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Abstract

We measure the isothermal rejuvenation of stable glass films of poly(styrene) and
poly(methylmethacrylate). We demonstrate that the propagation of the front responsible for the
transformation to a supercooled-liquid state can serve as a highly localized probe of the local su-
percooled dynamics. We use this connection to probe the depth-dependent relaxation rate with
nanometric precision for a series of polystyrene films over a range of temperatures near the bulk
glass transition temperature. The analysis shows the spatial extent of enhanced surface mobility
and reveals the existence of an unexpected large dynamical length scale in the system. The re-
sults are compared with the cooperative-string model for glassy dynamics. The data reveals that
the film-thickness dependence of whole film properties arises only from the volume fraction of the
near-surface region. While the dynamics at the middle of the samples shows the expected bulk-like

temperature dependence, the near-surface region shows very little dependence on temperature.

Experimentally measuring the local dynamics in glasses and supercooled liquids is key to
understanding the glass transition, and remains an ongoing quest. As an illustration, since
the first report of anomalous values of the glass-transition temperature 7; in thin polystyrene
films [I], it has been an overarching, and so far unattainable, objective to measure the
depth-dependent dynamics in thin films. Many research groups have measured 7, in thin
polymer films, primarily polystyrene (PS), and that body of work has been summarized in
a number of review articles [2H5]. A lack of complete consensus still exists, even for this
single material (PS). This is likely due to differences in how the 7, values are measured and
to the fact that T, is inherently an indirect measure of dynamics. Simulations [6HI1] and
models [12H14] are able to make predictions on the local dynamics throughout the film, but a
global dilatometric T needs to be derived from those dynamics for comparison with available
experimental measurements. Therefore, it is essential to find ways to experimentally probe

the local dynamics directly [I5], and with a nanometric depth resolution.

Direct measurements of the dynamics are much less common than those of T,. Film-
averaged dynamics have been measured using a variety of techniques [I6H19], and indirect
measures of the dynamics have also been performed by cooling-rate-dependent measures of
T, [20, 2I]. Local measures of dynamics have been almost exclusively directed at the free-

surface region, as it is the most accessible, and the associated properties have been linked



to the origin for the measured 7, reductions [14, 22, 23]. These efforts collectively provide
direct evidence for a more mobile layer in the near-surface region of a number of glassy mate-
rials [24H27], and thus a geometrically-induced dynamical heterogeneity. This heterogeneity
in dynamics between the near-surface and bulk regions is only observed for temperatures T’
below T,. Local measures of dynamics throughout the entire film are extremely rare, and
uniformly lack the desired depth sensitivity. Fluorescently-labelled layers have been used
to measure both local T, values in PS and structural relaxation in PMMA [28] 29]. The
minimum thickness of these labelled layers was 10 nm. This places severe limits on the depth
resolution. In those cases, the sensitivity of a dye molecule to local density is used to infer
information about the dynamics. Besides structural relaxation, S-detected NMR was used
with implanted Li ions to specifically probe the local phenyl dynamics in PS films. In those
experiments, there is a depth resolution of a few nanometers near the free surface, but the
resolution is much poorer in the interior of the film due to range straggling [30, B1]. Another
experiment probed reorientation of dopants in PMMA films with a depth resolution of 12

m [32]. All of these approaches, while important advances, require the introduction of a
probe impurity and suffer from significant resolution limitations. There is still no report of

structural relaxation throughout a supercooled PS-film sample.

Glasses with high thermodynamic and kinetic stabilities, and high density, were first
discovered in 2007 [33]. Since then many other examples have been prepared and studied
experimentally [34], 35], as well as numerically [36H39]. The surface mobile layer in a glass
has been directly linked to the ability to prepare these ultrastable glasses by vapour depo-
sition [40]. Upon heating, thin films of such materials rejuvenate to the normal supercooled
liquid by propagation of a transformation front originating from the free surface [41], 42] —
a situation reminiscent of many phase-transition fronts in physics, such as freezing fronts.
The propagation velocity of that front has been correlated to the relaxation dynamics of
the supercooled liquid [34]. This connection is usually of the form v = C7.7, where v is
the rejuvenation-front velocity, 7, is the alpha relaxation time, and 7 is an exponent in the
range ~ 0.8 — 1 [34]. Previous studies [43, 44] have modelled ellipsometric data to identify
the position of the front as a function of time. Since the front is highly localized in space,
the front-propagation rate should provide a precise measure of the local dynamics at each

specific depth as the front moves from the free surface to the supporting substrate of the

sample. In this article, we use the established mechanism of rejuvenation by front prop-



agation in thin films as well as the link between rejuvenation-front velocity and material
relaxation properties to demonstrate that ellipsometric measurements of isothermal rejuve-
nation of ultrastable glasses can be used to probe the depth-dependent local dynamics of
supercooled thin polymer films at temperatures near the dilatometric 7, with nanometric
precision throughout the film. We compare the measurements with calculations based on
the cooperative-string theory for supercooled dynamics in thin films. The results provide
an independent and reasonably direct measure of the size of the surface region, and reveal
the existence of an intriguing long-range dynamical effect. In addition the results indicate a

very narrow range of temperatures above T, where enhanced surface dynamics are observed.

RESULTS

During the rejuvenation process, there are two distinct layers in the evolving film: a
supercooled-liquid layer on top of a stable-glass layer. Rejuvenation happens through the
propagation of the transformation front, starting from the near-surface mobile layer and
moving downwards towards the substrate [34} [41} [43 45]. As the transformation happens, the
total thickness h of the sample grows with time ¢. The as-prepared glasses have comparable
stabilities with the ~ 90-nm films having a relative density increase of Ap/p of 1.2-1.5 %, and
the ~ 50-nm films having a Ap/p of 0.7-1.2 %. Since we perform isothermal measurements,
Ap/p is the only measure of glass stability we can obtain for the identical samples as those
used in the measurements. While we may expect a relation between front velocity and glass
stability [41, 46], previous results in PS showed only a weak dependence in total rejuvenation
time with film stability [47].

The normalized h(t) data from the ellipsometric measurements are shown in Fig. [I] The
most straightforward analysis is to measure the total time ¢; required for the film to fully
transform from the stable glass into the supercooled liquid, as a function of typical film
thickness h and temperature 7. Similarly, one can extract the average velocity h¢/t; of the
process, where h¢ is the final film thickness after rejuvenation. The results of both forms
of analysis are shown in Fig. In such a small temperature range, the Vogel-Fulcher-
Tammann (VFT) and Arrhenius functional forms are indistinguishable for characterising

the temperature dependence of the supercooled liquid dynamics. We employ an Arrhenius-
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like description of the data in Fig. 2] The slopes of the obtained linear fits in semi-log
representation exhibit a clear film-thickness dependence. Moreover, we recover the same
dependence with film thickness as that exhibited by the indirect measurements of relaxation

provided by the cooling-rate-dependent 7, values measured in thin PS films [20].

DISCUSSION

The approach used to generate Fig. [2f would provide the local relaxation dynamics only
if the dynamics were homogeneous. However, we observe a clear film-thickness dependence
which suggests a dynamical heterogeneity in the form of a depth-dependent mobility. We
can use the h(t) data in Fig. [I| to calculate the position of the rejuvenation front with time.
If the initial film thickness is h; and the initial material is a stable glass at all depths, and if
the final film thickness is h; and the final material is a supercooled liquid at all depths, then
for a rejuvenation process which takes place through a propagating transformation front,

h(t)*hi]
p

the depth z(t) of the front relative to the free surface is given at time ¢ by z(t) = hg [ s

Consequently, to extract z(t), one simply needs to measure h(t), which can e.g. be provided
by ellipsometry under the assumption that the refractive indices of the supercooled liquid
and stable glass are the same. Comparison of initial versus final refractive index during
the process reveal a difference An < 0.01 between the stable glass and supercooled lig-
uid. Because our approach follows the transformation from a stable glass to a supercooled
liquid, it is naturally insensitive to parts of the film which would not take part in such a
transformation. This may include a persistent nanoscopic liquid-like layer very near the free
surface [48, [49], or, a persistent nanoscopic immobile glassy layer near the solid substrate.
A schematic of these film dynamics are shown in the upper inset of Figure [3] References
to the free surface are thus actually referring to the interface between the original stable
glass and a persistent liquid layer, which has been studied and may be a few nm away from
the actual free surface[49]. Figure [3| shows the time dependence of the front position z(t),
for a PS film with typical thickness A ~ 90 nm, and at a temperature 7' = 315.1 K, i.e.
2.5 K above the measured T, of our samples. Also shown for comparison in the lower inset
is the dynamically homogeneous behaviour described in Refs. [43] [44], and expected for the
core part of much thicker samples or for temperatures further above T,. In that case, the

dynamics would be homogeneous and thus the front velocity would be constant through



propagation, until the front eventually reaches the solid substrate where the velocity would
change discontinuously to zero. The measured behaviour here is qualitatively distinct from
the homogeneous expectation. This confirms the existence of some dynamical heterogeneity.
More precisely, the front velocity continuously decreases as the front propagates away from
the free surface and probes deeper and hence less mobile regions of the material. While
the initial change is rapid compared to the rejuvenation of the full sample, it is still much
slower than thermal equilibration after the temperature jump, which allows us to discard

the thermal artefacts as contributing factors.

The rejuvenation-front velocity j—‘j has been correlated to the relaxation dynamics of the
material adjacent to the front [34]. Therefore, in order to infer the local relaxation dynamics
of the supercooled material after rejuvenation, we measure the local depth-dependent front
velocity from our data. We accomplish this by binning in z, performing linear regression in
each bin, and extracting the corresponding slope. The results are shown in Fig. 4] where
we plot the local front velocity % as a function of the front depth z from the free surface,
for the ~ 90-nm PS film, and for four temperatures 7" near 7,. From this data, we can
make three main observations. First, the interior part of the film has a front velocity which
drastically increases with temperature. It varies by more than two orders of magnitude from
T =315.1 K to T = 326.1 K. Secondly, it is clear that the dynamics is heterogeneous, and
that there is a much greater mobility near the free surface. This heterogeneity is much more
pronounced at lower temperatures. At the lowest temperature studied, the front velocity
near the free surface is more than two orders of magnitude greater than that in the interior
of the film. The plots allow us to immediately quantify what we mean by a near-surface
region. Indeed, looking at the data in the insets, the most extreme changes in dynamics
happen within the first ~ 2 — 3 nm of the free surface. Recalling that the rejuvenation-front
analysis does not include the expected persistent 3-to-5-nm-thick liquid-like region in PS
glassy films [48, 49], this suggests a region of faster dynamics in PS near the free surface
of about 5-8 nm in thickness at 7" =~ T,. Interestingly, the front velocity at z ~ 0 shows
no systematic temperature dependence within the temperature range studied here. This
may be influenced by our 5-s sampling time, but is also reminiscent of previous reports on
the surface mobility in glassy PS [51], while contrasting with recent measures of the surface

mobility in stable PS glasses [49]. In any case, since the near-surface dynamics probed here

has a weak temperature dependence, the increasing contribution of the near-surface region



for thin films as compared to thick films naturally explains the film-thickness dependence
observed in Fig. 2l and in Ref. [20]. Thirdly, in all cases, the front velocity drops abruptly to
zero near the solid substrate. Such a behaviour is expected to be a combination of: i) the
trivial result that dz/d¢ must drop to zero when the front hits the substrate; and ii) any effect
on the supercooled-liquid dynamics due to the presence of the substrate. In the hypothetical
case where the substrate has no explicit effect on the dynamics, the spatial extent of the
drop to dz/dt=0 could be used as an in-situ evaluation of the width of the rejuvenation front
— and thus of the spatial resolution of our measurement method for the local mobility from
rejuvenation-front propagation. We can then use such a worst-case scenario and the data in
Fig.[d to place an upper limit on the spatial resolution of the method to be ~ 1 —2 nm. This
remarkable precision reveals that the rejuvenation front remains relatively sharp in thin films.
It also allows us to rule out a parallel homogenous process, and conclude that rejuvenation
is occurring only through front propagation. Computer simulations have shown that the
width of the front monotonically increases as the front moves through the film [41], 46], but
the data in Fig. [] reveal that such a broadening is not significant for the thicknesses and

temperatures studied here.

We can compare the experimental rejuvenation data above with model predictions. For
this we consider the cooperative-string theory (CST) for supercooled dynamics in confined
geometries [50]. This model is one example of minimal free-volume toy models that has
the merit to capture most of the thickness-dependent glass-transition-temperature data of
standard PS nanofilms in the literature [14]. Specifically, we impose one free interface on
one side of the film, as well as a fully-attractive interface representing the solid substrate on
the other side of the film, and we calculate the depth-dependent relaxation time of a super-
cooled liquid at the temperature considered in each rejuvenation experiment. In practice,
we separate the two interfaces and sum their independent effects, while fixing the effective
film thickness from the actual hy value obtained for each sample. The model parameters are
fixed as follows. The effective hard-sphere diameter Ay = 3.7 nm is set to its previously-
calibrated value for PS [I4]. The cooperativity-onset and Vogel temperatures, T, = 354 K
and Ty ~ 255 K, respectively, are set so that with a molecular time scale 7, = 1 ps, and
a VFT barrier temperature A = 1878 K [14], one gets a 100 s time scale for relaxation at
the T, = 313 K value measured for the present samples. We assume an exponent v = 1 [34]

between rejuvenation-front velocity and local relaxation rate. Finally, we invoke a single free
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length scale of ~ 0.6 nm for all samples and temperatures in order to convert the predicted
relaxation rate from the model to the front velocity measured in the experiments. As shown
in Fig.[d] the comparison between the model and the experimental data is qualitatively good.
The midpoints of the film are well described by bulk dynamics, and there is an enhance-
ment of dynamics in the near surface region. There is a striking difference between the data
and model predictions. For all temperatures, the experimental data shows an unexpected
long-ranged depth dependence of the front velocity down to the interior region of the film,
i.e. several tens of nanometers away from the free surface. More quantitatively, the data
shows a non-zero value of %. This effect is more pronounced at higher temperatures
and is in contrast with the accepted prediction (from most models), in which the deep in-
terior of a supercooled-liquid sample should have homogeneous bulk dynamics. Recently,
a numerical study has addressed in details the evolution of the front as it moves through
the film [46]. In that work, the authors have actually predicted some deviations from a
homogeneous front velocity, due to the spontaneous nucleation of liquid droplets associated
with the bulk rejuvenation mechanism. However, these droplets accelerate the process and
lead to a broadening of the front, which is not consistent with the data shown in Fig.
Instead, the very large dynamical length scale experimentally observed here may perhaps

be related to other similar puzzling features in polymeric glass formers [17, 18] [52].

In Fig. (a), we plot the front-propagation velocity in the middle of the film as well as
the ratio of surface to midpoint front velocities as a function of inverse temperature. What
is immediately obvious is that the front-propagation velocity in the middle of the film is
independent of film thickness within the resolution and parameter ranges of the experiments.
This confirms that the film-thickness dependence observed in Fig. [2|is simply a result of the
fact that the near-surface region constitutes a larger fraction of the entire sample in thinner
films. The ratio of surface to midpoint front velocity shows that dynamic heterogeneity, with
enhanced dynamics near the free surface, occurs over a very small range of temperatures.
Similarly, Fig. (b) shows the anomalous variation of the front velocity with depth in the

. . . A(dz/d
midpoint of the film (i.e. (A—Z/t)|%)

as a function of T, /7. From this plot we see that this
anomalous dynamical process is also independent of film thickness, but that the magnitude
of the effect increases with increasing temperature. The plot also shows this effect is larger
in PMMA than in PS. Overall, Fig. 5| indicates a lack of film-thickness dependence outside

of the first few nanometers near the free surface. Conversely, any measured film-thickness



dependence must come from the simple fact that thin films have a greater fraction of near-
surface material than thicker films. The lack of film-thickness dependence may be the reason

why layer models have proven so successful to describe film properties [12].

We have included data for PMMA films in Fig. 5| in order to show the applicability of
the present rejuvenation-probe technique to other glass-forming materials. The technique
should be applicable to any material that can be made into a stable glass in a thin-film
form. It is interesting to note that Walter et al. [44] also used ellipsometry to quantify front
propagation in films made of an organic semiconductor, with similar thicknesses. In that
work, the authors were able to model the ellipsometric data with a layer model and to identify
the front even more directly. Despite many similarities to the current work, they saw no
evidence for enhanced mobility near the free surface. Such a difference in behaviours may be
partially attributed to a difference in mobility gradients for different materials. Additionally,
the results are drastically impacted by the temperatures probed in the experiments. As
shown in Fig. [f| the dynamical heterogeneity (measured by the ratio of maximum front
velocity to the value at the midpoint of the film) varies from ~ 300 at 7,/T ~ 1 to ~ 2 at
T,/T = 0.95. These values are consistent with the onset of anomalous surface behaviours
happening only at temperatures very near T, [20], 24] [51]. In Ref. [44], the lowest temperature
T where isothermal rejuvenation is measured corresponds to 7, /7" = 0.97. This combination
of different materials, and narrow temperature range of expected observation may account
for the difference between the respective experiments’ abilities to detect enhanced mobility

in the near-surface region.

In summary, we have studied the rejuvenation of nanofilms of stable-glassy polystyrene
at temperatures near and above their glass-transition temperature. We have demonstrated
that we can use the mechanism of rejuvenation by front propagation as a highly-localized
nanorheological probe of the supercooled-liquid dynamics through the film. This provides
a novel route to quantify the depth-dependent relaxation dynamics in glass-forming films
— and even in relatively thick samples — with unprecedented precision. The results show a
significant enhancement of the local dynamics in the first few nanometers near the liquid-like
surface layer at temperatures very near T,. The temperature dependence of the dynamics
deep in the interior of the film shows no film-thickness dependence and is well described
by bulk temperature dependence — showing that film-thickness dependences in such samples

simply originate from the volume fraction of the near-surface material. Finally, an extra and



unexpected long-ranged depth dependence of the supercooled dynamics was observed, with
no dependence on film thickness. The cause of this extra relaxation process is unknown and
should be studied in future investigations.
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MATERIALS AND METHODS

Films of stable polystyrene (PS) glass are prepared by vapour deposition of monodis-
perse PS materials onto a substrate held at a temperature below the T, value (obtained by
ellipsometry) of that sample, as described previously [47]. Two sets of samples are studied.
One set, with a typical thickness of ~ 90 nm, has thicknesses in the 83-98 nm range; and
the other, with a typical thickness of ~ 50 nm, has thicknesses in the 45-55 nm range.
The T, values of all samples, as measured by cooling the equilibrium liquid at 2K/min, are
T, = 313 £ 1 K. After preparation, the samples are kept at 277 K until ready for use (10-12
days for these samples). Samples are then placed on a Linkam hot stage and ellipsometric
data is collected by a Film Sense FS-1EX ellipsometer at a rate of a point per 5 seconds. The
sample temperature is ramped to the desired value at a rate of 5 K/min. This value is chosen
as a compromise between reaching the measurement temperature as quickly as possible, but
without any overshoot. The ellipsometric data is analyzed using the instrument software.
We note that fitting our ellipsometric data with a multilayer model, where the supercooled
liquid and stable glass have different refractive indices [43, 44], does not provide a better
fit than the approximation of a single layer where the film is modelled as a homogeneous

material of time-dependent thickness h(t) and refractive index n(t). For this reason, a single-
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layer model is used to represent the ellipsometric data. The same approximation is used for

each temperature, and so, for any given film thickness, the comparisons between different

temperatures are robust. The difference between the success of single-layer modelling here

versus the multilayer approach successful in Ref. [44] may be at least partially due to the

lack of birefringence in the PS stable glass [47], which results in much less contrast at the

liquid-glass interface. PMMA samples with a thickness range 96-148 nm were also prepared

and characterised in the same way as for PS.
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FIG. 1. Total film thickness h, normalized using the initial and final values, h; and h¢ respectively,
as a function of time ¢ during isothermal rejuvenation, for two film thicknesses, h ~ 50 nm (a) and

90 nm (b), and various temperatures T, as indicated.
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of normalized inverse temperature T, /T, for two different film thicknesses, as indicated. Panel (a)

also shows the total rejuvenation time for the PS films of Ref. [47]. The measurement uncertainty

is represented by the symbol size. The dashed ]li7nes indicate Arrhenius-like behaviours.
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FIG. 3. Depth z of the rejuvenation front as a function of time ¢ (solid line), for a PS film with
a typical thickness of 90 nm, at a temperature 7" = 315.5 K, i.e. 2.5 K above the measured T} of
our samples. For comparison, the dashed lines indicate the expected behaviour for homogeneous
dynamics [43], [44], while the lower inset shows the associated rejuvenation-front velocity dz/d¢
versus front depth z from the free surface. The upper inset shows a schematic of the sample

indicating the different film regions and notations described in the text.
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FIG. 4. Local rejuvenation-front velocity dz/dt as a function of front depth z from the position of
the free surface, for various temperatures as indicated, as obtained from ellipsometric data. Insets
provide zooms of the experimental data near the free surface. For comparison, predictions from
the cooperative-string theory (CST) near interfaces [14] [50] are shown with solid lines (see details

in main text).
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FIG. 5. (a) Local rejuvenation-front velocity dz/dt as a function of normalized inverse temperature
T,/T, both: i) in the middle of the films (hollow symbols, left axis) for PS films with typical
thicknesses 50 nm and 90 nm, as well as PMMA films; and ii) at the free surface (filled symbols,
right axis) after normalization by the middle-point value, for PS films with typical thicknesses 50 nm
and 90 nm. For comparison, the prediction from the cooperative-string theory (CST) [14, 50] is
shown with a solid line (see details in main text). The dashed line is a guide to the eye. (b) Local
spatial derivative %\ b of the rejuvenation-front velocity as a function of normalized inverse

temperature T, /7', for both PS films with typical thicknesses 50 nm and 90 nm (hollow symbols,

left axis), and PMMA films (filled symbols, rig% axis). The dashed line is a guide to the eye.
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