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Apparent nonergodic behavior of supercooled liquids above the glass transition temperature
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A speckle pattern can be observed in the polarized component of light scattered from glass forming liquids
far above their glass transition temperature. This speckle pattern fluctuates with characteristic time that corre-
sponds to the relaxation time of the additional ultraslow component in the correlation function and is about
seven orders of magnitude longer than the relaxation time ofrtpeocess. This slow process is out of the
experimental time window when the-process is measured by means of the photon correlation spectroscopy
and results in an apparent nonergodicity which can be seen as a baseline offset in the ensemble-averaged
correlation function. In contrast, the time-averaged field correlation functions which have been measured in
practically all light scattering studies always decay to zero. The slow process contrilsHtEEpandent excess
intensity to the polarized component of scattered light. The values of the nonergodicity parameters obtained
from the static and dynamic light scattering experiments are equal. Both the slow component and the excess
intensity result from denser regions of fractal character which develop in glass-forming liquids on approaching
the glass transition.
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[. INTRODUCTION ibility. The amount of the excess scattering can exceed the
amount due to isothermal compressibility by a factor of 100
One of the important questions in the field of supercooleddepending on temperature and scattering angle. An evalua-
liguids concerns their structural and dynamic heterogeneitytion of the SLS data according to an Ornstein-Zernike corre-
Before trying to answer this question, first we have to defindation function yields correlation lengths in the range of 10 to
the time and length scale under consideration. Experimentaleveral hundreds of nanometers. The samples can transiently
evidence for a dynamically heterogeneous character of lowe prepared in a state without long-range density fluctua-
molecular weight and polymeric glass forming liquids on thetions, but the original state will always show up again after
length scale of the order of 1 nm has been accumulated usirgpme annealing timg3,11]. The additional slow process and
selective photobleachifd ], multidimensional nuclear mag- the excess scattering in SLS always appear simultaneously,
netic resonancéNMR) and dielectric spectroscopghole  strongly suggesting that they have the same origin. The long-
burning, and extensively reviewef,3]. Recently, it has range density fluctuations were originally discovered in static
been shown in molecular dynamics simulations for Lennard}ight scattering measurements in thgange 710 ° to 4
Jones liquids that spatial correlations between the displace<10 2 nm 1. Recently[12], it was shown that they also
ments of molecules become increasingly long on approachzan be detected by ultra small angle x-ray scatteflug-
ing the mode-coupling temperatufe [4]. Other simulations AXS) using synchrotron radiation at the ESRF, Grenoble.
of monoatomic liquids revealed that the number of icosaheThe relaxation time of the slow process is usually out of the
dral clusters increases with decreasing temperdfjteThe  window of the correlator at temperatures where the
dynamics of low molecular weight and polymeric glass a-process is measured and has not been seen in most of the
forming liquids has been extensively studied by dynamicprevious work. The slow process can lead to apparent non-
light scattering(DLS, PCS [6,7]. In all those studies only ergodic time averaged correlation functions on the time scale
the time-averaged correlation functions in the time range apef the a-process, because tlhe and the slow processes are
propriate for the primary 4¢)-relaxation have been mea- separated in time by several orders of magnitude. At suffi-
sured. Previously it has been shoy8]j that the time corre- ciently low temperatures the slow process is out of the win-
lation function corresponding to density fluctuations does notlow of the correlator within reasonable measurement times.
decay to zero due to an additional slow process of a relaxtdnder such conditions the baseline of the time-averaged cor-
ation time 74, =10"7,,. This slow process contributes only relation function is seemingly not shifted, but the contrast of
to the isotropic component of scattered light since it is notthe correlation function will be reduced. Contrary to that an
observed in the dynamic depolariz&dH) light scattering. It ensemble-averaged correlation function will show a baseline
is believed that the ultra slow modes are due to the dynamicshift. Hence, the ensemble-averaged and time-averaged cor-
of the long-range density fluctuations which have been esrelation functions of thex-process are not equal, as it has
tablished as a universal feature of polymeric and low mo-been measured for samples with long-range density fluctua-
lecular glass forming liquids abovg, [8—10]. They appear tions by us. That is what we call “apparent nonergodicity on
in static light scatteringSLS) as an additionat-dependent the time scale of thex-process.” This nonergodicity has
isotropic  intensity contribution in addition to the nothing to do with the nonergodicity predicted by the mode-
g-independent intensity related to the isothermal compresszoupling theory(MCT) [13] which should occur aT; on a

1063-651X/2001/648)/0315037)/$20.00 64 031503-1 ©2001 The American Physical Society



A. PATKOWSKI, H. GLASER, T. KANAYA, AND E. W. FISCHER PHYSICAL REVIEW E54 031503

much faster time scale between th&regime and the (a)
a-(hopping process. Thus our nonergodicity occurs on a 2.27
time scale about 10 orders of magnitude slower than the 291
nonergodicity predicted by the MCT. In this paper a system- 187
atic comparison of the time- and ensemble-averaged correla- 1.6
tion functions for low molecular weight glass forming lig- 1.4
uids is presented. We show that the apparent nonergodicity is &= 1.2
due to the long-range density fluctuations. The influence of <4 1.0
the apparent nonergodicity on the measurement of the relax- 0.8
ation times of thea-process and of the static intensity is 0.6
discussed. 0.4

0.2

IIl. THEORETICAL BACKGROUND 0.0 +——r—— e,

In dynamic light scattering experiments two normalized
time autocorrelation functions are considered: the first order
(field) autocorrelation function

(E*(0)E(7))
(E?)
and the second ordéintensity) autocorrelation function

(100)1(7))
@Q(ry=2 77
g(7) e 2

Both correlation functions can represent either time-averaged
( ); or ensemble-averaged )z quantities. The instanta-
neous state of the system oflegrees of freedom is defined
by f generalized positions q,...,9s) and momenta
(P1,---pp): Ty=(qq(t), ... ,ps(t)). The not normalized
ensemble-averaged time autocorrelation function of a prop- (8)
erty A(t) is defined as

(b)

g (7= : (1)

9. %)
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FIG. 1. (a) Time-averaged an¢b) ensemble-averaged normal-
ized intensity correlation function for a nonergodic system.
GE(qut)E<A(0)A(t)>EEJ dlop(Fo)A(T'e)A(TY), (3)

be summarized as follows) Strong fluctuations of the scat-
whereA(T',) andA(T,) are properties of the system defined tgred intensity in spacdifferent positions in the sample.
as functions of the instantaneous stafgsand T, respec- (i) Fluctuatlng contrast of the time-averaged correlation
tively, p(I'o) is the probability of finding the system in the function g;(q,t) depending on position in the sampl@i)
initial statel’y. A time average of any functioR{A(t)} ofa  g{*?(q,t)#g¥?(q,t) and the ensemble-averaged correla-

variableA(t) randomly varying in time is defined as tion functions exhibit baseline shiftg(Ez)(ﬁ,OO)>1 and
1T 0(g,)>0 . The intensity correlation function for a non-
(F{A(1)})¢= lim ff dt F{A(t)}. (4) ergodic system is shown in Fig.[14]: If there are no faster
T—o 0

processes out of the window of the correlator the time aver-
aged correlation functiog(Ez)(r) starts from a value less than

2 for =0 and decays to a usual baseline of rate. The
ensemble-averaged correlation function starts from 2 at

In practices in the limy_,., is replaced byT,,, which is the
experimentalaveraging time and in light scattering experi-
ments it is of the order of minutes or hours. It is sufficient if —0 but exhibits a baseline offsgf?()>1 atr=¢. For an

T..> 7 (7 being the longest relaxation time in the sysjem : . .

. a I ergodic system both time- and ensemble averaged correlation
For an ergodic systef ),=( )g, where the indicesandE . -

. ; functions are equal and decay from 27&t0 to 1 atr=o.
denote the time- and ensemble-average, respectively. If we

have two processes in the system<T. and 7,=7>T,

then the system is apparently nonergodic on the time scale of Ill. EXPERIMENT
7¢. Obviously, this nonergodicity can be seen only if the
time- and ensemble-averaged correlation functions are mea-
sured at the same time under the same conditions. The fea- The static light scatteringSLS) and photon correlation
tures of a nonergodic system observed in a light scatteringpectroscopyPCS measurements were performed using an
experiment have been extensively discugdet15 and can  experimental setup described elsewh@& A vertically po-

A. Light scattering measurements
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larized beam from a krypton ion lasé6pectra Physics, sample, sitting in
model 2020, \ =647 nm, was focused in the scattering vol- index matching
ume. The scattered light, after passing an analyzer and two
pinholes(0.4 mm diameterwas detected by a photomulti-
plier (EMI 9863KA/100 working in the photon-counting
mode. The measurements were performed using the ALV pinhole, 400 um
goniometer (ALV-Laservertriebsgesellschaft, Langen, Ger- ¢
many), modified in our laboratory to be able to cover an
extended temperature range fror#0 to 130° C, and ALV-
5000 fast correlator. A Glan prisrtHalle, Berlin with an FIG. 2. Optical setup used to record the fluctuations of the
extinction coefficient better than 16 was used as a polar- speckle pattern.

izer in the incident beam and a Glan-Thompson prism | filteri h h
(Halle, Berlin of the extinction coefficient better than 10 sample was prepared by filtering PMpTS through a 022

was used as an analyzer in the scattered beam. In order lt\gillipore filter directly into the light scattering cell at 393 K.

measure the ensemble-averaged intensity and correlation

functions by rotating the samplé 5] a rotating cell holder IV. RESULTS AND DISCUSSION

has bdeEn designethhe ens[emble—av%ragzed int(;rlljsity was ob- A. Static light scattering

tained by rotating the samplat a speed of 10 rppduring ) ,

the SLS measurement, i.e., at each scattering angle 3 or 5 On€ of the commonly observed atuntil recently ig-
measurements of 3 or 5 seconds duration were taken and tﬁ'@re_d fe?““FeS of low molecular "_Ve'ght and po'y”.‘e”c glass
average value was calculated. Such a measurement resulti@iming liquids are strong fluctuations of the polariz&@/)
always in a much smoother SLS data than the one obtaine%!:,attered intensity in atemperat_ure range from the glas_s tran-
with a stationary samplg]. In order to obtain the ensemble- Sition temperaturd’y to the melting temperaturg,, and in
averaged correlation function up to 250 time-averaged correS0Me cases even far>Tp,. In order to investigate these
lation functions have been measured. After each measurductuations in some more detail but still on a qualitative
ment the sample was rotated by an angle, which wasevel we have recorded the speckle pattern with a CCD cam-
computed by a random number generator. The ensembl&'@ Using the optical setup shown schematically in Fig. 2
averaged correlation function was obtained as a sum of thesd9- In Fig. 3@) the speckle pattern observed for OTP at 293
250 not-normalized correlation functions. Such procedurdS 1S shown. This speckle pattern fluctuates very slowly at

was previously found to produce a very close estimate of théiS temperature with a characteristic time of the order of
ensemble-averaged correlation funct[ds). minutes, that means much longer than theelaxation time

(7,=40 ns). Since in the SLS experiment the pinhole size is
comparable to the speckle size the PM tube is registering
high fluctuations of the measured intensity of scattered light
Ortho-terphenyl (OTP) was bought from Merck- due to the movements of the speckles through the pinholes.
Schuchardt, several times recrystallized from methanol soluyith increasing temperature the speckle size and contrast is
tion and distilled under vacuum into dust-free light scatteringdecreasing and speckle dynamics is getting faster. This fi-
cells (round 10-20 mm outer diamejeiThe purified OTP  nally leads to a uniform distribution of the scattered intensity
showed a melting temperatui, of 328.5 K and a glass (no specklesat higher temperatures, when the characteristic
transition temperaturémeasured by means of differential time of fluctuations of the speckle pattern is shorter than the
scanning calorimetryDSC) at a cooling rate of 10 K/mih  exposure time of the CCD camera. No speckfes fluctua-
amounted toTy=244.8 K in a good agreement with the tions) can be observed in this temperature range for the de-
literature data [16]. The BMMPC [1,1-di4-methoxy-  polarized(VH) component of the scattered light. Due to the
Smethyl-phenykcyclohexang samples were synthesized in presence of speckles the time-averaged intensity of scattered
our laboratory following the procedure given in RéL7].  light in the SLS experiment exhibits very strong random
The melting temperature of BMMPC amounted T, fluctuations[8] making any quantitative analysis of the ex-
=346 K and the glass transition temperature, measured byerimental data very difficult. A measurement of the
means of DSC at a cooling rate of 10 K/min amounted toensemble-averaged intensity using a rotating cell reduces
T4=261 K. The samples were filtered three times at 353 Kdramatically the fluctuations of the signi@] and only this
through a 0.22um Millipore filter into dust free cylindrical data should be used for further analysis. All these features
cells made out of Pyrex tubes. Distillation of BMMPC into suggest that, e.g., a BMMPC sample is nonergodic orrthe
the light scattering cell was not possible due to decompositime scale of the experiment in the temperature range from
tion of the sample beyond 370 K which is below the boiling T, to T,+40 K. Identical behavior has been observed in our
point under high vacuum. Pdiyethylp-tolylsiloxane laboratory in other glass forming liquids: BMP(L,1-
(PMpTS of molecular weightM,,=1.5x10* was synthe- di(4’'methoxy-phenykcyclohexang PDE (phenolphtalein-
sized and purified in our laboratory as described elsewherdimethyl-ethey, glycerin, PMpTS, PEMS (polyethyl—
[18]. The molecular weight distributioM,,/M,, measured methyl-siloxangand in general in all glass-forming liquids
by GPC amounted to 1.09. The glass transition temperaturi@ which an excess isotropic intensity due to long-range den-
measured by DSC amounted to 256 K. The light scatteringity fluctuations can be seen. Similar comparative analysis

Ie?s éﬁ
—

videocamera

B. Sample preparation
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FIG. 4. Time dependend@uctuations of the scattered intensity
obtained for OTP at 253 kg=0.023 nm*: VV and VH compo-
nents measured for OTP with and without excess scattering.

1) was accumulated for 30 min. The ensemble-averaged cor-
relation functions represent an average of 5, 10, 50, 100, 150,
and 240 time-averaged correlation functions accumulated for
200 s each. Before each subsequent measurement the sample
was rotated by a random angle. As it can be seen the aver-
aging of 150 and 240 correlation functions results in a prac-
tically identical function which is assumed to be the true
ensemble-averaged correlation functifitd,15. From the

data shown in Fig. 5 it is clear that this OTP correlation
function at 263 K is nonergodic on the time scale of the

experiment, i.e.g{?(q,t) #g)(q,t). The decaying part of
the g)(q,t) is due to thew-process ¢=0.60 ms) and the

baseline offseg{®)(q,~) is related to the amplitude of the
correlation function of a much slower proce€®., long-
range density fluctuationsg,=10"7,). This much slower
process can be moved into the time window of the correlator

. . by an increase of the temperature and has been studied in
has been performed for the OTP samples with and withoUfjayai previously{11]. In most of the previous studies only

long-range density fluctuations; the latter can be prepared by,q (ime_averaged correlation functions have been measured
a special treatment as described[11]. As one can see in ¢, qiass forming liquids. From such a measurement it is

Fig. 3@ OTP with long-range density fluctuations exhibits a yiticy it to draw conclusions concerning the ergodicity of the
well developed speckle pattern, while at the same tempera-

ture of 293 K for the sample without long-range density 5_
fluctuations no speckles can be sd€ig. 3(b)]. This indi-

cates that the apparent nonergodicity of the glass-forming
liquids is directly related to long-range density fluctuations

which result in an excess isotropic intensity. The fluctuations

of the scattered intensity for OTP at 253 K argl

FIG. 3. The speckle pattern obtained at 293 K for OTP wa@bh
and without(b) long-range density fluctuatioriexcess scattering

=0.023 nm'! are shown in Fig. 4. Only the polarizédV) . /1‘;'.)%
component for OTP with excess scattering exhibits strong & 100
fluctuations in time while the depolarized componévit) @ \50
for this sample as well as both polarized and depolarized ™0
components of the OTP sample without excess scattering ~5
show no strong fluctuations. Ly ~~

B. Time correlation functions 5 4 3 5 " 0 1 2
10 10 10 10 10 10 10 10
In Fig. 5 the construction of the ensemble-averaged polar- time (s)
ized (VV) correlation function for OTP with long-range den-

sity fluctuations at 263 K and=0.014 nni! is shown. The FIG. 5. Construction of the ensemble-averaged correlation func-

time-averaged correlation functidthe lowest one, denoted tion for OTP at 263 K andj=0.014 nnm’.
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2.0 . : . : . - distinct speckle of the speckle pattefffig. 3). In case of
1 | exc= 0 one obtains the Siegert relation for homodyne detec-

tion, i.e., the term linear i@§1)(ﬁ,t) does not contribute to
L6 | ] g§2)(ci,t). In case oflg 1Y, only the linear term in
g§2)(q,t) contributes to the measured intensity correlation

1.8 | 1

@; 1.4# . function. This may lead to an apparent relaxation time
1 which is by a factor 2Pkww higher than the true correlation
1.2 1 time. In many cases this may not be important because of the
T dramatic change of, with temperature. It has to be taken
1o T into account, however, if the DLS relaxation times are com-
o8 I . . . l pared with those from other measurements, i.e., dielectric

4 > 0 ' ) relaxation at the same temperature.
log,, [t ()]

FIG. 6. Time-(+) and ensemble-averagésolid line) correla- .. _
tion function measured for OTP without excess scatteriig: In the case of apparent nonergodicity the ensemble

=263 K, q=0.013 nm’. averaggd field_ corre.lation functiqnjﬁ)(ﬁzt) does not decay
to zero in the time window of the experiment. Therefore, one

sample because the time-averaged intensity correlation fun&an define a dynamic nonergodicity parameter:

tion always decays to ongl4]. The only indications con- ) ), =

cerning the nonergodicity are fluctuating intensity and re- fayn(@)=1im gg~(q,t) (6)
duced contrast of the VV component. These two features i
may be also caused by other reasons. However, the only way
to see the nonergodicity of the sample is to measure thwhich can be compared with the static light scattering data
ensemble-averaged correlation function, as it has been doh5]. For that purpose we divide the ensemble-averaged po-
in this study. The time- and ensemble-averaged correlatiofarized(VV) intensity into a nonfluctuating palrfxc(ﬁ) and a
funcnons(averaged_ over 240 runsmeasured for OTP with- fluctuating part Euct(avt):

out excess scattering at the same tempera268 K) and

scattering angle® =50°) as in Fig. 5 are shown in Fig. 6. R R R

As one can see this OTP sample is ergodic, igg(q,t) I (8, =16 @)+ ucl 0.1 ()
=gE(ﬁ,t) . Similar picture is obtained when the correlation R

functions of the depolarizetv/H) component of both OTP  15,.(q,t) is related to the isothermal compressibilitpr to
samples with and without excess intensity are measuredhe short-range density fluctuatiorend to the reorientation
Thus we can conclude that the nonergodic behavior can bgf the molecules. Experiments show mﬁ;ﬁ(a,t) does not
seen only in the polarized/V) component of scattered light depend on the scattering vectpin the light scattering win-

for samples with excess scattering and is due to long-ranggow and even not in the conventional SAXS rafgg]. The

D. Relation between slow mode and excess intensity

density fluctuations . static nonergodicity parameter can be defined by
C. Influence of the excess scattering on the relaxation times E =
. lexd @)
of the a-process foo(q)= @)
sta E (v 1E (oo
As discussed in Ref14], p.721, evaluating a nonergodic lexd @)+ el a,t)

correlation function in an ergodic manner can lead to misin-

terpretations. This effect can be described as heterodyning of In Fig. 7 values off,(q) obtained from BMMPC at 295
the fluctuating and constant part of the intensity. Accordingk in dependence om? using Eq.(8) are compared with

to [20] for a heterodyne signal the following expression forvalues off4,,(q) directly obtained from ensemble-averaged
the time-averaged intensity correlation functigi®’(q,t)  VV intensity correlation functions. The latter values were
holds: obtained by fitting the ensemble-averaged intensity correla-

. . tion functionsg(Ez)(ﬁ,OO) to the Siegert relation:
2 fluctI exc(Q)

2)q t)= 1) g
g;7(q,t)=1+ =— 9y (a,t) R .
(et Texd @) 12 9¥(q,)=1+]gM(q,1)|?. (9)
It 2
+(tﬂ—”°t*) lgM(q,1)[?, (5)  The ensemble-averaged correlation functions and the static
[fiuett Texd @) intensities were measured under the same conditions for the

same sample. The agreement between the two ways of ob-
with 13, being the time-averaged fluctuating intensity andtaining the nonergodicity parameter is quite good. Hence the
lexc IS the not-averaged excess scattering resulting from alow mode is due to the excess scattering.
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1.4 - . . . 1.4 tuations we propose that the molecules in the different dy-
o static light scattering L namic stateg“liquid” or “solid” ) aggregate during anneal-
13l ® dynamiclight scattering e 13 ing of the liquids probably in some fractal manner, where the
a fractal dimensions can be determined by scattering experi-
G4 en ™l ments, at least in principlel2]. The ultraslow mode and the
g 12 oo 1.2 apparent nonergodic behavior described above are caused by
s _ot™ the diffusion of the dynamic state, which is coupled to the
114 go0e” i J14 density. The density autocorrelation function decays very
slowly because of the large correlation length.
10 1 1 1 1
0.0000 0.0002 0.0004 0.0006 0.0008 V. CONCLUSIONS
g’ (nm®)

The slow process in polymeric and low molecular weight
Iglass forming liquids as seen in a dynamic light scattering
experiment neall  results in an apparent nonergodicityn
the time scale of thex-proces$ observed in the correlation
function of the polarized scattered intensity. This is due to
the extremely different correlation times of the slow and the

In our previous papef12], we showed that the excess a-process. At lower temperatures the fluctuations of the slow
scattered intensity exhibits a power-lapdependence in a process are frozen in comparison with the time scale of the
log;g—log,o plot of intensity versus). In this casOTP) the  «a-process. The interference pattern due to the long-range
power law extended over a substantiaslange and could be density fluctuations becomes static and can be seen even by
easily identified, because the experimental data covered agye. This speckle pattern gives rise to an angular dependent
unusually broadg-range of almost two decades due to aexcess scattering and seriously disturbs static measurements.
combination of the SLS and ultra small angle x-ray scatter-The distortion can be removed by rotating the sample. By
ing (USAXS) data. In order to explain the long-range densitymeasuring non-normalized time-averaged correlation func-
fluctuations and the ultraslow dynamical mode a phenomtions for different speckles and adding them one obtains a
enological model is proposed, which starts from the coexistirue ensemble average. For OTP at 263 K the averaging of
ence of “liquidlike” and “solidlike” regions within the lig- about 240 correlation functions is sufficient. Correlation
uid. Such ideas have been discussed many times bigftre  functions of samples without long-range density fluctuations
25]. Local structures with an energetically preferredand correlation functions measured in VH geometry show no
configuration(“aperiodic solids” or “glassy clusters) coex-  nonergodicity. The constant intensity part of the total inten-
ist on a time scale< 7, with the fluid, wherer, is deter-  sity leads to a heterodyning effect. Due to this heterodyning
mined by the escape rate from the local energy minimum irthe correlation times of the time-averaged correlation func-
an energy landscape. Molecular dynamics simulatjér®6]  tion are longer than the correlation times of the ensemble-
of atomic liquids showed that such heterophase fluctuatiomveraged correlation functions. The nonergodicity parameter
may appear in the supercooled state. The thermodynamics obtained from ensemble-averaged correlation functions agree
such systems has been develop2d-29 and recent x-ray quite well with the one obtained by SLS. The long-range
scattering studie30] clearly demonstrate the coexistence of spatial heterogeneities observed in glass forming liquids
several structural units in supercooled salol and propylenéclusters can be modeled as fractal aggregates of more dense
carbonate. For the explanation of the long-range density flucegions.

FIG. 7. Comparison of the values of nonergodicity paramete
obtained from the stati¢SLS f¢,(q), O; and dynamic(PCS
fayn(d), @ light scattering experiments.

E. Physical nature of clusters
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