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A growing body of experimental work indicates that physical vapor deposition provides an effective
route for preparation of stable glasses, whose properties correspond in some cases to those expected
for glasses that have been aged for thousands of years. In this work, model binary glasses are pre-
pared in a process inspired by physical vapor deposition, in which particles are sequentially added
to the free surface of a growing film in molecular dynamics simulations. The resulting glasses are
shown to be more stable than those prepared by gradual cooling from the liquid phase. However, it is
also shown that the composition of the resulting glass, which is difficult to control in physical vapor
deposition simulations of thin films, plays a significant role on the physical characteristics of the
material. That composition dependence leads to a re-evaluation of previous results from simulations
of thinner films than those considered here, where the equivalent age of the corresponding glasses
was overestimated. The simulations presented in this work, which correspond to films that are ap-
proximately 38 molecular diameters thick, also enable analysis of the devitrification mechanism by
which vapor-deposited glasses transform into the supercooled liquid. Consistent with experiments, it
is found that this mechanism consists of a mobility front that propagates from the free interface into
the interior of the films. Eliminating surface mobility eliminates this route of transformation into the
supercooled liquid. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823769]

I. INTRODUCTION

A glass is typically prepared by cooling a liquid. Be-
cause glasses are out of equilibrium with respect to the liquid,
the thermodynamic properties of a glass depend on the ther-
mal history of the sample. The glass transition temperature,
for example, typically decreases by a few degrees with ev-
ery decade decrease of the cooling rate and glasses formed
by slower cooling are generally stiffer and higher density.
Glasses slowly evolve into structures that are deeper in the en-
ergy landscape in a process referred to as structural relaxation
or ageing.1–3 Recent experiments have shown that it is possi-
ble to create glasses with remarkable kinetic stability through
the process of physical vapor deposition.4 Such glasses ex-
hibit higher density,4, 5 higher mechanical moduli,6 and lower
enthalpy4, 7–10 than any liquid-cooled glasses. These vapor-
deposited glasses apparently correspond to the material that
one would obtain by aging an ordinary glass over periods in
the range of thousands of years or more.11

Highly stable vapor-deposited glasses present a num-
ber of characteristics that make them potentially useful for
applications, and it is therefore of interest to understand
the origin of their unusual properties. While detailed stud-
ies have so far been limited to a few organic molecules, a
number of intriguing questions have already emerged. These
include whether stable glasses truly correspond to the state
that ordinary glasses would reach after ageing for prolonged
periods of time, or whether they constitute new amorphous
states that cannot be accessed by cooling a liquid sample. Ex-
perimental studies of vapor-deposited glasses, for example,

typically reveal structural anisotropy that is absent in ordinary
glasses,12 and it is unclear whether one can create highly sta-
ble small-molecule vapor-deposited glasses whose structure
is truly identical to that of the corresponding ordinary glass.
Another important question concerns the extent to which sta-
ble glass mixtures can be formed by co-deposition of two
molecules;13 this might provide a promising avenue for dis-
covery of new amorphous glassy materials with desirable
properties.

Theoretical and computational studies of vapor-deposited
glasses have been limited.14–17 In recent work, we presented
a method to create model vapor-deposited glasses in which
one adopts a growth procedure that is inspired by that used
in experiments. That method was used to prepare glasses
of trehalose,18 a disaccharide of glucose, and glasses of a
binary Lennard-Jones (LJ) mixture19, 20 that has been used
extensively in the past to study ordinary glasses. In both
cases, we were able to generate materials whose properties
are consistent with those observed experimentally for several
organic materials. In the case of trehalose, the simulated
vapor-deposited glasses were shown to be structurally
anisotropic. In the case of the binary Lennard-Jones glass,
the materials were found to be isotropic.

Simulations of vapor-deposited glasses are highly com-
putationally demanding. Our past computational studies of
stable glasses were therefore limited to films of intermediate
thickness, approximately 19 molecular layers or diameters. In
this work, we consider binary Lennard-Jones vapor-deposited
films that are much thicker than those studied in our original
publication. With thicker samples at our disposal, we examine
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explicitly the effect of the substrate and the vacuum-film in-
terface on the behavior of the film. We also examine the tem-
poral relaxation of vapor-deposited films when the material is
heated, and compare our results to recent experiments.21 In
agreement with experiment, we find that stable glasses trans-
form into supercooled liquids by propagating fronts that can
originate at free surfaces, and that the stability of such glasses
can be enhanced by eliminating surface mobility.

The results presented in this work indicate that, con-
sistent with observations from earlier simulations of smaller
samples, it is possible to form highly stable vapor-deposited
glasses of binary Lennard-Jones mixtures. Our new results,
however, also reveal that the binary Lennard-Jones model is
particularly sensitive to composition inhomogeneities intro-
duced by the substrate and the free interface. Such inhomo-
geneities have a particularly strong effect on the energy and
density of stable glasses, and require that we revisit our ear-
lier interpretation of results for smaller samples. We do so
by comparing the characteristics of vapor-deposited glasses
to those of an ordinary glassy material prepared by heating
and cooling a stable glass through the glass transition tem-
perature. We find that vapor-deposited glasses have higher
density and lower energy than ordinary glasses when com-
pared at the same pressure and composition. We also find that
vapor-deposited glasses correspond to the ordinary glasses
that one would obtain by employing cooling rates that are ap-
proximately two to three orders of magnitude smaller than
those typically accessible in simulations. This difference is
significantly smaller than that anticipated on the basis of ear-
lier comparisons to a bulk ordinary glass at a constant den-
sity and constant composition. However, the results reported
here are comparable to results achieved with other computa-
tional approaches22, 23 and are consistent with those observed
in atomistic simulations of more realistic models.18

II. MODEL AND METHODS

As described in previous work, we use a simulation pro-
cedure that attempts to mimic physical vapor deposition. The
vapor-deposited glasses are grown by adding LJ particles,
ten at a time, to the free interface of a growing film. The
model considered here is based on that proposed by Kob and
Andersen24 and is the same as that employed in Ref. 19. The
substrate where the film is grown is maintained at temperature
Ts using a thermostat.25 The substrate temperature was varied
in the range from 0.125 to 0.375. We use periodic boundary
conditions in the directions parallel to the substrate, and the
substrate consists of Lennard-Jones particles with parameter
σ s = 0.6 and εs = 0.1. For interaction with the type A and B
particles in the binary mixture considered here, the parameters
are σ sA = 0.75, σ sB = 0.7, εsA = εsB = εs = 0.1. These par-
ticles are fixed in place using harmonic springs in a random
arrangement at a surface density of ρs = 1.38. New glass par-
ticles are introduced at random positions in the vicinity of the
growing interface of the films, at a temperature T = 1. The
energy is then minimized using the FIRE algorithm.26 After
minimization, a molecular dynamics simulation is run using
two thermostats: the substrate and previously deposited parti-
cles are maintained at Ts, and the newly introduced particles

are equilibrated at T = 1 for 105 time steps. After that equili-
bration, the newly introduced particles are cooled down to the
substrate temperature over a period of 7 × 105 steps (which
corresponds to a cooling rate of approximately 3 × 10−5). At
that point, a new set of particles is introduced and the growth
cycle is repeated. Unless otherwise indicated, the films con-
sidered here were grown to a total thickness of approximately
38 σ AA. The dimensions of the films in the dimensions paral-
lel to the substrate were fixed at 12.8 σ AA. The total number
of particles was approximately 6700 for full grown films. For
all results presented in this work, the error bars correspond-
ing to the vapor-deposited glasses and the ordinary glass films
represent the standard deviation from 8 independent samples.
For clarity, however, in Figure 6 results are shown for one
representative configuration. For bulk samples, the error bars
represent the standard deviation from five independent sam-
ples. The “ordinary” glasses considered here are prepared
by heating the vapor-deposited glasses to a temperature well
above Tg = 0.35 (T∗ = 0.55), equilibrating them, and then
cooling the films at a specified rate. We observe evaporation
from the free surface at temperatures higher than T∗ = 0.55.
To minimize this effect and optimize the deposition process,
we introduce a short range repulsive wall on top of the film
at a distance 2–3 σ AA away from the surface. The cooling
rates considered here for ordinary films are in the range 3.33
× 10−4–3.33 × 10−6. All quantities are provided in reduced
LJ units (t = σ AA(m/εAA)1/2, T = kBT/εAA, ρ = ρ σ AA

3).
In some cases, during the late stages of the deposition

process, the glass samples can become separated from the
substrate and form a gap. We therefore also grew glasses
where not only the substrate atoms, but also the first few lay-
ers of deposited particles next to the substrate, were fixed in
place by harmonic springs. Further deposition then occurred
onto this new “substrate” composed of vapor-deposited parti-
cles. We found that in both cases the properties of the glasses
in the interior “bulk” region were the same. A set of small
vapor-deposited samples was generated at a deposition rate
that was ten times slower, allowing particles to cool over
7 × 106 time steps. We did not see a statistically significant
difference in the properties of the resulting samples. There is
no barostat in our simulations for stable and ordinary films.
However, a vacuum is maintained above the films, and the
calculated pressure inside the samples is indeed close to zero.

The potential-energy landscape corresponding to the
vapor-deposited and ordinary glass films is sampled by min-
imization of the potential energy. The thickness of the films
is allowed to change during minimization, and the resulting
inherent-structure configurations have different density than
the original structures.

III. RESULTS AND DISCUSSION

As explained earlier, the vapor-deposited and ordinary
glass films considered in this work are considerably thicker
than those employed in our previous work; we begin our dis-
cussion with a characterization of their macroscopic prop-
erties. Figure 1(a) shows the density profiles of the vapor-
deposited glasses grown at a substrate temperature Ts = 0.3.
The corresponding composition and Debye-Waller factor
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FIG. 1. Density, composition, and Debye-Waller factors as a function of dis-
tance from substrate for (a) vapor-deposited glass films grown at a substrate
temperature of Ts = 0.3 and (b) ordinary glass films at T = 0.3, created at a
cooling rate of 3.33 × 10−5.

profiles at T = 0.3 are also included in the figure. They rep-
resent an average from 8 independent samples. Figure 1(b)
shows the same information for the samples considered in
Figure 1(a), but after undergoing a heating and cooling cy-
cle through the glass transition temperature, at a heating and
cooling rate of 3.33 × 10−5. For both vapor-deposited and or-
dinary glasses, the density of the films is lower near the sub-
strate or the free interface. In the middle of the films, it is
relatively uniform. The Debye-Waller factors follow the same
trends as the density; near the substrate they decrease, but in
the middle of the film, within the statistical uncertainty of our
simulations they remain constant. In contrast, one can see that
for vapor-deposited glasses (Figure 1(a)) the concentration of
B particles in the immediate vicinity of the substrate is sig-
nificantly smaller than in the middle of the films; as the dis-
tance from the substrate increases, so does the concentration
of B particles. It then goes through a maximum, before it de-
creases again to reach a plateau value after approximately 10
molecular layers. In this work, we define the “bulk” region
of the film as that between z = 15 and z = 25. In that re-
gion, one can see that the density, the Debye-Waller factors,
and the composition are relatively uniform and independent
of the distance to the interfaces. Their respective average val-
ues for vapor-deposited glasses at T = 0.3 are ρ = 1.178(5),
xB = 0.204(8), and 〈u2〉 = 0.024(1). For ordinary glasses, the

corresponding numbers are ρ = 1.161(5), xB = 0.197(8), and
〈u2〉 = 0.030(2). Unless stated otherwise, for the remainder of
this paper all results for ordinary glass and stable glass films
refer to the “bulk” region of the films.

The potential energy as a function of temperature is
shown in Figure 2 for the vapor-deposited glasses and for
the ordinary glasses. The ordinary glasses were prepared at
a cooling rate of 3.33 × 10−5 and the energy during cooling
is shown in the figure. One can infer a glass transition tem-
perature of Tg = 0.35 from the change in slope of the energy.
For the vapor-deposited glasses, the abscissae correspond to
the substrate temperature at which samples were generated.
Below the ordinary glass transition temperature, the energy
of the vapor-deposited glasses is significantly lower than that
of the ordinary glasses. The difference becomes more pro-
nounced as the substrate growth temperature decreases until
the temperature approaches 0.15. Below Ts = 0.125 the en-
ergy of the stable glass and the ordinary glass (data not shown)
become comparable. The range of substrate temperatures in
the vicinity of 0.3 represents an optimum for growth of vapor-
deposited glasses, and it corresponds to approximately 85%
of the glass transition temperature (see below). This observa-
tion is consistent with experiments with different substances,
where it is found that the optimal substrate temperature for
deposition of stable organic glasses is in the range of 0.8–
0.85 Tg.4, 7, 9, 10 The significance of this comparison is unclear,
however, as the high cooling rates of simulations result in
high Tg values relative to experiments. One can extrapolate
the equilibrium liquid potential energy to temperatures be-
low Tg; the potential energy of vapor-deposited glasses lies
on the extrapolated equilibrium liquid line down to a tem-
perature slightly above T = 0.3; below that temperature the
vapor-deposited glass energy is higher than that of the extrap-
olated equilibrium supercooled liquid.

The inset in Figure 2 shows the corresponding inher-
ent structure energy EIS for the vapor-deposited glasses (red

FIG. 2. Potential energy per particle for vapor-deposited glass films grown
at substrate temperature Ts (red) and ordinary glass films created at a cool-
ing rate of 3.33 × 10−5 (blue). The ordinary glass transition temperature is
estimated at Tg = 0.35. The inset shows the inherent structure energy for sta-
ble glasses generated at different substrate temperatures (red circles and red
diamond) and for ordinary glass films prepared at cooling rates 3.33 × 10−4

(blue), 3.33 × 10−5 (purple), and 3.33 × 10−6 (green).
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symbols) and for ordinary glasses at three cooling rates (3.33
× 10−4, 3.33 × 10−5, and 3.33 × 10−6). The red circles show
results for samples of intermediate size, and the red diamond
corresponds to results for large samples. One can see that the
inherent structure energy of vapor-deposited glasses is rel-
atively uniform for substrate temperatures in the range 0.2
< Ts < 0.3. At Ts = 0.3, the vapor-deposited glasses exhibit
a lower inherent structure energy than ordinary glasses. In our
ordinary glass films, when the cooling rate changes from 3.33
× 10−4 to 3.33 × 10−5 to 3.33 × 10−6, one observes an av-
erage change in EIS of approximately �EIS = 0.025/decade,
from −8.20(2) to −8.22(2) to −8.25(2). For vapor-deposited
glasses, the inherent structure energy is −8.32(2). That cool-
ing rate dependence suggests that, in order to generate ordi-
nary glasses with inherent structure energy comparable to that
of the vapor-deposited glasses generated at Ts = 0.3, the cool-
ing rate would have to be approximately 10−9, i.e., approx-
imately 2–3 orders of magnitude slower than that typically
used in computer simulations of ordinary glasses.

An independent estimate of the age of vapor-deposited
glasses can be inferred from the structural relaxation times
of the material. Figure 3 shows the alpha relaxation times
(τα) of bulk glasses generated at constant pressure. From
Figure 2, we can estimate the fictive temperature of the
glasses deposited at a substrate temperature of 0.3 is about
0.32. From Figure 3, from the value of τα at T = 0.32, one
can estimate a relaxation time for the vapor-deposited ma-
terial that is approximately three orders of magnitude longer
than that of the corresponding ordinary glass (with a fictive
temperature of T = 0.35). From a computational perspective,
the ordinary glasses generated here at a cooling rate of 3.33
× 10−6 required one week of CPU time; simulating glasses
at cooling rates of 10−9 would require considerable more
time than that available to us, and we are therefore unable to
determine whether, after sufficient ageing, our ordinary glass
films would adopt energies and structures similar to those of
the vapor-deposited glasses.

Note that at T = 0.3, upon minimization of the energy,
the density of the inherent structure in the bulk region of ordi-
nary films (prepared by heating the vapor-deposited glasses to

FIG. 3. Open squares correspond to α-relaxation time of bulk supercooled
liquids at constant pressure (P = 0, xB = 0.2). The blue symbols show
the extrapolated relaxation times at a temperature of 0.3, 0.32, and 0.35,
respectively.

FIG. 4. Potential energy (black) and inherent structure energy (red), per par-
ticle, for vapor-deposited glass films grown at a substrate temperature of Ts
= 0.3 (open squares), and for ordinary glass film prepared at a cooling rate
of 3.33 × 10−5 (open triangles). The solid black and red circles show results
for ordinary glasses prepared under periodic boundary conditions at constant
composition and constant density (ρ = 1.18, solid symbols) also created at a
cooling rate of 3.33 × 10−5. The solid green symbols show results for ordi-
nary glasses prepared at constant pressure (P = 0) at the same cooling rate.

T = 0.55 and then cooling them at a rate of 3.33 × 10−5)
increases from 1.16 to 1.17, and that of the vapor-deposited
glasses increases from 1.18 to 1.20. We attribute the differ-
ence between the densification of the ordinary and vapor-
deposited glasses upon minimization to differences in the un-
derlying structure of the two types of samples. To separate the
effect of structure from that of the density, we also computed
the inherent structure energy of a bulk glass under periodic
boundary conditions with a composition of xB = 0.20 and a
density of 1.20 obtained with a cooling rate of 3.33 × 10−5.
The resulting energy is −8.260(3), which is higher than that
observed in the vapor-deposited glass by approximately 0.06.

At this point, it is important that we compare the results
shown in Figure 2 for thick vapor-deposited glasses at con-
stant pressure, to those presented in Ref. 19 for smaller sam-
ples. In Ref. 19, most of the samples were 19 layers thick,
and the bulk region, identified by relying primarily on Debye-
Waller factors, was closer to the substrate. That bulk region
had a composition that was influenced by the substrate and
was on average somewhat richer in B particles than the nom-
inal composition of the model. The binary model considered
here exhibits a pronounced effect on composition, particu-
larly when examined at constant pressure, a point that has not
been widely appreciated in the literature. This can be seen in
Figure 4, which shows the potential energy and the inher-
ent structure energy of ordinary bulk glasses for compositions
ranging from xB = 0.12 to xB = 0.24. The solid circles were
all generated at a constant density ρ = 1.18 and at a temper-
ature of T = 0.3. One can see that, at constant density, the
potential energy changes from −7.43 to −7.78 in that range.
In the range from xB = 0.2 to 0.24, however, the potential en-
ergy changes weakly. Figure 4 also shows the potential energy
of vapor-deposited glasses of different compositions (open
squares), ranging from xB = 0.16 to xB = 0.24. In that range,
the energy changes appreciably, from −7.68 to −8.02. In par-
ticular, the bulk regions considered in Ref. 19 were on average



144505-5 Lyubimov, Ediger, and de Pablo J. Chem. Phys. 139, 144505 (2013)

in the range 0.22 < xB < 0.26, and therefore exhibited ener-
gies that were systematically lower than those of samples with
xB = 0.2.

The results reported here for vapor-deposited glasses cor-
respond to constant pressure; the open triangles in Figure 4
correspond to the energy and inherent structure energy of or-
dinary glass films, prepared at a cooling rate of 3.33 × 10−5.
One can see that the energy of ordinary films exhibits the
same composition dependence as that of the vapor-deposited
glasses, but is always higher than that of the vapor-deposited
material. For completeness, Figure 4 includes results for bulk
glasses (with periodic boundary conditions) generated at con-
stant pressure (P = 0) and at a cooling rate of 3.33 × 10−5.
The average energy of the bulk glasses is comparable to that
of the ordinary films considered here. The composition de-
pendence of ordinary films and bulk samples is the same. The
inherent structure energies of the bulk samples, however, are
slightly higher than those of the ordinary films. We attribute
this difference to the fact that when the energy of a thin film
is minimized, the dimensions parallel to the substrate are kept
constant, but the material is able to densify in the direction
normal to the substrate. In contrast, the energy of the bulk
samples was minimized by keeping all dimensions constant.
Taken together, the results shown in Figure 4 indicate that
the binary model considered in this work (and in Ref. 19) is
particularly susceptible to composition inhomogeneities, and
a constant-density and constant composition reference state
(i.e., the traditional Kob-Andersen model at ρ = 1.18 and
xB = 0.2), as was used in Ref. 19, is not appropriate. A bet-
ter reference state to examine the stability of vapor-deposited
glasses vis-à-vis that of ordinary glasses is that employed in
Figures 1(b) and 2, namely, a glass film, generated at the same
pressure, and subject to the same boundary conditions as the
vapor-deposited glass.

Figure 5 shows the potential energy of the vapor-
deposited glasses generated at Ts = 0.3 as a function of
temperature during heating, at a rate of 3.33 × 10−5. For

FIG. 5. Potential energy per particle for vapor-deposited glass films grown
at a substrate temperature of Ts = 0.3 during heating at a rate of 3.33 × 10−5

(blue symbols). The onset temperature for devitrification is estimated at Tonset
= 0.41. Results corresponding to an ordinary glass prepared at a cooling rate
of 3.33 × 10−5 (green) and then heated at the same rate (red) indicate that the
onset temperature is comparable to the ordinary glass transition temperature
(Tg = 0.35).

reference, the potential energy of an ordinary glass at the same
heating rate is also shown in the figure. We refer to the “on-
set” as the temperature To at which the glass is dislodged from
its minimum in the energy landscape, and its potential energy
suddenly increases towards its equilibrium liquid value. For
ordinary glasses, the onset temperature is comparable to Tg

in Figure 2. In contrast, for vapor-deposited glasses the on-
set temperature is To = 0.41, approximately 17% higher than
Tg. The devitrification process of Figure 5 is similar to that
observed in experiments, where, depending on the molecule,
the onset temperature for the most stable glasses are 6%–
10% above the glass transition.7, 27 Given that vapor-deposited
glasses have a lower potential energy and higher onset tem-
perature than ordinary glasses, through the remainder of this
paper we simply refer to them as “stable glasses.”

Recent experiments have shown that when stable glass
films are heated, devitrification of the glasses proceeds with a
propagating mobility front moving into the interior of the ma-
terial from the free interface.28, 29 In contrast, when the stable
glass films are “capped” with a thin layer of a different higher-
Tg material, the devitrification of the sample occurs more
slowly and is initiated in the interior of the samples. In order
to test for this behavior in our model stable glasses, a repre-
sentative stable glass sample was brought to a temperature of
T = 0.42, which is slightly above the onset temperature. The
sample was then held at constant temperature, and a molecular
dynamics simulation was run to calculate the local Debye-
Waller factors as a function time. The results are shown in
Figure 6; one can see that, consistent with experimental ob-
servations, for stable glasses (Figure 6(a)) a front of mobility
moves from the free interface into the interior of the sample

FIG. 6. (a) and (b) Debye-Waller factors for vapor-deposited glass films
grown at a substrate temperature of Ts = 0.3 (black symbols) after bringing
samples to T = 0.42. Different colors correspond to different times during
isothermal annealing (t = 13 τα – red, 24 τα – green, 36 τα – blue, 47 τα

– orange, and 58 τα – purple, where τα is the equilibrium relaxation time
for the supercooled liquid at T = 0.42). (a) Unrestricted stable-glass film.
(b) Capped stable-glass film, where the material layers located to the right
of the dotted line were fixed in space. (c) Ordinary glass film (black sym-
bols) prepared by cooling at a rate of 3.33 × 10−5, bringing sample from T
= 0.3 to T = 0.42 in one step, and then held isothermally (t = 13 τα – red,
24 τα – green).
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as time proceeds. In contrast, Figure 6(b) shows results for
a comparable isothermal simulation in which the material
layers closest to the free interface were held at their original
position, thereby mimicking the effect of a capping layer.
That simulation was performed at constant density, but we
have confirmed that the pressure remains constant throughout
the time intervals shown in the figure. One can see that devit-
rification is now initiated well in the interior of the films, in
agreement with the experimental observations of Sepulveda
et al.28 Note that devitrification now requires a longer time
to proceed. Consistent with the experiments, this observation
is interpreted to mean that once the surface-initiated trans-
formation mechanism becomes inoperative, transformation
must occur by a less efficient bulk mechanism. Figure 6(c)
shows the corresponding results for an ordinary (uncapped)
glass film. The sample is brought in one step to T = 0.42,
and the devitrification proceeds rapidly and uniformly across
the film.

Our observations of how mobility fronts evolve in sta-
ble glasses supports the view advanced by Sepulveda et al.,28

in which particles of high mobility gradually release adja-
cent particles from the efficient packing of the stable glass.
Since the free surface has a very high initial mobility, trans-
formation from the stable glass into the supercooled liquid
starts there and moves smoothly into the film interior. An
interesting quantitative comparison can be made with these
experiments. In Figure 6(a), the growth front is observed to
propagate a distance of about 20 σ in a time interval of 56 τα ,
or about 0.3 particle diameters per τα . Experiments on two
molecular glass formers show propagating front velocities of
0.1–0.01 molecular diameters per τα .28 The observation that
simulated stable glasses show front velocities within an order
of magnitude of the experimental values suggests that further
computational exploration of the transformation mechanism
of stable glasses might be fruitful.

IV. CONCLUSIONS

The results presented in this work serve to confirm that
one can generate stable glasses of a spherically symmetric
model glass through a process that is reminiscent of exper-
imental vapor deposition experiments. The resulting glasses
are isotropic, and exhibit thermal and kinetic properties that
are similar to those seen in experiments with small organic
molecules. In particular, it is found that the density of sta-
ble glasses is approximately 1.5% higher than that of ordi-
nary glasses at the same pressure and composition, the onset
temperature is approximately 17% higher than the glass tran-
sition temperature, and the optimal substrate temperature for
deposition is 20% lower than the glass transition temperature.
The higher onset temperature is indicative of a material with
a higher kinetic stability.

Recent experiments have shown that, in stable glasses,
the devitrification of the material proceeds as a front moving
from the free interface into the interior of the sample. When
stable glass films are capped by a thin layer of a higher Tg sta-
ble glass, devitrification is delayed and begins in the interior
of the film. The same phenomenology is observed in the sta-
ble glasses generated here, with the occurrence of a distinct

front propagating from the free surface into the film. In both
experiments and in our simulations, devitrification of an or-
dinary glass proceeds homogeneously across the films and is
more rapid.

The potential energy of our stable glasses at the opti-
mal deposition temperature is considerably lower than that of
the ordinary glass. We estimate that the stable glasses pre-
sented here correspond to the ordinary glasses that one could
generate at cooling rates that are about 2–3 orders of mag-
nitude lower than those typically used in simulations of or-
dinary glasses. That figure is considerably smaller than the
19 orders of magnitude inferred in our previous work with
smaller samples, in which the properties of stable glass films
were compared to those for a reference material having con-
stant density and a slightly different composition. Much of
the unusually large effects reported earlier can be attributed to
composition effects. The reference material considered here,
namely, an ordinary glass film at the same pressure and com-
position, provides a more appropriate framework in which
to analyze stable glasses. While the glasses prepared here
are considerably more stable than those that can be prepared
by cooling the liquid, they are considerably less stable than
those prepared experimentally. Thus, there remains consid-
erable impetus for improved computational algorithms for
generating low energy amorphous states.

ACKNOWLEDGMENTS

The authors are grateful to Pawel Koziatek, David Rod-
ney, and Jean-Louis Barrat for helpful discussions. This work
is supported (I.L., M.D.E., and J.D.P.) by Grant No. NSF-
DMR-1234320.

1C. A. Angell, Science 267(5206), 1924–1935 (1995).
2S. Sastry, P. G. Debenedetti, and F. H. Stillinger, Nature (London)
393(6685), 554–557 (1998).

3C. A. Angell, K. L. Ngai, G. B. McKenna, P. F. McMillan, and S. W. Martin,
J. Appl. Phys. 88(6), 3113–3157 (2000).

4S. F. Swallen, K. L. Kearns, M. K. Mapes, Y. S. Kim, R. J. McMahon, M.
D. Ediger, T. Wu, L. Yu, and S. Satija, Science 315(5810), 353–356 (2007).

5S. S. Dalal and M. D. Ediger, J. Phys. Chem. Lett. 3(10), 1229–1233
(2012).

6K. L. Kearns, T. Still, G. Fytas, and M. D. Ediger, Adv. Mater. 22(1), 39
(2010).

7S. L. L. M. Ramos, M. Oguni, K. Ishii, and H. Nakayama, J. Phys. Chem.
B 115(49), 14327–14332 (2011).

8K. L. Kearns, S. F. Swallen, M. D. Ediger, Y. Sun, and L. Yu, J. Phys.
Chem. B 113(6), 1579–1586 (2009).

9K. L. Kearns, S. F. Swallen, M. D. Ediger, T. Wu, and L. Yu, J. Chem. Phys.
127(15), 154702 (2007).

10E. Leon-Gutierrez, G. Garcia, A. F. Lopeandia, J. Fraxedas, M. T.
Clavaguera-Mora, and J. Rodriguez-Viejo, J. Chem. Phys. 129(18), 181101
(2008).

11K. L. Kearns, S. F. Swallen, M. D. Ediger, T. Wu, Y. Sun, and L. Yu, J.
Chem. Phys. B 112(16), 4934–4942 (2008).

12K. Dawson, L. A. Kopff, L. Zhu, R. J. McMahon, L. Yu, R. Richert, and
M. D. Ediger, J. Chem. Phys. 136(9), 094505 (2012).

13K. R. Whitaker, D. J. Scifo, M. D. Ediger, M. Ahrenberg, and C. Schick,
“Highly stable glasses of cis-decalin and cis/trans-decalin mixtures,” J.
Phys. Chem. B (published online).

14S. Leonard and P. Harrowell, J. Chem. Phys. 133(24), 244502 (2010).
15P. G. Wolynes, Proc. Natl. Acad. Sci. U.S.A. 106(5), 1353–1358 (2009).
16I. Douglass and P. Harrowell, J. Chem. Phys. 138(12), 12A516 (2013).
17A. Wisitsorasak and P. G. Wolynes, Phys. Rev. E 88, 022308 (2013).
18S. Singh and J. J. de Pablo, J. Chem. Phys. 134(19), 194903 (2011).

http://dx.doi.org/10.1126/science.267.5206.1924
http://dx.doi.org/10.1038/31189
http://dx.doi.org/10.1063/1.1286035
http://dx.doi.org/10.1126/science.1135795
http://dx.doi.org/10.1021/jz3003266
http://dx.doi.org/10.1002/adma.200901673
http://dx.doi.org/10.1021/jp203612s
http://dx.doi.org/10.1021/jp203612s
http://dx.doi.org/10.1021/jp808665t
http://dx.doi.org/10.1021/jp808665t
http://dx.doi.org/10.1063/1.2789438
http://dx.doi.org/10.1063/1.3009766
http://dx.doi.org/10.1021/jp7113384
http://dx.doi.org/10.1021/jp7113384
http://dx.doi.org/10.1063/1.3686801
http://dx.doi.org/10.1063/1.3511721
http://dx.doi.org/10.1073/pnas.0812418106
http://dx.doi.org/10.1063/1.4772480
http://dx.doi.org/10.1103/PhysRevE.88.022308
http://dx.doi.org/10.1063/1.3586805


144505-7 Lyubimov, Ediger, and de Pablo J. Chem. Phys. 139, 144505 (2013)

19S. Singh, M. D. Ediger, and J. J. de Pablo, Nature Mater. 12(2), 139–144
(2013).

20W. Kob and H. C. Andersen, Phys. Rev. E 51(5), 4626–4641 (1995).
21A. Sepulveda, S. F. Swallen, and M. D. Ediger, J. Chem. Phys. 138(12),

12A517 (2013).
22R. L. Jack, L. O. Hedges, J. P. Garrahan, and D. Chandler, Phys. Rev. Lett.

107(27), 275702 (2011).
23T. Speck, A. Malins, and C. P. Royall, Phys. Rev. Lett. 109(19), 195703

(2012).
24W. Kob and H. C. Andersen, Phys. Rev. Lett. 73(10), 1376–1379 (1994).

25G. J. Martyna, M. L. Klein, and M. Tuckerman, J. Chem. Phys. 97(4),
2635–2643 (1992).

26E. Bitzek, P. Koskinen, F. Gahler, M. Moseler, and P. Gumbsch, Phys. Rev.
Lett. 97(17), 170201 (2006).

27K. Dawson, L. Zhu, L. A. Kopff, R. J. McMahon, L. Yu, and M. D. Ediger,
J. Phys. Chem. Lett. 2(21), 2683–2687 (2011).

28A. Sepulveda, S. F. Swallen, L. A. Kopff, R. J. McMahon, and M. D.
Ediger, J. Chem. Phys. 137(20), 204508 (2012).

29S. F. Swallen, K. Traynor, R. J. McMahon, M. D. Ediger, and T. E. Mates,
Phys. Rev. Lett. 102(6), 065503 (2009).

http://dx.doi.org/10.1038/nmat3521
http://dx.doi.org/10.1103/PhysRevE.51.4626
http://dx.doi.org/10.1063/1.4772594
http://dx.doi.org/10.1103/PhysRevLett.107.275702
http://dx.doi.org/10.1103/PhysRevLett.109.195703
http://dx.doi.org/10.1103/PhysRevLett.73.1376
http://dx.doi.org/10.1063/1.463940
http://dx.doi.org/10.1103/PhysRevLett.97.170201
http://dx.doi.org/10.1103/PhysRevLett.97.170201
http://dx.doi.org/10.1021/jz201174m
http://dx.doi.org/10.1063/1.4768168
http://dx.doi.org/10.1103/PhysRevLett.102.065503

