VOLUME 81, NUMBER 7 PHYSICAL REVIEW LETTERS 17 AGusT 1998

Nanometer Scale Dielectric Fluctuations at the Glass Transition

E. Vidal Russell, N. E. Israeloff, L. E. Walther, and H. Alvarez Gomariz

Department of Physics and Center for Interdisciplinary Research on Complex Systems, Northeastern University,
Boston, Massachusetts 02115
(Received 16 March 1998

Using noncontact scanning probe microscopy techniques, dielectric properties were studied on 50 nm
length scales in polyvinyl-acetate films in the vicinity of the glass transition. Low frequéngs)
noise observed in the measurements was shown to arise from thermal fluctuations of the electric
polarization. Anomalous variations observed in the noise spectrum provide direct evidence for
cooperative nanoregions with heterogeneous kinetics. The cooperative length scale was determined.
Heterogeneity was long lived only well below the glass transition for faster than average processes.
[S0031-9007(98)06831-8]

PACS numbers: 64.70.Pf, 73.61.Jc, 77.55. +f

Glasses serve as the prototype for the kind of slow, If a mesoscopic volume of a structural glass could be
nonexponential relaxation found in diverse systems fronprobed, deviations from macroscopic response might be
magnets and superconductors to proteins and granular ashserved in, for example, the frequency-dependent di-
semblies. Although much has been learned about glasslectric susceptibilitys(w) = &'(w) + ie”(w), or simi-
phenomena [1], a detailed picture of the underlying dydar response or correlation (e.g., noise) functions. In the
namical processes remains elusive. Cooperative dynamsimplest picture [2], independent nanoregions of coopera-
ics on nanometer scales has long been postulated [2,3]vity of typical size ¢ [1-3,5—7] relax exponentially
but never been directly observed. A key question, with(Debye-like response), but have a distribution of char-
broad implications, is whether nonexponential dynamicscteristic relaxation times. Estimates foré based on
arises primarily from a heterogeneous collection of in-measurements [7] and theory [2] have been in the range
dependent nanoscale exponential processes [2,3] or mo2e-5 nm for various glass formers @;. Far from the
complex local dynamics [4]. Recently, molecular dynam-a peak in &”, only those nanoregions with ~ 1/w
ics simulations revealed the presence near the glass transiill contribute significantly toe”(w,T). By using the
tion of long-lived clusters surrounded by liquid [5]. These Kramers-Kronig relations, it is easily shown théatan be
mesoscopic scale clusters exhibited a power-law size diselated to the number of nanoregioMé(w), which con-
tribution. Some macroscopic experiments have inferredributes nearw within a bandAw ~ w in width (i.e.,
that very long-lived nanoscale structural [6] and dynami-factor of¢) in a sample of volumé&) via
cal [7] heterogeneities develop near the glass transition,
while others find very short-lived dynamical heterogene-
ity [8]. Such heterogeneities and their evolution may play
a key role in dynamical scaling behavior [9], and possible
dynamical [10] or phase [11] transitions, and have impli-WhenN(w) is of order 10 [15], deviations from bulklike
cations for protein dynamics [12]. behavior will be clearly observable, for example, anoma-

Since the invention of the atomic force microscope inlous variations ire” (or equivalent measured quantity) as
1986 [13], a number of related, powerful, scanning probe function of frequency. These spectral anomalies would
microscopy (SPM) techniques have been developed. Blge persistenfor very long-lived dynamical heterogeneity.
sensing local electrostatic forces, noncontact SPM techiFhus, a lower limit on the sample volume needed is of
niques can be used to measure variations in local dielectriorder 0 ~ 10£3¢'(0,T)/e"(w,T). For &’ ~ 0.1 below
constants [14]. In this paper, we describe investigationg;, we estimateQ) ~ 1 X 1076 cm?® for PVAc, e.g., a
of dynamics on 50 nm length scales in polyvinyl-acetatecube of about 50 nm on a side. If nanoregions are not
(PVAC) films near the glass transitiofls ~ 306 K, via  independent [4] or undergo intermittent or evolving dy-
measurements of dielectric properties using an ultrahigihamics [12,15], or if the amplitude of the response varies
vacuum, variable temperature SPM. We observed lowsignificantly from region to region, mesoscopic effects
frequency 1/f” fluctuations, which are shown to arise might be observed in larger samples.
from thermal polarization noise, and can be used to study Complex dynamics have been studied in great detail
the equilibrium nanoscale dynamics. Anomalous tempotising noise spectroscopy in mesoscammaductorsat low
ral variations in the spectral dependence of the noise weremperature [15,16]. A sensitive mesoscopic signature in-
found. The variations were used to determine cooperativeolves anomalous statistical variations in the noise power,
length scales and related to the time evolution of dynamibeyond the expectations of Gaussian statistics; i.e., the
cal heterogeneity. noise is non-Gaussian [15]. It was recently demonstrated

£~ Qe(w,T)

" N(0)e'(0,T)" (1)
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that 1/f noise can be measured in dielectric materials 72150 . .

near the glass transition [17]. This noise arises from4g R m

thermal polarization fluctuations, which relate #¢w) =) b T M T

via the fluctuation-dissipation theorem. However, extend- 272125} d"

ing noise measurements to the mesoscopic scale in d§ I ‘

electrics, as was done in conductors, has not been possit 3. e Ll

with these techniques [17], due to overwhelming technicaE 72100 e P

limitations. I SPM tip
In the present experiments, we employed a noncon§

tact capacitance measurement scheme [14] using a therrr € 72075

drift compensated, ultrahigh vacuum, variable temperatur §

50nm  z~20nm

b Vi

Mo d~1pm
substrate | PVAc Film  Fyobed

SPM [18]. A small piezoresistive cantilever [19] with a ¢ —" e

sharp conductive tip was driven near its resonance fre 72050. w L L
quency in high vacuum close to thes um thick sample 0 1000 2000 3000
films, which were spin coated onto a metal substrate. De Time (s)

tails of the instrument design and PVAc film preparationg|g 1. Resonance frequency vs time after equilibration with
are discussed elsewhere [18]. When a voltage bias is ap-V bias, tip height 20 nm, at 305 K is shown. Inset: cantilever
plied between the tip and the substrate (see Fig. 1 insetynd tip measurement configuration.
the resonance frequengy of the antilever will decrease
due to the electrostatic forces [14]. At fixed height, varia-capacitanceC,. Thermal fluctuations in the dielectric
tions in the tip-substrate capacitance or dielectric constarfilm [17] will produce a fluctuating emf with spectral
can be directly related to variations in the resonance fredensity S, acrossCp. Voltage noise appearing across
guency. Since the second derivative of the capacitance the series combination must sum to near zero, since it
responsible for the resonance frequency shifts, stray capais- “shorted out” by the large parallel,, and would not
itances play a negligible role for tip heightsi00 nm. be detectable by any voltmeter. Thus, voltage noise close

Using a hemispherical tip model [14] at a distance&.  to S, will appear with opposite sign acrogg,. The tip
r, the tip radius, we have calculatédz) and() (effective  will therefore feel fluctuations in electric field and thereby
probed volume). For example, for a typical tip of radiusforce. This acts approximately as a fluctuating voltage
50 nm, held 20 nm from the surface, with= 4, we  with spectral density~S, added to the constant voltage
find C=8x 1078 F, andQ ~ 1.3 X 107 cm®. It  bias, and the resonance frequency will fluctuate. The
is important to note that subsurface material is probedpectral density of the thermal resonance frequency noise
to a depth 50 nm) significantly larger than the length will be approximately
scales below which surface effects would be expected to 2 2 I

. ; . ) f af 4kpTe

dominate the dynamics, as in the experiments on glassy S, = () G(g)S, = () G(e) >—> (@
dynamics in porous media, with poresl0 nm [20]. v oV ICPw

In earlier studies of PVAc, we showed that dielectricwhere f/9V is the measured shift in resonance fre-
relaxation could be studied using the SPM resonance freguency for small changes in bias voltage at the operat-
quency shift [18]. Nearly bulklike stretched-exponentialing point, k;, is Boltzmann'’s constanty is the fluctuation
relaxation was observed on 50 nm scales, and could bieequency, and;(¢) is a dimensionless geometrical factor
used to clearly identify the glass transition and characterwhich is of order unity and depends weakly on dielectric
ize relaxation times, which increased rapidly on coolingconstant [21].
through the glass transition. In the course of these relaxa- Long time series of the resonance frequency were
tion studies, we observed a distinct background noise orecorded with fixed conditionsV(= 8 V), using feed-
relaxation curves, or in equilibrium, which appeared onlyback to periodically reset the resonance frequency
when the sample films were present and only when the tigevery 500 s). These time series were Fourier analyzed
was close to the film surface [21] (see Fig. 1). PMMAto produce a power spectrum. Power-layf* spectra
(polymethylmethacrylate) films had an order of magni-were observed. By inverting Eg. (2¥. could be cal-
tude lower noise power than the PVAc films near roomculated from the measured noise (see Fig. 2). We used
temperature g ~ 110°C for PMMA). A variety of G(e) = 5.0 at low temperature decreasing monotoni-
checks were carried out to rule out instrumental or othecally to 2.7 at high temperature, estimated based on a
extrinsic sources of noise. parallel plate model. At temperatures above the glass

In order to understand these fluctuations, recall that th&ansition, the noise power decreased and the spectrum
SPM senses tip-sample capacitance by measuring lociattened as expected based on the known behaviaer of
electrostatic forces. The system can be modeled as [47]. A peak in the noise just below the glass transition
dielectric filled capacitor €p) in series with a vacuum is predicted, and is observed (see Fig. 2 inset). Using
capacitor Cy) all in parallel with the much larger stray our estimates for capacitance, and bulk values for
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10° — variance of the spectral exponent vs temperature. Well
F 210° ‘ E below and well above this range of temperature, at 292
10'L o [0015 He H ] and 303 K, respectivelyy exhibited little variation with
Nf i Jvi R time beyond the statistical variations found in Gaussian
~ 1020 o . noise or in Monte Carlo simulations of noise produced by
T F IR random distributions of two-state exponential processes
<§ 1030 320 | with fixed characteristic times (shown as dashed line)
=~ i E [21]. Also shown (inset) is the autocorrelation function
w 10°L . for the spectral exponent at 296 K. The characteristic
- a ; decay time is6 X 10* s. By comparison, the measured
10°E Aaa, . relaxation time was$ X 10* s at 296 K [18]. Variations
E Mo substrate“hj were also studied on a shorter observation time scale of
10° e — about2 X 10* s, at several temperatures. For this shorter
10° 102 f(Hz) 10" 10° time scale, anomalously large variations occurred only at

higher temperatures, 298 and 301 K [21].
FIG. 2. Voltage noise spectra extracted from SPM resonance 1he variations observed in the noise spectrum suggest
frequency fluctuations via Eq. (2) are shown for= 303 and  a superposition of a small number of discrete compo-
317 K in PVAc and for bare Mo substrate at 303 K. Inset: nents with slowly evolving kinetic parameters. Bel@yy,
tTeen']"F;?;"t‘ﬂigefgfgf/’fce{‘scgh‘é‘;v‘l’qo'tage noisg at 0.015 Hz VS memory of the local kinetic parameters is lost on a charac-
P ' teristic time scale about twice the average relaxation time,
consistent with NMR results [8] measured well abdye
[22,23], Eq. (2) predicts a peak voltage noise at 0.015 Hmn this material. The matching of the average relaxation
of S, ~4 X 1073 V2/Hz. The measured, peaks at time (at 296 K) to the experimental observation time ex-
1.5 X 1073 V2/Hz (inset), excellent agreement given plains the peak in variance at 296 K. This time scale
the approximations involved. In addition, explicit ex- rapidly becomes very large on cooling; thus little variance
pressions for the noise in terms of bias voltage and resas observed at 292 K. Thus, dynamical heterogeneity be-
nance frequency can be derived, and were found to beomes relevant, a few degrees belBgy for those fluctua-
consistent with the measurements [21]. The resonand#&ons which occur on time scales much shorter than the
frequency noise is unrelated to thermomechanical noisaverage. We found that we could produce similar anoma-
[19], which can be observed at the resonance frequency.lous spectral exponent variations in the simulations of
In order to study variations in the spectral depen-distributions of exponentials by randomizing the charac-
dence, the local spectral exponent,= —alnS/dInf,  teristic times [21]. The size of the variance matched the
was measured in the 0.01-0.08 Hz band for averages @96 K value when the density of exponential processes
20 spectra and was studied as a function of time at variousasN(w) = 7. Using Eq. (1), we find¢ = 10 £ 4 nm
temperatures. The results of this analysis were quite reat this temperature, somewhat larger than conventional
vealing, as shown in Fig. 3. At 296 K, showed anoma- estimates [7].
lous variations between successive measurements, i.e., onln summary, we described a new method of prob-
a time scale of about0® s. Similar but smaller anoma- ing equilibrium nanoscale glassy dynamics via electric
lous variations were observed at 298 K. Figure 4 shows
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FIG. 3. Noise spectral exponents, measured betwgen temperature. Also shown is variance for simulation of fixed
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are shown. function for exponent at 296 K.
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