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Nonmonotonic Evolution of Density Fluctuations during Glass Relaxation
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A fundamental understanding of glass relaxation behavior is vital to the glass and polymer science
communities. While prior work has focused on relaxation of first-order thermodynamic properties such as
enthalpy and density, we present theoretical and experimental results showing that fluctuations in enthalpy
and density relax nonmonotonically. These results provide direct evidence for dynamical heterogeneities
and their close association with density fluctuations. Our results imply that density fluctuations, and hence
light scattering, can be minimized through design of thermal history.
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Two key phenomena that govern the physics of the
glassy state are (i) the liquid-to-glass transition, wherein
a kinetic constraint is imposed on a liquid to induce vitri-
fication, and (ii) the spontaneous relaxation of a glass
toward the liquid state, during which the kinetic constraint
is overcome [1,2]. Whereas previous studies have focused
on the relaxation of first-order properties such as enthalpy,
density, or refractive index [3], here we investigate the
behavior of enthalpy and density fluctuations during re-
laxation. Our results show that the magnitude of these
fluctuations relaxes nonmonotonically as a glass anneals
at constant temperature. Such behavior is direct evidence
for the presence of dynamical heterogeneities governing
the nonexponentiality of the relaxation function.

Our theoretical results are based on the energy landscape
formalism of Stillinger and Weber [4,5]. Since all practical
glasses are formed under isobaric conditions, our model is
formulated in terms of an enthalpy landscape [6,7]. For an
N-atom system, the enthalpy landscape is a (3N + 1)-
dimensional hypersurface containing a multitude of local
minima, each corresponding to a mechanically stable con-
figuration of atoms known as an “inherent structure.” The
volume of configurational phase space that drains to a
particular minimum is called a “basin” [4,5]. The utility
of the enthalpy landscape approach lies in the ability to
separate the high frequency vibrations within a basin from
the slower interbasin transitions.

For our simulations we employ the Mauro-Loucks en-
thalpy landscape model of selenium [8]. Selenium has a
low glass transition temperature of about 318 K [9] and is
well known as a fragile liquid with nonexponential decay
behavior [10,11]. Following Stillinger and Weber [4,5], the
Mauro-Loucks approach involves first mapping the con-
tinuous enthalpy landscape to a discrete set of inherent
structures and transition points. The landscape itself is
computed using two- and three-body potentials derived
from quantum-level simulations [8]. A separate calculation
is required to compute the inherent structure density of
states [12]. The dynamics of the system can be computed
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using a master equation solver [13] to access long time
scales. Enthalpy fluctuations are computed by

oy(t) = \/Zpi(t)H? - I:Zpi(t)Hi]Z’

where o () is the standard deviation of enthalpy fluctua-
tions, p; (1) is the probability of occupying basin i at time 7,
and H, is the enthalpy of basin i. Density fluctuations are
computed using an analogous formula for molar volume.

We model three selenium systems, each initially equili-
brated at a given fictive temperature: T, = 327.6 K (for
glass 1), T =313.0K (glass II), and T, = 290.0 K
(glass III). All systems are instantaneously quenched to
298.4 K, and we compute the relaxation behavior during an
isothermal hold at this temperature. The enthalpy relaxa-
tion curves for the three systems are shown in Fig. 1(a).
Since glasses I and II are both down-quenched from an
initially equilibrated state, they undergo a monotonic de-
crease in enthalpy. Glass III, having been up-quenched
from a lower fictive temperature, experiences a monotonic
increase. While the monotonic relaxation in Fig. 1(a) is
expected, Fig. 1(b) shows that the standard deviation of
enthalpy fluctuations relaxes nonmonotonically for all
three systems. In each glass the fluctuations initially over-
shoot the equilibrium value and then relax from the other
side after passing through a stationary point.

Figure 2 plots the evolution of (a) average density and
(b) density fluctuations for the three selenium glasses.
Glasses I and II start at higher fictive temperatures and
hence relax to higher values of density. Both of these
glasses display minima in density fluctuations during re-
laxation, similar to the enthalpy fluctuation results shown
in Fig. 1(b). Glass III experiences a maximum in density
fluctuations.

This nonmonotonic relaxation behavior of density fluc-
tuations is confirmed experimentally for a multicompo-
nent oxide network glass, Corning code 7059. This glass
has a calorimetric glass transition temperature of about
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FIG. 1 (color online). Isothermal relaxation of selenium glass
at 298.4 K after prior equilibration at three different fictive tem-
peratures. (a) Computed relaxation of average enthalpy with
respect to the final equilibrated system. (b) Evolution of enthalpy
fluctuations as the three glasses relax toward equilibrium.

925 K [14], and a composition (mol %) of 12.5% BaO,
8.5% Al,05, 16% B,03, and 63% SiO,. Drawn sheets of
this glass (1.1 mm thick) were obtained from Corning Inc.
and annealed at 955 K for 4 h followed by rapid quenching
in flowing air to ensure identical starting fictive tempera-
ture. Density measurements indicated the 7 to be ~953 K
[15]. Subsequently, 10 mm X 10 mm plates with 100 wm
thickness were cut and polished for in situ small-angle
x-ray scattering (SAXS) measurements of the temporal
evolution of density fluctuation at 868 K. These measure-
ments were performed at beam line 7.3.3 at the Advanced
Light Source synchrotron radiation facility at Lawrence
Berkeley Laboratory. Polished glass plates were heated on
a commercial hot stage (THMS600, Linkam Scientific
Instruments Ltd.). Temperature control was achieved
through the use of a TMS94 temperature programmer
connected to the stage. This setup provided an available
wave vector ¢ range of 0.01-0.5 A~!. An incident energy
of 10 keV was used; scattered radiation was detected using
a CCD camera and integrated radially to obtain the scat-
tered intensity I(g) as a function of g. The I(g) vs g data
were collected for 300 s at room temperature, correspond-
ing to Ty = 953 K. Subsequently, the sample was heated to
868 K at a rate of 40 K/ min and equilibrated at this

FIG. 2 (color online). Computed evolution of (a) average den-
sity and (b) density fluctuations for the three selenium glasses
from Fig. 1.

temperature for over a period of 20 h once the target
temperature was reached. The scattering data were col-
lected at different time steps for 300 s during this period of
equilibration to monitor the temporal evolution of density
fluctuation following the jump in 7. Since the primary
interest is in the accurate measurement of relative changes
in I(g) with time, no attempt has been made to obtain the
absolute values of scattered intensities. It has been shown
in previous studies that I(g) in the low-q limit is directly
proportional to the amplitude of the density fluctuation in a
material and can be obtained by linearly extrapolating
logl(q) vs ¢* data down to g = 0 [16-18]. We have fol-
lowed a similar procedure although the relative variation in
I(g) with annealing time has been found to remain inde-
pendent of ¢ at least up to ¢ = 0.5 A~! corresponding to
real space distances of ~1.2 nm, within the limits of
experimental error. This result is consistent with the char-
acteristic length scale of density fluctuations in glasses,
which is expected to be of the order of a few nanometers
[18,19]. The relative variation in density fluctuation thus
obtained is shown in Fig. 3 as a function of annealing time
at 868 K.

It may be noted that for a multicomponent glass such as
7059, the I(g) at low g is a measure of both density and
concentration fluctuations. However, it is well known
[16,17] that concentration fluctuation is frozen at a signifi-
cantly higher fictive temperature than density fluctuation.
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Typically, for SAXS experiments concentration fluctuation
is arrested at a fictive temperature where viscosity is
~10% Pa-s corresponding to at T,/T = 0.85 for the
7059 glass [15,17]. Such high fictive temperature for con-
centration fluctuation results from the fact that it requires
long-range (nanometer scale) diffusion of constituent
atoms. Such diffusion would be negligible for the anneal-
ing experiment reported here that was carried out at
T,/T ~1.07 where the viscosity is simply too high
(~10'5 Pa - s for 7059 glass) for long-range diffusion.
Moreover, from statistical thermodynamics, the equilib-
rium value of density fluctuation is expected to be linearly
proportional to the nominal fictive temperature 7. The
nominal 7 in this experiment changes from 953 to 868 K
while the normalized density fluctuation changes from 1 to
0.85. The ratios of the initial and final magnitudes of
density fluctuation and T/, values are indeed in good agree-
ment (within ~5%). Therefore, the relative variation in
I(g) with annealing time as observed in these experiments
can be safely ascribed entirely to density fluctuation.

It is clear from Fig. 3 that the density fluctuation in the
7059 glass initially decreases upon down-quenching and
overshoots the equilibrium value. The density fluctuation
then goes through a minimum for annealing times of ~8 h
and subsequently starts increasing until it finally reaches
equilibrium for annealing times longer than ~17 h.
Detailed density and structural relaxation measurements
under such conditions have already been reported for this
glass in the literature [15]. Specifically, the density of 7059
glass was found to relax monotonically with time upon
down-quenching from 953 to 868 K following a stretched
exponential relaxation function [15]. This contrasting
monotonic versus nonmonotonic relaxation behavior of
density and its fluctuations, respectively, in 7059 glass is
indeed similar to the simulation results obtained for glassy
selenium, as discussed above.
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FIG. 3 (color online). Isothermal relaxation of density fluctua-
tion of 7059 glass at 868 K after prior equilibration at 953 K. Red
triangles and blue circles represent results from two separate
runs.

Our experimental and modeling results provide direct
evidence for the presence of dynamical heterogeneities
governing the relaxation behavior in the glassy state.
Figure 4 illustrates this point for selenium, showing the
computed molar volume distributions of (a) the down-
quenched glass I and (b) the up-quenched glass III. The
relaxation of glass I involves a downward shift in the
molar volume distribution (i.e., from low density to high
density). The solid gray (blue) line in Fig. 4(a) shows the
intermediate molar volume distribution as the glass passes
through the minimum in density fluctuations (at 1074 s).
While the lower tail of the volume distribution has not
changed, the upper tail has relaxed downward toward
equilibrium. In other words, the regions of the glass with
higher molar volume relax faster than those regions with
lower molar volume. The result is a narrowing of the
volume distribution and a minimization of the density
fluctuations during the relaxation process. Whereas the
down-quenched glass in Fig. 4(a) displays a minimum in
density fluctuations, the up-quenched glass in Fig. 4(b) ex-
periences a maximum as the mean of the volume distribu-
tion shifts downward. The solid gray (red) line in Fig. 4(b)
shows the molar volume distribution at the time of maxi-
mum fluctuations (10%3 s). As with the down-quenched
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FIG. 4 (color online). Molar volume distributions of (a) glass I
and (b) glass IIT from Fig. 2. The initial distributions are shown
by the solid black lines; the equilibrated distribution is indicated
by the dashed gray line in both plots. The gray solid lines show
the molar volume distributions at the two critical points: (a) the
minimum in fluctuations [solid gray (blue) line] for glass I at
107+ s and (b) the maximum in fluctuations [solid gray (red)
line] for glass I1I at 10%3 s.
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glass, the lower tail of the distribution still traces that of the
initial distribution while the upper tail has relaxed toward
equilibrium. Since the mean volume shifts upward, this
naturally leads to a maximum in the density fluctuations
during relaxation. The higher density regions are allowed
to equilibrate only at longer times. This result can be
understood in terms of the number of transition states
available. From the calculations of Mauro and Loucks
[8], regions with lower density have a greater number of
available transition points, and hence a higher entropic
component lowering the free energy activation barrier.

Dynamical heterogeneities near glass transition have
been observed previously in binary Lennard-Jones systems
[20], colloidal suspensions [21], soft spheres [22], water
[23], and organic molecular liquids [24], although how
they relate to structure had been a matter of controversy
[25]. Our results directly establish this connection by in-
dicating that nanometer-scale regions of different densities
in the glass relax independently and are characterized by
different relaxation rates.

The results presented here imply that thermal history
may be used to tailor glasses to achieve specified levels of
density fluctuations, allowing increased control over prop-
erties such as light scattering and related thermodynamic
properties, viz., heat capacity and thermal expansion coef-
ficient. Our results also provide insight into the ubiqui-
tously observed nonexponential nature of the relaxation
decay function [10], as the individual relaxation modes
may be associated with different nanometric spatial re-
gions of the glass with different densities. Such regions
have been postulated previously by several authors based
on anomalous light scattering in the glass transition region
[26-28]. Here we provide direct theoretical and experi-
mental evidence in support of this notion for inorganic
glass-forming systems. We also propose the nonmonotonic
relaxation of density fluctuations as a means for character-
izing this phenomenon.

Finally, we distinguish our work from the well-known
“memory effect”” [3] observed in glassy systems with
nonexponential relaxation functions, often characterized
in terms of a distribution of fictive temperatures.
Depending on thermal history, the average fictive tempera-
ture of a glass can overshoot its equilibrium value during
relaxation, leading to nonmonotonic decay of enthalpy,
density, refractive index, etc. The nonmonotonic relaxation
of density fluctuations reported here is not a result of the
memory effect, since the glasses in this Letter are fully
equilibrated at a single initial fictive temperature before
undergoing isothermal relaxation at a new temperature.
Hence, the fictive temperature relaxes monotonically, lead-
ing to monotonic decay of both enthalpy and density as in
Figs. 1(a) and 2(a). However, during this monotonic decay
of enthalpy and density, the fluctuations in those properties
relax nonmonotonically due to dynamic inhomogeneities.
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