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1/f noise and dynamical heterogeneity in glasses
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We investigate the relationship between two experimental sets of data related to dynamical heterogeneity,
the coefficienta of 1/f* dipolar noise derived from the nonexponentiality of the dielectric or magnetic
response near and above the mean relaxation time, and the Aangfethe 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 present inibility exhibits the cusplike maximum at freezing tempera-
glasses and in several systems wherferibise is detected, ture T;, while the imaginary part shows a distinct anomaly
the study of noise in glasses seems to have been limited tosgoundT; due to the very broad distribution of relaxation
few cases only. Actually the first question to ask is the postimes. The dynamic response has been studied in many com-
sible occurrence of a general relationship between noisgounds, but particularly extensively in the solid solutions
measured in a narrow region close to the mean relaxatiog, sy, S[3,4]. Proton glasses are the dielectric equivalent
time and the range of the full spectrum of relaxation times ot magnetic spin glasses, since, in analogy with real spin

This is because heterogeneity implies that the autocorrelatio&asses they can be defined as systems where splitting oc-
functions for different microscopic regions decay as sSimpléy s petween the zero-field-cooled dielectric susceptibility
exponentials but with different values of relaxation time, the

average of these local relaxations yielding the observedZ~C and the field-cooled dielectric susceplibilityc in the

stretched exponential behavior of the bulk vicinity of the temperaturél; [5]. The in-phase dielectric

ihili ’ — * -
In order to approach these questions from the experimers'SCePtbilitye’ () =Re e* (w)], wherew=2f, follows a
tal side, we shall consider below three clasgemton and roughly paraelectric temperature dependence above the tem—
magnetic spin glasses, relaxors, and glass-forming liguidg*€ratureTy. Both the in-phase and out-of-phase dielectric
that have been widely studied by the same method, by deusceptibilitye”(w)=Im[&* ()] show a broad dispersion
tecting the electric or magnetic susceptibility at differentOn approachingy from above. In particulars”(w) is close
temperaturesT around the glass temperatufg, or the to zero far abovel,; however, it starts to rise to a broad
Vogel-Fulcher freezing temperatufg [1]. Our aim will be a  peak at some temperature abdlgat which the relaxation
comparison of the narrow range heterogeneity, as derivetimes exceed the experimental time scélg,l/w, thus
from the nonexponentiality of the response near and abovdisplaying a broad range of relaxation timgg. Freezing
the mean relaxation time displayed by the imaginary part oflynamics and the properties of the relaxation spectrum in
susceptibility and conveniently expressed by the coefficienseveral proton and deuteron glasses have been studied by the
a of 1/f¢ noise, with the wide range heterogeneity, as ex-sensitive method of the frequency-temperature pigt par-
pressed by the rang&z of the observed relaxation times. ticularly lysozyme hydrated powdef8] and mixtures of
This comparison will be made for each glass sample, anéerro- and antiferroelectric compounds such as deuterated ru-
different classes of glasses will be later shown in éheer-  bidium ammonium dihydrogen phosphatebbreviated as
susAz plane, to display a significant unity in the behavior of DRADP) [7,9] and deuterated betain phosphate betain phos-
all collected data. To this end we shall first review briefly thephite (D-BP:BPI) [10].
experimental situation in each of these classes of glass as (ii) A second class of materials exhibiting a glasslike
follows. freezing transition that we shall consider below is provided
(i) In magnetic spin glasses a random spatial distributiorby relaxors. The freezing dynamics in some of these systems,
of local spins together with the frustration effects associateduch as lanthanum-modified lead zirconate titanate ceramics
with the competing ferro- and antiferromagnetic interactionsPb, _,La,(Zr,Ti; _y); 4403 (abbreviated as PLZTand lead
lead to the absence of long-range magnetic order at low tenthagnesium niobatéPMN) single crystals, which are be-
peratureg2]. The real part of the complex magnetic suscep-lieved to be frustrated like proton and spin glagseld, have
also been studied by the frequency-temperature[p@13.
The validity of the fluctuation-dissipation theorem has been
* Author to whom correspondence should be addressed. proved for spin glassd44], even in the temperature region
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FIG. 1. Modified Angell plot for various glass-forming systems:
lysozyme ©), Euy.aSheoS (solid V), PMN crystal (+), 9/65/35
PLZT ceramics [d), glycerol (A), and DRADPx=0.65 (¢).
The wvalues of D are, top to bottom, lysozymeD
=0.14, Ey,SheS D=2.9, PMN crystaD=4.3, 9/65/35 PLZT fluctuating spin or dipole momen(t) can be derived by the
ceramicsD =6.8, glycerolD =17, and DRADPx=0.65 D =35. fluctuation-dissipation theore? = (&"/w) (kT/ ) from the

slope of the spectrur§(w)=¢"/w plotted versuso=27=f,
T<T,. This suggested that we also include studies of thevhen &”/w~1/f* for » near and above the characteristic
relaxation spectrum behavior in relaxor materials below thé€laxation frequencyf, at which ¢”(w) exhibits a peak
freezing temperature. value. Since in the case of stretched exponential relaxation

(iii ) The third class of glasses to be considered is that othe reduced widttw=W/Wp, of the ¢”(w) peak centered at
structural glasses, particularly glass-forming liquids such agp is approximately equal to B/ whereW is the measured
glycerol andm-fluoroaniline, since here the dielectric data full width at half maximum(FWHM) of the " (w) peak and
are available in a wide frequency randé—17. These sys- Wp is the FWHM of thes”(w) peak for Debye monodisper-
tems are well known and their heterogeneity is well undersive relaxation, ang is the exponent of the stretched expo-
stood[18], and a theory correlating the temperature variationnential response functios(t)=exp(—t/7)?, the experimen-
of the stretching exponentig@ with the fragility has been tal value ofa=1+ 3 can easily be evaluated from current
proposed 19]. dielectric studies. This approach has been followed recently

A quasistatic way to compare these materials is to evaluin hydrated lysozyme powdef&1], but it must be noted that
ate the fragility D defined as the exponent in the Vogel- the exponentr evaluated in this way is the coefficient of
Fulcher divergent behavior for the viscosiy<exdDTy/(T ~ 1/f* noise only in a small frequency region close to and
—To)] [20]. Figure 1 shows from the viewpoint of our ap- above thef, defined above, and as such corresponds to the
proach the most complete and self-consistent data for thearrow range heterogeneity. In the following, special atten-
above mentioned classes of glass-forming materials plottetion was always paid to this condition for all samples con-
in a modified Angell plot where instead of static stress wesidered. In one case only, shown in Fig. 2, wheféw is
consider variable electric or magnetic stresses. Here, the dplotted versusw for PLZT ceramics of compositiork
vergent longest relaxation time[8,12,9,13 in units of the  =0.09, y=0.65(labeled as 9/65/35 PLZTat 90 K, only the
corresponding attempt frequeney is rescaled by the fragil- high frequency part o¢”(w) could be measured within the
ity D and plotted versus the inverse reduced temperaturaccessible experimental frequency window, due to the rapid
To/(T—Ty). In such a representation a correlated pattern islowing down of the freezing glassy dynam[ds8]. For this
observed in which different classes of glasses with differenparticular instance, the slope=1.03 demonstrates the oc-
fragility D fall on one curve in a log-log plot with a tendency currence of 1 dielectric noise in the nonergodic relaxor
to gravitate toward larger values as the fragiliiydecreases. phase similar to the reportedflhoise in the nonergodic
It is interesting to note that, while relaxors and glass-formingglassy phase of magnetic and organic glass forfzz23.
liquids overlap in the intermediate range, both fragi® ( Concerning the long-range heterogeneity, following the
<1, see lysozyme dataand strong D>1, see DRADP method of the frequency-temperature plat detailed de-
datg glass formers can be found within the same class oscription of this method was already given in R¢#9]) the
proton glasses. natural assumption is made that the distribution of relaxation

Now we turn to the quantification of dynamical heteroge-times is limited by an upper cuto#, and a lower cutofiz,
neity. We start by considering the narrow range heterogend]. Herez;=In(w,7) with w, as an arbitrary frequency unit;
ity, as exhibited by the nonexponentiality of the mean relaxthus a suitable measure for the total width of the relaxation
ation time, and typically measured by the widéhof the  spectrumAz=z,—2z; can be defined. In order to determine
KWW stretched exponential. It has been shown that the coAz one must apparently obtain information about the tem-
efficient « of the 1f* noise exhibited by the spontaneous perature variations of the relaxation spectrum, i.e., the tem-

FIG. 2. Measured values af'(w)/w plotted vsw in a log-log
plot for the relaxor system 9/65/35 PLZT ceramics.
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20— (=0, Az=+x) the white noise at IR frequencies. Besides
x % the intuitive meaning of thed,Az) plane, this might be
15k _ useful in describing the behavior of other systems where
& "i ] andAz can be measured in different and appropriate ways.
aay Bex‘n Here we note that data from different classes of glass do
Ler “ XX T collapse toward one single curve which extends asymptoti-
% I x4, 1 cally between the Debye monodispersive relaxatian (
14t M 1 =2, Az=—) and the 1f noise @=1, Az=+), thus
%ggv covering only a portion of the surface limited between the
i V& i above two asymptotic values. It should be stressed that the
' % same trend is exhibited inside each particular glass sample.
[ ~ ] Since the data from one sample express the temperature de-
1-00'1 — i — ""'i'o — ""‘1‘(')0 — '&f(;oo pendence of the same sample, possible mesoscopic effects

Az due to the different material dimensions of different samples
can be ruled out24]. It should also be noted that the data for
FIG. 3. ayr as a function of the width of the relaxation spec- magnetic spin glasses (E&Sr 455 and Ey 451, 603) in Fig.
trum Az determined in various glass formers:fluoroaniline(*), 3 overlap data of both deuteron glasses and glass-forming
glycerol(solid ¢ ), lysozymepH=7 h=0.28(solid[J), lysozyme |iquids. Moreover, the same pattern is observed for both
EHzérh:SO'?X) (Oé' Igssrozzsnzgol? de:)S ;;Aobisx—(soogg ég fragile and strong glass formetsf. Fig. 1), thus indicating
DLF’QOESDPO-“X:O 60 (va).4 BE&ADP <=0.24 <) DRADP » that the behavior plotted in Fig. 3 could be universal for a
~0.65 (0), D:BP:BPI’(40:6Q (+), 9/65/'35 PLZT’ ®). Note that broad variety of glass_—forming sys_tems. Figur_e 3 indicates
asAz—o the exponent—1, i.e.,S(w)— 1/f. thata_andAz can be linked by a simple experimental rela-
tionship a@=ag—cIn(Az), where a;=1.66+0.05 andc

perature dependences of the relaxation spectrum cutpffs —0-22+0.05. It is interesting to note that in the case of
andz,. The temperature variation of the relaxation spectruminaterials exhibiting long-range order like, for instance,
can be directly extracted by scanning the reduced dielectriPrOPer ferroelectrics or ferromagnetic materials, the width of

constants their distribution of relaxation times does not exceed one
order of magnitude, i.eq typically exceeds the value of 1.6.
' (w,T)— e 2, g(z)dz This means that in contrast to glassy systems all ordered
S= — 1 . . . . .
£o— 6. le 1+ (0l w,)%exp22) (1) materials are contained in the upper left corner in our Fig. 3,

i.e.,, 1. Ka<2 andAz<1. Different models for the Debye
equations, like dilute solutions of dipolar molecules in a non-

between the values 1 and 0. Here, the filtef11/ N , :
. polar liquid, should be contained in the same upper left cor-

+ (wlw,)? exp(2)] in the second part of Eq1) is scanning

b C AR > ner.
the distribution of relaxation timeg(z) by shifting its posi- | lusi by looki t two diff t . fth
tion in w space[7], thus probing various segments of the | n ctt_)nc u5|ont, y O]? Ing a | IO ieren (;egmns ol eth
relaxation spectrum. The temperature dependence of the t\/\g? a>ia lon spectrum % sgverathg asses, aln ‘i?mfi?‘”“g 'the
limiting relaxation timesz; andz, is then obtained in prac- tr:pofar noISé near an r? ove | e Tean rebaxa '0'21 Ime r\1NI
tice by finding, within the set of dielectric data at a givenf encrje?huetnt%y rangqe V;Ir irg ire aﬁﬁii:)ci)tn ésig seirnve n dwer ta\r/1e
temperaturd, a frequencyw =2 at which the prescribed c::lsses i Iasg-fZ?mii I(ia uidi Snd regxors S‘?’hisaresu?tc;l? -
value of 5-—0 andé—1, respectively, is reached. The total gests tr;eg resence o? arfl4 invariant relationéhi between ngr-
width of the relaxation spectrum is then calculatedAas 9 P . . P

row and wide time heterogeneity for several glasses near

= 22_ Zl' . . . . . .
Figure 3 shows the noise coefficientas a function of the their freezing temperatures, an expenmgntal relationship still
to be understood from the theoretical side.

width of the relaxation spectrumz for all glasses men-
tioned above. The choice of the versusAz plot is conve- This work was supported by the Ministry of Science and
nient because, in principle, in this plot data should be conTechnology of Slovenia under the Program No. PO-0526.
tained between the two significant asymptotic values ( Giuseppe Consolini thanks the Italian National Research
=2, Az=—x), the monodispersive Debye relaxation, andCouncil (CNR) for financial support.
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