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1Õf noise and dynamical heterogeneity in glasses

Giorgio Careri
Dipartimento di Fisica, Universita` di Roma ‘‘La Sapienza,’’ INFM Unita` di Roma Uno, 00185 Rome, Italy

Giuseppe Consolini
Istituto di Fisica dello Spazio Interplanetario, CNR, 00133 Rome, Italy

Zdravko Kutnjak,* Cene Filipič, and Adrijan Levstik
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We investigate the relationship between two experimental sets of data related to dynamical heterogeneity,
the coefficienta of 1/f a dipolar noise derived from the nonexponentiality of the dielectric or magnetic
response near and above the mean relaxation time, and the rangeDz of the relaxation times. We find that in
different classes of glasses, including spin and proton glasses, relaxor materials, and glass-forming liquids, this
relationship exhibits the same trend.
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Although a broad range of relaxation times is presen
glasses and in several systems where 1/f noise is detected
the study of noise in glasses seems to have been limited
few cases only. Actually the first question to ask is the p
sible occurrence of a general relationship between n
measured in a narrow region close to the mean relaxa
time and the range of the full spectrum of relaxation tim
This is because heterogeneity implies that the autocorrela
functions for different microscopic regions decay as sim
exponentials but with different values of relaxation time, t
average of these local relaxations yielding the obser
stretched exponential behavior of the bulk.

In order to approach these questions from the experim
tal side, we shall consider below three classes~proton and
magnetic spin glasses, relaxors, and glass-forming liqu!
that have been widely studied by the same method, by
tecting the electric or magnetic susceptibility at differe
temperaturesT around the glass temperatureTg or the
Vogel-Fulcher freezing temperatureT0 @1#. Our aim will be a
comparison of the narrow range heterogeneity, as der
from the nonexponentiality of the response near and ab
the mean relaxation time displayed by the imaginary par
susceptibility and conveniently expressed by the coeffic
a of 1/f a noise, with the wide range heterogeneity, as
pressed by the rangeDz of the observed relaxation times
This comparison will be made for each glass sample,
different classes of glasses will be later shown in thea ver-
susDz plane, to display a significant unity in the behavior
all collected data. To this end we shall first review briefly t
experimental situation in each of these classes of glas
follows.

~i! In magnetic spin glasses a random spatial distribut
of local spins together with the frustration effects associa
with the competing ferro- and antiferromagnetic interactio
lead to the absence of long-range magnetic order at low t
peratures@2#. The real part of the complex magnetic susce
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tibility exhibits the cusplike maximum at freezing temper
ture Tf , while the imaginary part shows a distinct anoma
aroundTf due to the very broad distribution of relaxatio
times. The dynamic response has been studied in many c
pounds, but particularly extensively in the solid solutio
EuxSr12xS @3,4#. Proton glasses are the dielectric equivale
of magnetic spin glasses, since, in analogy with real s
glasses, they can be defined as systems where splitting
curs between the zero-field-cooled dielectric susceptibi
«ZFC and the field-cooled dielectric susceptibility«FC in the
vicinity of the temperatureTg @5#. The in-phase dielectric
susceptibility«8(v)5Re@«* (v)#, wherev52p f , follows a
roughly paraelectric temperature dependence above the
peratureTg . Both the in-phase and out-of-phase dielect
susceptibility«9(v)5Im@«* (v)# show a broad dispersion
on approachingTg from above. In particular,«9(v) is close
to zero far aboveTg ; however, it starts to rise to a broa
peak at some temperature aboveTg at which the relaxation
times exceed the experimental time scaletexpt}1/v, thus
displaying a broad range of relaxation times@6#. Freezing
dynamics and the properties of the relaxation spectrum
several proton and deuteron glasses have been studied b
sensitive method of the frequency-temperature plot@7#, par-
ticularly lysozyme hydrated powders@8# and mixtures of
ferro- and antiferroelectric compounds such as deuterated
bidium ammonium dihydrogen phosphate~abbreviated as
DRADP! @7,9# and deuterated betain phosphate betain ph
phite ~D-BP:BPI! @10#.

~ii ! A second class of materials exhibiting a glassli
freezing transition that we shall consider below is provid
by relaxors. The freezing dynamics in some of these syste
such as lanthanum-modified lead zirconate titanate ceram
Pb12xLax(ZryTi12y)12x/4O3 ~abbreviated as PLZT! and lead
magnesium niobate~PMN! single crystals, which are be
lieved to be frustrated like proton and spin glasses@11#, have
also been studied by the frequency-temperature plot@12,13#.
The validity of the fluctuation-dissipation theorem has be
proved for spin glasses@14#, even in the temperature regio
©2001 The American Physical Society01-1
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T,Tg . This suggested that we also include studies of
relaxation spectrum behavior in relaxor materials below
freezing temperature.

~iii ! The third class of glasses to be considered is tha
structural glasses, particularly glass-forming liquids such
glycerol andm-fluoroaniline, since here the dielectric da
are available in a wide frequency range@15–17#. These sys-
tems are well known and their heterogeneity is well und
stood@18#, and a theory correlating the temperature variat
of the stretching exponentialb with the fragility has been
proposed@19#.

A quasistatic way to compare these materials is to ev
ate the fragility D defined as the exponent in the Voge
Fulcher divergent behavior for the viscosityh}exp@DT0 /(T
2T0)# @20#. Figure 1 shows from the viewpoint of our ap
proach the most complete and self-consistent data for
above mentioned classes of glass-forming materials plo
in a modified Angell plot where instead of static stress
consider variable electric or magnetic stresses. Here, the
vergent longest relaxation timet @8,12,9,13# in units of the
corresponding attempt frequencyt0 is rescaled by the fragil-
ity D and plotted versus the inverse reduced tempera
T0 /(T2T0). In such a representation a correlated pattern
observed in which different classes of glasses with differ
fragility D fall on one curve in a log-log plot with a tendenc
to gravitate toward larger values as the fragilityD decreases
It is interesting to note that, while relaxors and glass-form
liquids overlap in the intermediate range, both fragile (D
!1, see lysozyme data! and strong (D@1, see DRADP
data! glass formers can be found within the same class
proton glasses.

Now we turn to the quantification of dynamical heterog
neity. We start by considering the narrow range heteroge
ity, as exhibited by the nonexponentiality of the mean rel
ation time, and typically measured by the widthb of the
KWW stretched exponential. It has been shown that the
efficient a of the 1/f a noise exhibited by the spontaneo

FIG. 1. Modified Angell plot for various glass-forming system
lysozyme (s), Eu0.40Sr0.60S ~solid ,), PMN crystal (1), 9/65/35
PLZT ceramics (h), glycerol (n), and DRADPx50.65 (L).
The values of D are, top to bottom, lysozyme D
50.14, Eu0.40Sr0.60S D52.9, PMN crystalD54.3, 9/65/35 PLZT
ceramicsD56.8, glycerolD517, and DRADPx50.65 D535.
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fluctuating spin or dipole momentx(t) can be derived by the

fluctuation-dissipation theoremx̄ v
2 5(«9/v)(kT/p) from the

slope of the spectrumS(v)5«9/v plotted versusv52p f ,
when «9/v;1/f a for v near and above the characteris
relaxation frequencyf p at which «9(v) exhibits a peak
value. Since in the case of stretched exponential relaxa
the reduced widthw5W/WD of the «9(v) peak centered a
f p is approximately equal to 1/b, whereW is the measured
full width at half maximum~FWHM! of the«9(v) peak and
WD is the FWHM of the«9(v) peak for Debye monodisper
sive relaxation, andb is the exponent of the stretched exp
nential response functionf(t)5exp(2t/t)b, the experimen-
tal value ofa511b can easily be evaluated from curre
dielectric studies. This approach has been followed rece
in hydrated lysozyme powders@21#, but it must be noted tha
the exponenta evaluated in this way is the coefficient o
1/f a noise only in a small frequency region close to a
above thef p defined above, and as such corresponds to
narrow range heterogeneity. In the following, special att
tion was always paid to this condition for all samples co
sidered. In one case only, shown in Fig. 2, where«9/v is
plotted versusv for PLZT ceramics of compositionx
50.09, y50.65~labeled as 9/65/35 PLZT! at 90 K, only the
high frequency part of«9(v) could be measured within th
accessible experimental frequency window, due to the ra
slowing down of the freezing glassy dynamics@13#. For this
particular instance, the slopea51.03 demonstrates the oc
currence of 1/f dielectric noise in the nonergodic relaxo
phase similar to the reported 1/f noise in the nonergodic
glassy phase of magnetic and organic glass formers@22,23#.

Concerning the long-range heterogeneity, following t
method of the frequency-temperature plot~a detailed de-
scription of this method was already given in Refs.@7,9#! the
natural assumption is made that the distribution of relaxat
times is limited by an upper cutoffz2 and a lower cutoffz1
@7#. Herezi5 ln(vati) with va as an arbitrary frequency unit
thus a suitable measure for the total width of the relaxat
spectrumDz5z22z1 can be defined. In order to determin
Dz one must apparently obtain information about the te
perature variations of the relaxation spectrum, i.e., the te

FIG. 2. Measured values of«9(v)/v plotted vsv in a log-log
plot for the relaxor system 9/65/35 PLZT ceramics.
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perature dependences of the relaxation spectrum cutoffz1
andz2. The temperature variation of the relaxation spectr
can be directly extracted by scanning the reduced dielec
constantd

d5
«8~v,T!2«`

«02«`
5E

z1

z2 g~z!dz

11~v/va!2exp~2z!
~1!

between the values 1 and 0. Here, the filter 1@1
1(v/va)2 exp(2z)# in the second part of Eq.~1! is scanning
the distribution of relaxation timesg(z) by shifting its posi-
tion in v space@7#, thus probing various segments of th
relaxation spectrum. The temperature dependence of the
limiting relaxation timesz1 andz2 is then obtained in prac
tice by finding, within the set of dielectric data at a give
temperatureT, a frequencyv52p f at which the prescribed
value ofd→0 andd→1, respectively, is reached. The tot
width of the relaxation spectrum is then calculated asDz
5z22z1.

Figure 3 shows the noise coefficienta as a function of the
width of the relaxation spectrumDz for all glasses men-
tioned above. The choice of thea versusDz plot is conve-
nient because, in principle, in this plot data should be c
tained between the two significant asymptotic valuesa
52, Dz52`), the monodispersive Debye relaxation, a

FIG. 3. aHF as a function of the width of the relaxation spe
trum Dz determined in various glass formers:m-fluoroaniline(*),
glycerol ~solid L), lysozymepH57 h50.28~solid h), lysozyme
pH57 h50.30 (s), lysozyme pH53 h50.28 ~solid n),
Eu0.55Sr0.45S (n), Eu0.40Sr0.60S ~solid ,), DRADP x50.50 (h),
DRADP x50.60 (,), DRADP x50.24 (3), DRADP x
50.65 (L), D-BP:BPI~40:60! (1), 9/65/35 PLZT (d). Note that
asDz→` the exponenta→1, i.e.,S(v)→1/f .
, U

ld

05290
ic

wo

-

(a50, Dz51`) the white noise at IR frequencies. Besid
the intuitive meaning of the (a,Dz) plane, this might be
useful in describing the behavior of other systems wherea
andDz can be measured in different and appropriate wa
Here we note that data from different classes of glass
collapse toward one single curve which extends asympt
cally between the Debye monodispersive relaxationa
52, Dz52`) and the 1/f noise (a51, Dz51`), thus
covering only a portion of the surface limited between t
above two asymptotic values. It should be stressed that
same trend is exhibited inside each particular glass sam
Since the data from one sample express the temperature
pendence of the same sample, possible mesoscopic ef
due to the different material dimensions of different samp
can be ruled out@24#. It should also be noted that the data f
magnetic spin glasses (Eu0.55Sr0.45S and Eu0.40Sr0.60S) in Fig.
3 overlap data of both deuteron glasses and glass-form
liquids. Moreover, the same pattern is observed for b
fragile and strong glass formers~cf. Fig. 1!, thus indicating
that the behavior plotted in Fig. 3 could be universal for
broad variety of glass-forming systems. Figure 3 indica
that a andDz can be linked by a simple experimental rel
tionship a5a02c ln(Dz), where a051.6660.05 and c
50.2260.05. It is interesting to note that in the case
materials exhibiting long-range order like, for instanc
proper ferroelectrics or ferromagnetic materials, the width
their distribution of relaxation times does not exceed o
order of magnitude, i.e.,a typically exceeds the value of 1.6
This means that in contrast to glassy systems all orde
materials are contained in the upper left corner in our Fig
i.e., 1.7,a,2 andDz,1. Different models for the Debye
equations, like dilute solutions of dipolar molecules in a no
polar liquid, should be contained in the same upper left c
ner.

In conclusion, by looking at two different regions of th
relaxation spectrum of several glasses, and comparing
dipolar noise near and above the mean relaxation time w
the frequency range where relaxation is observed, we h
found that the same trend is exhibited in spin and pro
glasses, glass-forming liquids and relaxors. This result s
gests the presence of an invariant relationship between
row and wide time heterogeneity for several glasses n
their freezing temperatures, an experimental relationship
to be understood from the theoretical side.
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