independent evidence of the existence of static inho-
(microscopically homogeneaoljsn addition, relaxation mea- mogeneities. Such evidence is increasingly plentiful, or may
surements require large databases, and before the widesprdaslwell known to experts in specific materialbyt this evi-
use of digital data acquisition and processing, these oldedence is often overlooked in global geometrical models that
databases, many incorporated in the broad collection of Retlaim to explain the microscopic origin of SER.
4, contained many errors. More recent digital data have been To establish thentrinsic behavior of field-free SER in
of much higher quality, and these were identified and emphahomogeneous glasses we have critically reviewed and aug-
sized in the lengthy reviefMoreover, that review predicted mented(Ref. 2, Secs. 6-ahe very largebut old) databast
certain “magic” values of3, and these predictions have been of temporal SER structural relaxation experiments, ones that
confirmed(with accuracies of order a few or even one per-cover a wide range of undifferentiated homogeneous and
cend, often without the authors being aware of the predic-statically inhomogeneous materials, probes, and detectors.
tions, in almost all subsequent experiments that involvedWe have also critically deconvoluted field-forced
samples close enough to ideal to exhibit SER over mangonductive-system dispersion data, being careful to separate
(>3) decades. Thpredictive successf the present approach the dispersiveionic or dopank part from the nondispersive
in analyzing field-free experimental data could be taken a$ost electronic and dipolar parts, and adequately accounting
paradigmatic for quality control of analysis of a large, broadfor the effects of charging at electrode interfates.
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Our results may be summarized as follows: there exist dheory and the two experiments all appeared concurrently
surprisingly large number of microscopically homogeneousand independently, it is not easy to dismiss such concurrence
glasses, including the most important ones technologicallyas the result of “data selection.”
whose properties, including the dimensionless stretching fac- More recently the relaxation of polystyrei®9 has
tor B, have been established with great accuraeg% in 8 been studied with stress relaxatitfiPS consists of the usual
in many cases through careful analysis. The data exhibit hydrocarbon main chain with a phenyl side group. Pure PS is
simple magicB fractions that can be explaineditirely topo-  atactic (shapeless, presumably because of buckling stresses
logically, that is, in terms of only the connectivity and di- caused by the bulky side gro).r’pCommerciaIIy PS is stabi-
mensionality of relaxation paths in configuration space. Geolized, and presumably rendered microscopically homoge-
metrical factors, such as filing factrsor ranges of neous, by the addition of a suitable volume fraction of acry-
interaction® become important only in inhomogeneous lonitrile. How can one test this picture of the commercial
glasses. Moreover, the topological dependence of the magjmroduct, an exponentially unlikely “straw” found as the re-
B fractions on the effective dimensionaliti is different in  sult of a searching through a very large “haystack” by trial
the presence of a forcing electric field involving mobile and error? It turns out that analysis of the birefringence of
charge carrierdconductive-system relaxatiorg; (Refs. 5 commercial polystyreneeo-acrylonitrile) films'® led to the
and 6] than it is for field-free structural relaxatidiB,); the identification of two relaxation processes, the fast one of the
differences, though small, are systematic, independent of mmain chain and the £Glower one of the phenyl side group.
croscopic geometry, and fully explicable. The validity of the The main chain shows the same valueBaf3/7=0.43 as Se
present topological approach is confirmed by the many suczhains did in both experiments described above, while the
cessful predictions discussed below and in Refs. 5 and 6. phenyl side group gav@=0.32. The interpretation of the
side group result will be given below, after discussion of the
microscopic axiomatic model, but it strains one’s credulity to
believe that all these concurrences are merely the result of
data selection.

While much has been said rather generally about glass AMong nonpolar molecular glass formers, orthoterphe-
inhomogeneities, one can appreciate their significance mo&! (OTP) is the most studied, because it is available com-
easily through examples. Silica(Na,0)(SiO,), and mercially in high purlt)_/. _Relaxguon m OTP has been studied
(N&,0),(Ca0)14(Si0,)-, (window glass are all homoge- by very accurate mult|d|menS|olné_§p|n. echo nuclear mag-
neous network glasses, but Ge® not [in addition to the Netic resonanceNMR) methoqé yielding two values of,
host fourfold coordinated Ge, it contains inclusions of five-for 10ng and short preparation times, 0.59 and 0.42, com-
fold or sixfold coordinated Ge in the form of deformed Pared to the topologically predicted fragtn?)rﬁsls and 3/7,
nanocrystallites with the much denser rutile struci@®ef. 2, respectively. Brillouin scattering experiments also myolve
Sec. 6.3]. Thus 3, [silica, (N&,0)(SiO,),]=0.60 (the theo- lzoth long- anéjzshort-range forces, and these also @iye
retical magic fraction 3/5 while 8,(GeQ,)=0.9; the former  =0-43 for OTP.” Relaxation of propylene glycdPG) mol-
value is intrinsic, while the latter is nétSimilarly, polybuta- ~ €cules and polymeréPPG, where relaxation is driven by
diene (synthetic rubberis a prototypical polymer; properly ©H groups, V'C'”Z'a'” PG, but_separated in PPG by 70 non-
prepared samples studied as a function of vigis-trang  diPolar monomers, shows 8,=0.43 (PPG and 0.6(PG),
sidegroup fraction gave a nearly constg@igt 0.41—0.43, in agreeingexactlywith topologmglpredpte_d fr.actlong Simi-
agreement with the predicted topological magic fraction 3/7ary good agreemerit~19%) with predictionis obta|n4ed for
(Ref. 2, Sec. 7.2 whereas varying the vinyl fraction in Orientational glasses, both dipdiaand quadrgpolafr. The
samples stabilized by peroxide addition gave the much widefloped(conductive-systenfield-forced dielectric relaxation
range 0.50-0.26; the former nearly constant values are nea %mples listed in Table | show virtually identical values of
intrinsic and independent of geometrical factors, while the® this similar behavior is also explained below topologi-
latter widely varying ones are nésee Fig. 20 of the lengthy cally, without the use of adjustable geometrical parameters

review’). The “worst case” polymer, polyvinyl chloride
(PVC), is partially crystallized. - IIl. TEMPORAL TRAP MODELS

One of the most accurate ways of measurifgis
through stress relaxation, which can take place at tempera- By now we expect that most readers will have been im-
tures low compared to the glass transition temperature, angressed enough with the examples above of spectacular
over very long timeg$see Fig. 15 of the lengthy revie(Ref. = agreement between theory and experiment to want to know
2, Sec. 6.1]. This method has been used for several chalcobriefly how the field-free theorydescribed in detail in the
genide network alloy glasses, including pure Se itgelffain  lengthy reviev) actually works. Many derivations of struc-
structure, few octet rings, unlike S, and very nearly ideallytural SER begin with an axiomatic trap model similar to that
homogeneoys with results in excellent agreement with the- introduced in the seminal context of dispersive transport;
oretical predictiond.The stress results for Se, measured on ahe simplest and most physical derivations are summarized
time scale of 18s, concur exactly with those obtained by in Ref. 2, Sec. 3.2. In the field-free case, excitations are
neutron spin-echo studies with a time scale of®1€) and  supposed to diffuse to immobile and randomly distributed
they also agree with the predicted theoretical valueBof traps, which act as sinks. At short times the init@s By,
=3/7=0.43. Exact concurrence may be fortuitous, but as=1, while at longer times, scaling of the diffusion equation

Il. FIELD-FREE RELAXATION EXAMPLES
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TABLE |. Complex nonlinear least squares frequency-response fitting resultsKisifiroper high-frequency
limit) and KO (uncorrected high-frequency limimodels(Refs. 5 and § We deal here with3; quantities, but
designate them bys,, with the subscripk specifying the model used for fitting. Th@,=1/3 values listed
below were held constant during fitting. Here $0s the percentage relative standard deviation of a fit. The
high-frequency limiting slope of the real part of the conductivityls-B;) for a K1 model and is the same in
the limit when theKO model is used to fit very-wide-rand€l synthetic data, so they=1-5;.

Fit High-frequency
Material T (K) models 108: By limiting slope

0.882r0,-0.12Y,0, 503 K1 0.49 1/3 2/3
(single crystal K1 0.43 0.32 0.68

KO 0.76 0.49 0.49
0.03Ng0-0.97GeQ 571 K1 14 1/3 2/3

K1 1.3 0.36 0.64

KO 2.3 0.55 0.55
Na,O-3Sio, 303 K1 0.55 1/3 2/3

K1 0.56 0.33 0.67

KO 0.67 0.56 0.56
Li,0-Al,05-2Si0, 297 K1 2.2 1/3 2/3

K1 2.2 0.34 0.66

KO 3.0 0.56 0.56

(Ref. 2, Sec. 3.2gives for residual relaxatiofSER in a  assumption is implicit in writing Eq(2) for the fractal factor
configuration space of effective dimensionality f that compresses the dimensionality of configuration space.
o . [Note that such a compression, as it appliesatothe N

Po=d/(d +2) (field free), @) particles in the system, amounts to an exponential reduction
yielding By=3,s=3/5 for d"=d=3, often observed in field- of the combinatorially available phase space by a factor
free relaxation involving only density fluctuations. Because(N!)*™, whereN>11] It can be justified in much the same
SER involving thes, of Eq. (1) is only asymptotic, one must way that one justifiea priori equal weighting of unrestricted
utilize the results of some quite successful numerical simuphase space in statistical theories of gases, namely, in the
lations (Ref. 2, Sec. Pto discuss the crossover to the re- absence of some other identifiable factsuch as the long-
sidual regime. range potential associated with an externally applied electric

One notes that in later data, especially for polymers andield), equal weighting is the only choice available. In fact, as
molecular glasse%.many values of3, are clustered near we shall see, Eq2) is not correct for ionic relaxation in the
B =0.43=3/7, which suggested a fractal interpretation of presence of an applied field; it is correct only for field-free
d as relaxation. Of course, Eq2) is valid only for microscopi-

« cally homogeneous samples. In the presence of microscopic

d =fd (fracta) (2) inhomogeneities, anything is possible, but usually the distri-
with f=1/2 andthus 8=d/(d+4). Diffusion can take place bution of relaxation times is broadened agfgl is reduced.
equally in two channels, only one of which is relaxational, This explains the very small values ¢f(<0.2) that are
while the other is cyclical or ineffective. The two channels Sometimes reported for partially crystallized polymers, such
could depend on short- and long-range forces, as in PG aris PVC.

PPG™ with the long-rangeineffectivel forces being either At this point readers may be skeptical if they have a
electrostatic(OH group$ or strain (polymers, whose chain mental picture of glasses as extremely complex systems sub-
structure generates strong, long-range, H-bond mediatgé@ct to a multitude of unspecifiedand therefore uncon-
strain field3. (Note that relaxation of a space-filling structure trolled) relaxation mechanisms. This picture is completely
by long-range forces cannot occur by diffusive exchange; igeneral and therefore it seems to be quite appealing. In fact,
can occur only via tunneling, which is exponentially un- however, it is fatally flawed because it does not explain the
likely.) ubiquitous occurrence of stretched-exponential relaxation,

The two channels that givé=1/2 arenearly always with its unique distribution of relaxation times. Of course,
weightedequally, a characteristic of fractal models, and the since such pictures cannot predict SER, they are completely
result of microscopically equal residual configurational en-unable to match the amazing predictive success of the relax-
tropies. The assumption of the latter in describing exponenation channel model with only a few discrete channels.
tially restricted glass phase space is analogous to pir@d Glasses are, in fact, able to fill space yet avoid crystallization
equal weighting of unrestricted phase space in statisticabnly because they are stabilized by self-organization of in-
theories of gases. It appears to be the central unifying printernal stress fields. Self-organization defines the available re-
ciple that describes glassy states, whether formed experimetaxation channels; the way in which glassy networks self-
tally by slow quenching or in numerical simulationdhis  organize has been studied in several numerical simulations,
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the most recent one involving 40 000 atotA©f course, we  sponse is not, however, of SE character with a constant value
do not know from our axiomatic model the details of how of B;. Instead, separate approximate fits of the SE model to
this occurs, but we do not need to know such details becaugie full K1 response over limited temporal ranges show that
there are only a few possibilities férto be considered. Simi- the effectiveg approaches unity in the high frequency limit,
larly, in equilibrium thermodynamics many systems that dif-is of the order of 0.5 for midrange times, and reaches 1/3
fer from each other in detail still obey the law of correspond-only in the long-time limit.
ing states. The relaxation channel model is the glassy analog A K1 composite model with3,=1/3, onewhich in-
of the law of corresponding states. Much more detailed diseludes dispersive electrode effects when significant, gener-
cussion of these methodological matters has already beedlly fits wide-frequency-range data sets appreciably better
given in the lengthy review. than do other models with more free parameters. Rheart

We can now return to the analysis of the birefringenceof the total response model fits the bulk part of the data
data on relaxation of commercial pédyyreneeo-  exceptionally well over the entire frequency span; at high
acrylonitrile) films.!® There were two relaxation processes frequencies it leads to a limiting power-law log-log slope of
with relaxation rates separated by a factor of.I0he au- the real part of the conductivity of;=2/3. Incontrast to the
thors identified these two relaxation processes as belongingl model, theK0 one is derived directly, rather than indi-
to (fast ) the main chain anéslow I1) the phenyl side group, rectly, from a correlation function of SE form with a fixed
with 3,=0.43 andg, =0.32. As we saw above, the value of shape parameter ¢, and its temporal response is therefore
p1=0.43 is just what we can expect from main chain relax-of exact SE form with a constant value 8§ over the entire
ation with two channels anéi=1/2, only one of which is  time domain. When th&0 model is used to fit the high-
relaxational, while the other is cyclical or ineffective. Obvi- frequency part oK1 response, it leads in the high-frequency
ously B,=0.32 corresponds td,=1/3, that is, relaxation |imit to the power-law exponent,=2/3 and toB,=2/3 as
with three channels, only one of which is relaxational, whilewe|l, in accordance with the well-established relati@p
the other two are cyclical or ineffective. What is the origin of + g =1 56
the extra ineffective channel for the slow relaxation of the  These apparently universal shape parameter values may
phenyl side group? It is probably the long-range interactionge explained as follows. At sufficiently low frequencies or
of the phenyl side group with the acrylonitrile copolymer, |ong times, capacitor plane-parallel boundary conditions re-
added commercially to stabilize the film and assure microquire that the current flows in one-dimensional “streams”
scopic homogeneity. This hypothesis suggests a series of fufprmal to the plates, but at high frequencies the current is
ther experiments, studying the slow relaxation as a functiorpoca"y random, as expected for a fully glassy medium. Our
of added fraction of acrylonitrile. It seems likely th&f  model, as discussed below in detail, explains these two lim-
=1/3only for a narrow range of compositions near the com-iting fractions in terms of pinning of the current by the elec-
mercial value, where the macroscopic properties of the filmyic fie|d, either globally at low frequencies, or locally at high
are optimized. This theoretical prediction, if confirmed, frequencies. In addition, an entirely different theoretical
would provide additional positive support for the channelndel leads to the same unique values of the two limiging

model. However, it has been our experience that no amouarameters, thus providing additional support for their valid-
of predictive success will satisfy all the skeptics of such 8ity and universalit)?.

simple, yet deep, model as that discussed herein. Results of fits of appropriate models to some experimen-
tal data sets are shown in Table I; many others are included
IV. DYNAMICAL DIELECTRIC RELAXATION in Refs. 5—7. Note that while the estimatgg values in the

table, obtained from fitting experimental data with K@

In the past, analysis of frequency-dependent field-forceanodel, are the same as the high-frequency slopes of syn-
dielectric relaxation has tended to rely on awkward and inthetic data derived using th€0 parameters estimated from
accurate analytic approximations for converting estimatedhe experimental data fittin@.e., no=/4,), they do not reach
values ofg3 to the time-domain valuedRef. 2, Sec. b More  the value of 2/3 because of the limited range of the available
fundamentally, these transformations also assume that thiata. The more appropriakel-model fits of the same experi-
presence of an applied field does not alter mobile chargenental data, do, however, yield high-frequency slope esti-
relaxation kinetics. More recent analy@@s of ionic  mates very close to 2/3, as shown in the table. For compari-
conductive-systen{doped dielectrit dispersive relaxation, son, Table | includes results for th&l model with 8, fixed
measured in plane-parallel capacitor configurations, have reat 1/3 during fitting as well as taken as a free fitting param-
vealed a universal frequency dependence associatedgyith eter.
that is not merely directly transformed from the time- Even when the experimental data involve high-
dependent SER characterized By A bulk response model, frequency limiting power-law slopes near or even exceeding
called the Kohlrausch1, involving only two free param- unity, fitting using a composite model that includes &&
eters with a fixed shape paramet@;= 3, has been found to one (representing bulk charge-carrier respgnas well as
fit frequency-response data for a wide variety of homoge-other dispersive contributions, such as that associated with
neous materials wit}; equal to the unique value of 1/3 for partial blocking of mobile charge carriers at the electrodes,
mobile charge carriers of a single type. This model is indi-leads to bulk response best represented bykthewith its
rectly derived from a correlation function of exact SE form fixed B, shape parameter of 1/3 and its associated high-
with the fixed valueB;=1/3. Its associated temporal re- frequency-limiting power-law slope of 2/3.
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Seemingly, both ionic and electronic transport may havecurrents are those pinned to the forcing field. In that case, the
ranges that depend afi with 0<s< 1% The resultings de-  fractal or topological value oB can only be
pendence of may be removed in a random-walk lattice
model with long waiting time$! leading to an interesting Bi=d’/d=f (field forced. (5)
relation involvingBs(d), namely,3:(1)=3:(3)/2, first applied
to freque_ngy-domain results in. Ref.' 6. This r_elatior_1 appearghis gives bothg;(1)=1/3 andBq(3)=2/3, asfound ex-
to'be satisfied only for conductive dielectric d;gperswe relax'perimentally. This derivation has the advantage of incorpo-
ation data that givg;(1)=1/3 andB(3)=2/3,"where the  ating the forcing character of the applied field explicitly in
s'ubscnpts |nd|caFe 'Iow- and h|gh-.frequency regions. .The'latdistinguishing between low and high frequencies. Note that it
tice model predictions agree with those of the diffusiongppies tok1 temporal response for the low-frequency limit
model ford =1, but disagree by-10% ford =3, while itis 434 toK0 and power-law response for the high-frequency
not immediately clear what role the forcing electric field |jm;t.
plays in _distinguishing the two models at low and at high  5nhe can now easily see why the hopping range power-
frequencies. law exponens does not appear iff;, although it does appear
in explicit algebraic model¥;similar adjustable parameters
appear in geometrical models with variable filling factors for
trapping sited. The algebraic models include the hopping
One can deriveBy,(3)=2/3 topologically in a fractal range of the carriers, but they do not include the dynamically
model by postulating that in the presence of a forcing electricorrelated polarization of the medium. The latter, however,
field, the carriers relax exponentially with respect to ran-arises from virtual hopping processes that have shme
domly oriented local polar coordinates. This assumption ofange dependence as the carrier motion; the local field cor-
maximally disordered local polar coordinates, compatiblerections to the forcing field can then be screened in exactly
with space filling'® has also been made in analyzing three-the same way as the hopping length. But, one can ask, is the
body forces in a space-filling glassy netwdfkConstraint — cancellation of the two factors perfect? The answer is yes,
theory has also been very successful in predicting and déecause motion in the glass is exponentially hindered, imply-
scribing the phase diagrams of network glasses, including thieg exponentially exact cancellation of power-law range hop-
glass-forming(noncrystallizing ability and other remarkable ping factors by power-law polarization hopping factors: after
glass properties, such as the reversibility and nonaging conthis cancellation all that can remain is the exponentially
positional windows centered on average valence 3f5:  small fraction of phase space that is relaxationally effective.
these properties directly reflect the exponentially small phaséherefore, we expect, as found previously for dispersive
space occupied by homogeneous glasses. charge transport? that the 1/3 value ofg; and the 2/3
Within a local polar coordinate frame one has a radialvalue of By=ps, (obtained from the limiting slope of the
coordinate andd-1) angular coordinatesA priori in the  conductivity must be both temperature and ionic-
glassy state the residual entropies associated with these ceencentrationindependent contrary to the predictions of
ordinates should be equal, and contribute equally to expomost geometrical models. Finally, in contrast to Ref. 17,
nential relaxation, represented topologically by a harmonigvhich used a lattice model and derived on|gf(1)
product :,Bf(3)/2,6the present model leads to unique values for both
Udvd — . quantities: For the reader’s convenience field-free and field-
exp ~([U7])" = exd~t/7]  (fractal exponential = (3) forced values of3 are summarized in Table 1.
However, thed configurational coordinates are not all As we have seen, th€l fractal dynamical model, with
equally effective in relaxing currents in the presence of ahe fixed values;=1/3, fitsfield-forced dispersive frequency
forcing applied electric field at a polar angle The field response data for an extremely wide variety of homogeneous
induces a uniaxially anisotropic local dynamical metric. In aion-conducting materials. One may well ask, however, to
generald=3 geometry, motion with respect to the azimuthalwhat degree is it only an empirical, phenomenological data-
coordinate is irrelevant for homogeneous materials. Al- fitting model of unknown physical significance? The model
though there can be transient relaxation involvingin the  involves three distinct components. First is its form, second
steady state relaxation occurs with respect to angnd 6.  is the ion-ion correlation function that it involves, and third
The effective dimensionality for relaxation is thu=2, is the value of any shape parameter appearing in the corre-
while the embedding dimensionality &3, so Eq.(3) be-  lation function. It turns out that the form of the model is the
comes only conductive-system dispersive one tk:%t has been derived
* - from both a macroscopic relaxation approdamnd from the
exp ~([t/7]")" = exp ~[t/7]* detailed and deservedly famous continuous-time-random-
(fractal effective stretched exponenjial walk hopping model of Sher and La%x?® This model in-
4) volves a general but specifiable correlation function. Next,
when this function is taken to be of the popular stretched-
and By,=f=d"/d=2/3. Whencurrents “stream” normal to exponential form, one that has itself been derived from mi-
capacitor plates, transverse motion parallel to the plates isroscopic analyses in various ways, one obtains Kie
irrelevant(cyclical) giving d"=1. Now we forget about traps model with a stretched-exponential shape paramgfesat-
completely and simply assume that the residual dispersivesfying 0<g;=<1. Finally, the justification for the virtually

V. FRACTAL DYNAMICAL MODEL
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TABLE II. Values for 8 predicted for molecular and ionic relaxation depend on the range of f¢sbest or

both long and shoytfor the former, and on whether or not one includes the correct high-frequency limiting
slope behaviotentered here as) in transforming the frequency data of the latter to the temporal regime. When
the latter is includedB; is given as 1/3, but when it is omitted values close to 1/2 are fg¢@iable |) for usual
limited-range data.

Excitation Notation Internal External d f B References Year
Molecular Bo Short None 3 1 3/5 13 1973
Molecular Bo Long None 3 1/2 3/7 14 1994
lonic B None Low 3 1/3 1/3(~1/2) 5 and 6 2004
lonic Bin None High 3 2/3 2/3 5and 6 2004

universal applicability of the full model follows from the frequency limitgy,=2/3 offield-forced relaxation. Thus this
joint topological and analytic derivations of the uniquely small difference in3 appears to be significant quantitatively,
economicalB;=1/3 value. and it is in accord with our intuitive expectations regarding
The distinctions made here between field-flgg and  the photoinduced formation of weak, low-conductivity inter-
field-forced B; relaxation produce differences 8 that are  planar links(traps are present in the insulating layers
sometimes numerically sma(R/3 compared to 3/5 but
they nevertheless imply that the two cases represent therm@y coNCLUSIONS
dynamically different phases. New low-field longitudinal
magnetoconductance oscillations have been discovered in The dynamic and thermodynamic properties of glasses
two-dimensional electron glasses in a forcing microwaveare rich and diverse; they appear in at least twelve different
field* these oscillations are qualitatively different from categories and all seem to be related throygf? In_our
high-field de Haas—Shubnikov oscillations and are describe@XPerience in fitting one category, dispersive transponye
topologically as a new synergistic ph&S@©ne can also note have found thatg; (which describes the shape of the
that dielectric hole burning in g|yce|2(§| is described by a relaxation-time distributionis much more stable than is the
dynamically heterogeneous SER model wigk0.65, very SE characteristic relaxation timeitself (which is discussed
close to our expecteffield-forced value of 3=2/3. Parti-  more often, especially in the context of percolative mogels
tioning or coarse graining is a physically appealing way toand thusg; can be used to test power-law assumptions re-
reduce phase space in nonequilibrium disordered systemsgarding frequency or time ranges outside those studied ex-
however, it does not distinguish between static and dynamigerimentally. For statically homogeneous samples one can

inhomogeneities, fractal dimensionalities, or forcing effects.nave much more confidence in data fits that yield magic
fractions for 8, and therefore more confidence in chemical

trends of other less stable paramef@tsch asr) that depend
VI. ANISOTROPY OF CUPRATE PHOTOINDUCED implicitly on B as well as other “hidden” parameters. In
(SUPER)CONDUCTIVITY emerging fields of materials scien¢guch as cupratgsthe
While there are many examples of intrinsic topologicalmate”als that yield magic fractions f@, are consistently of

relaxation, the most demanding application is probably td9her quality’ By explaining the topological origins of
photoinduced(supejconductivity in the cuprategspecifi- without th_e use of adjgstable parameter_s, the presgnt theory
cally the very well-studied YBZu,0, at the metal-insulator may prowdg useful guides to more consistent theories of all
transition, x=6.4, where ideal(microscopically homoge- the Properties of glasses. , _
neous electronic networks are formg#?® Here the laser Postscript A complex geometricahypersphericalfrac-
field clearly is forcing the development of a field-pinned in- tal model of random walks on p_ercolatlon CIUS?gW"e'dS
ternal filamentary structure upon a precursive percolative=R €xactly, showing that SER is the result of phase-space
structure, so both field-free and field-forced mechanisms arEMPpression. However, the values gfrange from~0.7
contributors to this remarkable effect: which makes the d—2)_to 1/3(d—=), in dlsagreemgnt with our results and
greater contribution? The superconductive cuprates are layXPeriment. Note that the percolation clusters, although ex-
ered pseudoperovskites, with in-plane conductivities 10—10@8°0nentially unlikely, are stillstatic geometrical constructs,
times larger than perpendicular conductivities. The phenom-
ena exhibit SER, so we can use the anisotropy of observelf'BLE lll. SER parameters for photoexcitation of resistivities in layered
T . . YBCO (Ref. 20. The theory, discussed in the text, refers to an ideal sample
;:’1a|:|§lfl§fﬁvir:gvn\:gé?a-{jgelilg;’ittoag:]esgvse:l\tg:ls \?vl:tgjﬂgr)SThe without ferroelastic fluctuations, which may reduce bgth by 5%—10%.
suggesting that the internal structure develops mainlyr ) 3 (in plane B (out of plang
through atomic density relaxation. The systematic difference
6B~ 0.05 between in-plane and out-of-plagevalues sug- 275 0.54 0.57

gests that the in-plane rearrangement is more nearly con‘?-(z)0 0-55 0.59

. . . 0.56 0.61
pleted (with applied fields shorted out by the large planar50 0.58 (Noisy)
conductivity), while the plane-normal relaxation still retains Theory 0'.60 067

some memory of the insulating state and resembles the high
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