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Confining glassy polymer into films can substantially modify their local and film-averaged prop-
erties. We present a lattice model of film geometry with void-mediated facilitation behaviors but
free from any elasticity effect. We analyze the spatially varying viscosity to delineate the transport
property of glassy films. The film mobility measurements reported by [Yang et. al., Science, 2010,
328, 1676] are successfully reproduced. The flow exhibits a crossover from simple viscous flow to a
surface-dominated regime as temperature decreases. The propagation of a highly mobile front in-
duced by the free surface is visualized in real space. Our approach provides a microscopic treatment

of the observed glassy phenomena.

I. INTRODUCTION

Glassy films have drawn substantial research interests
[1-3]. The presence of interfaces either with air or a
substrate was reported to alter the glass transition tem-
perature Ty [4-8], film viscosity [9-11] and relaxation
time [12, 13]. In general, a free surface tends to fa-
cilitate the relaxation while a strongly attractive sub-
strate or adsorbed layer tends to slow down the dynam-
ics [14]. Early studies suggest that interfaces induce a
gradient in T, [15] and the a-relaxation time [16], both
being important characteristics of structural relaxation
in glasses. Besides, the observed dynamical gradients
penetrate much deeper than the particle density gradi-
ents [16, 17]. Impacts on confinement effects by polymer
chain connectivity [18] and possible non-equilibrium na-
ture of film samples [19] are also interesting questions.

The reduction of T, has been interpreted in various
theoretical postulations [4, 20-25]. In particular, a two-
layer model, namely a highly mobile non-glassy layer
atop of a bulk-like glassy inner layer, is used to analyze
the film mobility inferred from surface roughing exper-
iments [9]. The two-layer model serves as a simplified
approach to account for a smooth gradient of T, and re-
laxation time [26-30].

Lattice models have been instrumental in understand-
ing glassy phenomena [31]. Compared with molecular
dynamics (MD) simulations, lattice models are more sim-
plified and aim to capture the essential features of glassy
systems. Such simplicity often allows detailed analy-
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sis and provides insights into the glass transition. Re-
cently, the dynamical facilitation picture of glass [32],
originally motivated by lattice models [33, 34], has re-
ceived a surge of interest [35-37], with much efforts fo-
cusing on long-range elasticity as a possible mediator of
facilitation [36, 37].

Here we study dynamics of glassy films using a lattice
model with emergent facilitation but free from long-range
elasticity. We reproduce a spatial gradient in the relax-
ation time, which lends support to the two-layer model.
We also demonstrate a void-mediated facilitation mech-
anism. Our study is based on a distinguishable-particle
lattice model (DPLM) [38] free from long-range elastic
interactions. It has been shown capable of reproducing a
plethora of glassy phenomena with little modifications of
the model, including Kovacs paradox [39] and effect [40],
fragility [41], heat capacity overshoot [42], two-level sys-
tems [43], diffusion coefficient power-laws [44] and Kauz-
mann’s paradox [45]. Dynamical facilitation behaviors
resembling those from MD simulations are also observed,
without invoking elasticity, facilitation rule, or kinetic
constraint.

II. FILM LATTICE MODEL

A schematic drawing of the lattice model is displayed
in Fig. 1. A DPLM film of thickness A in two dimen-
sions (2D) comprises N distinguishable particles — each
of its own type — sitting on a square lattice terminated
along the z—axis but with periodic boundary conditions
applied along the z-axis. We have recently shown that
DPLM behaves qualitatively similarly in two and three
dimensions [46]. We let the film be supported on a sub-
strate on one termination (bottom layer, designated by
z = 1) while the other termination is a free surface (top
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Figure 1. A schematic drawing of the 2D lattice model for a
supported film of thickness h , in which all the particles are
distinguishable.
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Figure 2. The layer-resolved particle density obtained after
sample equilibration at 7" = 0.22 and thickness h. The par-
ticle density in the inner region (2 < z < h — 2) is nearly
constant with a sharp drop at the surface.
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Figure 3. Plot of the void density in the inner region of the

film away from the free surface and the substrate as a function
of T.

layer, z = h). The energy of the film is given by

E= Y Vigninj+eop Y, ni+evor »_ ni, (1)

<i,j> i:z;=h iz =1
Here the first summation is over pairs of adjacent sites as
indicated by < 4,7 >, n; is the particle occupation at site
1, which equals either one if a particle is present or zero if
a void (the absence of particle) is present, Vj, s, represents
the interaction between a particle at site i of type s; and
a particle at an adjacent site j of type s;, €op = 1.124
accounts for the extra energy of a particle at the free sur-
face while et = —0.5 accounts for substrate effects, and
z; = 1,2, ..., h is the z-coordinate of site ¢. In our system,
there are in total N particle typesso s; = 1,2,..., N. The
interaction Vs, is sampled before the commencement of
the simulation from the a priori probability distribution,

g(V) =Go/ (Vi = Vo) + (1 = Go)s(V — V1), (2)

where Vo = —0.5, V7 = 0.5 and Gy = 0.7.

The equilibrium void-induced dynamics [47] is simu-
lated by the Metropolis algorithm, with the acceptance
rate,

w = woexp [-AEO(AE)] /kpT, (3)

where AFE is the change in the system energy E defined
by Eq. (1) after a particle hop attempt. O(z) = 1 if
x > 0, or ©(x) = 0 otherwise. The attempt frequency
wp = 10% and the Boltzmann constant kg is set to 1 for
simplicity.

For isothermal equilibrium studies, the sample is pre-
pared at the working temperature T. Then, a swap algo-
rithm (swapping among all the particles and voids [44]) is
used to speed up the equilibrium process. The equilibra-
tion process continues until the energy and void density
are stabilized during more than 10'° extra swap Monte
Carlo attempts.

The particle density measured from equilibrium sim-
ulations is displayed in Fig. 2. Across the temperature
range we have studied, the surface void density ¢ is kept
at 80% by fine tuning N. This also determines the void
density ¢, (< ¢2) in the bulk-like inner region which
becomes temperature dependent but film thickness in-
dependent, as shown in Fig. 3. Only a single topmost
layer at z = h has a significantly reduced particle density,
modeling a very sharp interface with a high local particle
mobility analogous to a free surface. The particle densi-
ties are nearly a constant independent of z except very
close to the free surface and the substrate. Yet, the gra-
dient of the relaxation time covers a thicker region than
the density gradient.

III. RESULTS AND DISCUSSIONS

The depth-resolved a-relaxation time 7,(z) is ex-
tracted from an overlap function ¢(¢, z) obtained under
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Figure 4. (a) Layer-resolved overlap function g(¢, z) for film
thickness h = 45 at T = 0.20. (b) Local relaxation rate
1/7a(z) versus distance z from the substrate at various tem-
peratures.

thermal equilibrium. The overlap function ¢(¢, z) is de-
fined as the probability that a particle residing initially
in layer z experiences no net movement after duration
t. It has been successfully used to quantify the struc-
tural relaxation in bulk DPLM [39]. In Fig. 4(a), ¢(¢, 2)
is shown at various z for a film of thickness h = 45 at
a low temperature 7' = 0.20. The time window spans
over ten orders. From its value of unity at ¢t = 0, ¢(¢, 2)
decays as t increases due to particle motions. It is seen
that for the top layer (z = 45) the decay is fast but it
becomes slow for deeper layers. Then, 7,(2) is defined as
the time when ¢(¢, z) drops to 1/e with e being the Euler
constant, i.e. ¢(7o(2),2) = 1/e. The extracted local re-
laxation rate, 1/7,(2), is shown at various temperatures
in Fig. 4 (b). Here one notes that 1/7,(z) decays toward
a bulk value as z moves into deeper layers; The thickness
of the surface affected region well exceeds ten layers at
low T.

Now we employ the as-obtained 7,(z) to analyze the
film mobility M. Our strategy is based on the notion
that the local viscosity 7(z) of a film can be approximated
from 74(2), i.e. N(z) = G714(2), known as Maxwell’s re-
lation. Here G is the shear modulus of the film, which
is assumed with negligible temperature dependence. The
mobility M measures the amount of flux that can be car-
ried by the film under a unit pressure gradient parallel
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Figure 5. (a) Film mobility M and (b) effective viscosity n
versus inverse temperature 1/7T for films of various thickness
h. Solid and open symbols indicate surface and bulk-like flow
respectively. Arrows show the crossover points between the
flow regimes.

to the film [9].

Specifically, we apply the Navier-Stokes equation and
the lubrication approximation to film flow along the x-
direction under no-slip boundary condition at the bottom
and free boundary condition at the top,

(
where P is the pressure, 7(z) is the layer-dependent lo-
cal viscosity and v,(z) is the velocity in the x direction.
After solving Eq. (4), we find,

-2
vy (2 z—VP/ dz/ ~——~ . 5
2) 0 n(z’) (5)
The total flux is,

J:/Ohdzvx(z) :—VP/Ohdz/Ozdz’Z(_zlz),. (6)

The mobility of the film is defined as [9],
M=—J/VP . (7)
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Figure 6. The integrand in Eq. (9) is plotted for h = 15 film at different temperatures. Importance of surface relaxation

increases dramatically at T < 0.22, signifying surface transport.

We substitute Eq. (6) into Eq. (7) and integrate by part,

leading to
h a2
M = / a2
0 n(z)

Finally, by approximating n(z) with G7,(z) and taking
a shear modulus G=1 for simplicity, we reach,

h 2
M:/ a2
0 Ta(2)
The effective film viscosity 7 is then defined by M =
! foh dz(h — z)2, which restores 3n = h3/M for open-
channel viscous flow. In Fig. 5 is shown M and 7 against
temperature for films of various thickness. As seen in
panel (a), at low temperatures the mobility M of thin-
ner films collapses, indicating the existence of a sur-
face layer dominating the film transport capacity. The
thickness of such a layer is at most five. In contrast,
from panel (b), the effective viscosity n of thicker films
converges to the bulk value at high temperatures, sig-
nifying bulk-like whole-film flow. All of these features
well agree with experimental observations on short-chain
polystyrene films [9].

(®)

(9)

To better understand the contribution of the local
relaxation time 7,(z) to the mobility M, we plot the
integrand,(h — 2)?/74(2), in Fig. 6. At high T, the re-
laxation time varies spatially only by less than two or-
ders of magnitude, and the geometric factor (h — 2)?
dominates. In contrast, at low 7', the spatial variation
of the relaxation time becomes much more pronounced
and consequently surface flow dominates the total flow
as shown Fig. 6.

We now illustrate particle and void dynamics in real
space. Figure 7 shows snapshots of a film at "= 0.19 at
time t with particles colored according to their displace-
ment |r;(t)—r;(0)| where r;(¢) denotes position of particle
i at time t. As seen, mobile domains (light blue to red)
gradually expand and invade unrelaxed regions (deep
blue), demonstrating dynamical facilitation resembling
observations in MD simulations [35, 48, 49]. In the deeper
bulk-like inner region, mobile domains vary greatly in
sizes, reproducing dynamical heterogeneity characteris-
tic of glass [50]. Facilitation among particles in DPLM
are void mediated. While smaller domains are induced
by single voids, the large ones are initiated by multiple
coupled voids which facilitate each other’s motions [38].

Moreover, the free surface initiates a rather smooth
mobile front (red) in Fig. 7. The large particle displace-



Figure 7. Snapshots showing the temporal evolution of par-
ticle displacement |r;(t) — r;(0)| for film thickness h = 45 at
T = 0.19 and time t = 2 (a), 20 (b), 72 (c) and 72" = 1550
(d). White squares, highlighted by circles, denote voids.

ments there can easily be seen from similar snapshots
as resulting from a continuous flux of isolated voids ran-
domly emerging from and vanishing into the free surface,
in contrast to their bulk counterparts which are mostly
trapped. Motions of voids in DPLM are sub-diffusive at
low temperature because of the random energy landscape
quenched in the configuration space [51, 52]. This may
explain the subdiffusive growth of the mobile front, as
observed in MD simulations [49].

Finally, we examine detailed structures of the mobile
front in Fig. 7. The smooth main front discussed above
is indeed punctuated by isolated plumes, resembling sim-
ilar structures reported in previous MD simulations [30].
These plumes are often seen to be induced by motions
of coupled pairs of voids, as opposed to isolated voids.
Despite fewer in number, coupled voids are significantly
more mobile due to facilitation [38] and can penetrate
deeper beneath the surface.

IV. CONCLUSION

DPLM encodes the rugged energy landscape typical
of glasses through particle-type-dependent interactions.
Comparing with the spin glasses [53], where the disor-
dered interaction is quenched in real space, the interac-
tion in DPLM is quenched in the configuration space.
The void-induced dynamics has recently been evidenced
in a colloidal glass former [47].

To apply findings on films to better understand glass
in general as originally envisioned [4], a unified approach
for both film and bulk geometries is highly desirable. Ex-
isting analytical theories on film dynamics [23-25, 54, 55]
inevitably require film-specific assumptions, e.g. a layer-
by-layer facilitation-like process in [25], and this com-
plicates thorough testing of underlying concepts against
both film and bulk phenomena. To this end, lattice mod-
els can provide an intermediate bridge between theories
and MD simulations or experiments so that assumptions
can be reliably tested. In this work, the DPLM algo-
rithm adopted is identical to that in previous works on
bulk [41-43] with trivial differences only in the boundary
layers (see Eq. (1)). It provides a truly unified approach
with implications generally applicable to both film and
bulk.

In conclusion, lattice model simulations in film geom-
etry successfully reproduced confinement effects charac-
teristic of glassy short-chain polymer or small-molecule
films, namely the crossover from whole-film flow to sur-
face flow and the reduced relaxation time deep into the
film. Enhanced dynamics as facilitated by the free sur-
face is visualized. Our results show that void-induced
particle dynamics is able to account for these phenom-
ena, without invoking long-range elasticity, sample non-
equilibrium conditions or polymer chain connectivity.

ACKNOWLEDGMENTS

This work was supported by China Postdoc Fund
Grant No. 2022M722548, Shaanxi NSF Grant No. 2023-
JC-QN-0018, Central University Basic Research Fund
of China Grant No. xzy012023044, Hong Kong GRF

Grant No. 15303220, National Key Research and De-
velopment Program No. 2020YFB2007901 and No.
2022YFE0109500.

[1] G. B. McKenna and S. L. Simon, 50th anniversary per-
spective: Challenges in the dynamics and kinetics of
glass-forming polymers, Macromolecules 50, 6333 (2017).

[2] C. B. Roth, Polymers under nanoconfinement: where are
we now in understanding local property changes?, Chem-
ical Society Reviews 50, 8050 (2021).

[3] K. S. Schweizer and D. S. Simmons, Progress towards
a phenomenological picture and theoretical understand-
ing of glassy dynamics and vitrification near interfaces

and under nanoconfinement, J. Chem. Phys. 151, 240901
(2019).

[4] J. L. Keddie, R. A. L. Jones, and R. A. Cory, Size-
dependent depression of the glass transition temperature
in polymer films, Euro. Phys. Lett. 27, 59 (1994).

[5] J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens, and J. R.
Dutcher, Effect of free surfaces on the glass transition
temperature of thin polymer films, Phys. Rev. Lett. 77,
4108 (1996).


https://doi.org/10.1021/acs.macromol.7b01014
https://doi.org/10.1039/D1CS00054C
https://doi.org/10.1039/D1CS00054C
https://doi.org/10.1063/1.5129405
https://doi.org/10.1063/1.5129405
https://doi.org/10.1209/0295-5075/27/1/011
https://doi.org/10.1103/PhysRevLett.77.4108
https://doi.org/10.1103/PhysRevLett.77.4108

[6] J. E. Pye and C. B. Roth, Two simultaneous mecha-
nisms causing glass transition temperature reductions in
high molecular weight freestanding polymer films as mea-
sured by transmission ellipsometry, Phys. Rev. Lett. 107,
235701 (2011).

[7] O. Baumchen, J. D. McGraw, J. A. Forrest, and
K. Dalnoki-Veress, Reduced glass transition tempera-
tures in thin polymer films: Surface effect or artifact?,
Phys. Rev. Lett. 109, 055701 (2012).

[8] R. Inoue, T. Kanaya, T. Yamada, K. Shibata, and
K. Fukao, Experimental investigation of the glass transi-
tion of polystyrene thin films in a broad frequency range,
Phys. Rev. E 97, 012501 (2018).

[9] Z. Yang, Y. Fujii, F. K. Lee, C.-H. Lam, and O. K. C.
Tsui, Glass transition dynamics and surface layer mobil-
ity in unentangled polystyrene films, Science 328, 1676
(2010).

[10] C. M. Evans, S. Narayanan, Z. Jiang, and J. M. Torkel-
son, Modulus, confinement, and temperature effects on
surface capillary wave dynamics in bilayer polymer films
near the glass transition, Phys. Rev. Lett. 109, 038302
(2012).

[11] Y. Chai, T. Salez, J. D. McGraw, M. Benzaquen,
K. Dalnoki-Veress, E. Raphaél, and J. A. Forrest, A di-
rect quantitative measure of surface mobility in a glassy
polymer, Science 343, 994 (2014).

[12] B. Frieberg, E. Glynos, and P. F. Green, Structural re-
laxations of thin polymer films, Phys. Rev. Lett. 108,
268304 (2012).

[13] B. Sun, W. Cao, Z. Wang, B. Sun, and W. Wang, Ev-
ident glass relaxation at room temperature induced by
size effect, Phys. Rev. B 105, 014110 (2022).

[14] J. A. Torres, P. F. Nealey, and J. J. de Pablo, Molecu-
lar simulation of ultrathin polymeric films near the glass
transition, Phys. Rev. Lett. 85, 3221 (2000).

[15] C. J. Ellison and J. M. Torkelson, The distribution of
glass-transition temperatures in nanoscopically confined
glass formers, Nature Materials 2, 695 (2003).

[16] F. Varnik, J. Baschnagel, and K. Binder, Reduction of
the glass transition temperature in polymer films: A
molecular-dynamics study, Physical Review E 65, 021507
(2002).

[17] C.-H. Lam, Deeper penetration of surface effects on par-
ticle mobility than on hopping rate in glassy polymer
films, J. Chem. Phys. 149, 164909 (2018).

[18] C. B. Roth, A. Pound, S. W. Kamp, C. A. Murray, and
J. R. Dutcher, Molecular-weight dependence of the glass
transition temperature of freely-standing poly (methyl
methacrylate) films, The European Physical Journal E
20, 441 (2006).

[19] A. Panagopoulou and S. Napolitano, Irreversible adsorp-
tion governs the equilibration of thin polymer films, Phys.
Rev. Lett. 119, 097801 (2017).

[20] S. Herminghaus, Polymer thin films and surfaces: Pos-
sible effects of capillary waves, The European Physical
Journal E 8, 237 (2002).

[21] P. de Gennes, Glass transitions in thin polymer films,
The European Physical Journal E 2, 201 (2000).

[22] T. Salez, J. Salez, K. Dalnoki-Veress, E. Raphaél, and
J. A. Forrest, Cooperative strings and glassy interfaces,
Proc. Natl. Acad. Sci. 112, 8227 (2015).

[23] R. P. White and J. E. Lipson, Dynamics across a free
surface reflect interplay between density and cooperative
length: Application to polystyrene, Macromolecules 54,

4136 (2021).

[24] S. Mirigian and K. S. Schweizer, Theory of activated
glassy relaxation, mobility gradients, surface diffusion,
and vitrification in free standing thin films, J. Chem.
Phys. 143 (2015).

[25] A. Ghanekarade, A. D. Phan, K. S. Schweizer, and D. S.
Simmons, Signature of collective elastic glass physics in
surface-induced long-range tails in dynamical gradients,
Nat. Phys. 19, 800 (2023).

[26] C. M. Evans, H. Deng, W. F. Jager, and J. M. Torkelson,
Fragility is a key parameter in determining the magni-
tude of tg-confinement effects in polymer films, Macro-
molecules 46, 6091 (2013).

[27] R. Inoue, K. Kawashima, K. Matsui, T. Kanaya,
K. Nishida, G. Matsuba, and M. Hino, Distributions of
glass-transition temperature and thermal expansivity in
multilayered polystyrene thin films studied by neutron
reflectivity, Phys. Rev. E 83, 021801 (2011).

[28] T. Kanaya, H. Ogawa, M. Kishimoto, R. Inoue, A. Suter,
and T. Prokscha, Distribution of glass transition temper-
atures Ty in polystyrene thin films as revealed by low-
energy muon spin relaxation: A comparison with neutron
reflectivity results, Phys. Rev. E 92, 022604 (2015).

[29] T. Koga, N. Jiang, P. Gin, M. K. Endoh, S. Narayanan,
L. B. Lurio, and S. K. Sinha, Impact of an irreversibly
adsorbed layer on local viscosity of nanoconfined polymer
melts, Phys. Rev. Lett. 107, 225901 (2011).

[30] C.-H. Lam, Deeper penetration of surface effects on par-
ticle mobility than on hopping rate in glassy polymer
films, J. Chem. Phys. 149, 164909 (2018).

[31] J. P. Garrahan, P. Sollich, and C. Toninelli, Kineti-
cally constrained models, in Dynamical Heterogeneities
in Glasses, Colloids and Granular Media, edited by L.
Berthier, G. Biroli, J.-P. Bouchaud, L. Cipelletti, and
W. van Saarloosand (Oxford University Press, 2011).

[32] D. Chandler and J. P. Garrahan, Dynamics on the way to
forming glass: Bubbles in space-time, Annu. Rev. Phys.
Chem. 61, 191 (2010).

[33] G. H. Fredrickson and H. C. Andersen, Kinetic ising
model of the glass transition, Phys. Rev. Lett. 53, 1244
(1984).

[34] R. G. Palmer, D. L. Stein, E. Abrahams, and P. W. An-
derson, Models of hierarchically constrained dynamics for
glassy relaxation, Phys. Rev. Lett. 53, 958 (1984).

[35] C. Scalliet, B. Guiselin, and L. Berthier, Thirty millisec-
onds in the life of a supercooled liquid, Phys. Rev. X 12,
041028 (2022).

[36] M. R. Hasyim and K. K. Mandadapu, Emergent fa-
cilitation and glassy dynamics in supercooled liquids,
arXiv:2310.06584 (2023).

[37] A. Tahaei, G. Biroli, M. Ozawa, M. Popovié¢, and
M. Wyart, Scaling description of dynamical heterogene-
ity and avalanches of relaxation in glass-forming liquids,
Phys. Rev. X 13, 031034 (2023).

[38] L.-H. Zhang and C.-H. Lam, Emergent facilitation be-
havior in a distinguishable-particle lattice model of glass,
Phys. Rev. B 95, 184202 (2017).

[39] M. Lulli, C.-S. Lee, H.-Y. Deng, C.-T. Yip, and C.-H.
Lam, Spatial heterogeneities in structural temperature
cause kovacs’ expansion gap paradox in aging of glasses,
Phys. Rev. Lett. 124, 095501 (2020).

[40] M. Lulli, C.-S. Lee, L.-H. Zhang, H.-Y. Deng, and C.-
H. Lam, Kovacs effect in glass with material memory
revealed in non-equilibrium particle interactions, 2021,


https://doi.org/10.1103/PhysRevLett.107.235701
https://doi.org/10.1103/PhysRevLett.107.235701
https://doi.org/10.1103/PhysRevLett.109.055701
https://doi.org/10.1103/PhysRevE.97.012501
https://doi.org/10.1126/science.1184394
https://doi.org/10.1126/science.1184394
https://doi.org/10.1103/PhysRevLett.109.038302
https://doi.org/10.1103/PhysRevLett.109.038302
https://doi.org/10.1103/PhysRevLett.108.268304
https://doi.org/10.1103/PhysRevLett.108.268304
https://doi.org/10.1103/PhysRevB.105.014110
https://link.aps.org/doi/10.1103/PhysRevLett.85.3221
https://doi.org/10.1038/nmat980
https://doi.org/10.1103/PhysRevE.65.021507
https://doi.org/10.1103/PhysRevE.65.021507
https://doi.org/10.1063/1.5052659
https://doi.org/10.1140/epje/i2006-10034-0
https://doi.org/10.1140/epje/i2006-10034-0
https://doi.org/10.1103/PhysRevLett.119.097801
https://doi.org/10.1103/PhysRevLett.119.097801
https://doi.org/10.1140/epje/i2001-10056-0
https://doi.org/10.1140/epje/i2001-10056-0
https://doi.org/10.1007/PL00013665
https://doi.org/10.1021/acs.macromol.0c02742
https://doi.org/10.1021/acs.macromol.0c02742
https://doi.org/10.1063/1.4937953
https://doi.org/10.1063/1.4937953
https://doi.org/10.1038/s41567-023-01995-8
https://doi.org/10.1021/ma401017n
https://doi.org/10.1021/ma401017n
https://doi.org/10.1103/PhysRevE.83.021801
https://doi.org/10.1103/PhysRevE.92.022604
https://doi.org/10.1103/PhysRevLett.107.225901
https://doi.org/10.1063/1.5052659
https://doi.org/10.1146/annurev.physchem.040808.090405
https://doi.org/10.1146/annurev.physchem.040808.090405
https://doi.org/10.1103/PhysRevX.12.041028
https://doi.org/10.1103/PhysRevX.12.041028
https://doi.org/10.48550/arXiv.2310.06584
https://doi.org/10.1103/PhysRevX.13.031034
https://doi.org/10.1103/PhysRevB.95.184202
https://doi.org/10.1103/PhysRevLett.124.095501
https://doi.org/10.1088/1742-5468/ac1f26

(41]

42]

093303 (2021).

C.-S. Lee, M. Lulli, L.-H. Zhang, H.-Y. Deng, and C.-
H. Lam, Fragile glasses associated with a dramatic drop
of entropy under supercooling, Phys. Rev. Lett. 125,
265703 (2020).

C.-S. Lee, H.-Y. Deng, C.-T. Yip, and C.-H. Lam, Large
heat-capacity jump in cooling-heating of fragile glass
from kinetic monte carlo simulations based on a two-state
picture, Phys. Rev. E 104, 024131 (2021).

X.-Y. Gao, H.-Y. Deng, C.-S. Lee, J. You, and C.-H.
Lam, Emergence of two-level systems in glass formers: a
kinetic monte carlo study, Soft Matter 18, 2211 (2022).
G. Gopinath, C.-S. Lee, X.-Y. Gao, X.-D. An, C.-H.
Chan, C.-T. Yip, H.-Y. Deng, and C.-H. Lam, Diffusion-
coefficient power laws and defect-driven glassy dynam-
ics in swap acceleration, Phys. Rev. Lett. 129, 168002
(2022).

X.-Y. Gao, C.-Y. Ong, C.-S. Lee, C.-T. Yip, H.-Y. Deng,
and C.-H. Lam, Kauzmann paradox: A possible crossover
due to diminishing local excitations, Phys. Rev. B 107,
174206 (2023).

B. Li, C.-S. Lee, X.-Y. Gao, H.-Y. Deng, and C.-H. Lam,
The distinguishable-particle lattice model of glasses in
three dimensions, Soft Matter (2024).

C.-T. Yip, M. Isobe, C.-H. Chan, S. Ren, K.-P. Wong,
Q. Huo, C.-S. Lee, Y.-H. Tsang, Y. Han, and C.-H.
Lam, Direct evidence of void-induced structural relax-
ations in colloidal glass formers, Phys. Rev. Lett. 125,

258001 (2020).

[48] A. S. Keys, L. O. Hedges, J. P. Garrahan, S. C. Glotzer,
and D. Chandler, Excitations are localized and relaxation
is hierarchical in glass-forming liquids, Phys. Rev. X 1,
021013 (2011).

[49] C. Herrero and L. Berthier, Direct numerical anal-
ysis of dynamic facilitation in glass-forming liquids,
arXiv:2310.16935 (2023).

[50] L. Berthier and G. Biroli, Theoretical perspective on
the glass transition and amorphous materials, Rev. Mod.
Phys. 83, 587 (2011).

[61] C.-H. Lam, Local random configuration-tree theory for
string repetition and facilitated dynamics of glass, J.
Stat. Mech. 2018, 023301 (2018).

[62] H.-Y. Deng, C.-S. Lee, M. Lulli, L.-H. Zhang, and C.-
H. Lam, Configuration-tree theoretical calculation of the
mean-squared displacement of particles in glass formers,
J. Stat. Mech. 2019, 094014 (2019).

[63] M. Mézard, G. Parisi, and M.-A. Virasoro, Spin glass
theory and beyond. (World Scientific, 1990).

[54] D. Long and F. Lequeux, Heterogeneous dynamics at the
glass transition in van der waals liquids, in the bulk and
in thin films, Eur. Phys. J. E 4, 371 (2001).

[65] T. Salez, J. Salez, K. Dalnoki-Veress, E. Raphaél, and
J. A. Forrest, Cooperative strings and glassy interfaces,
Proc. Natl. Acad. Sci. 112, 8227 (2015).


https://doi.org/10.1088/1742-5468/ac1f26
https://doi.org/10.1103/PhysRevLett.125.265703
https://doi.org/10.1103/PhysRevLett.125.265703
https://doi.org/10.1103/PhysRevE.104.024131
https://doi.org/10.1039/d1sm01809d
https://doi.org/10.1103/PhysRevLett.129.168002
https://doi.org/10.1103/PhysRevLett.129.168002
https://doi.org/10.1103/PhysRevB.107.174206
https://doi.org/10.1103/PhysRevB.107.174206
https://doi-org-443.vpnm.ccmu.edu.cn/10.1039/D3SM01343J
https://doi.org/10.1103/PhysRevLett.125.258001
https://doi.org/10.1103/PhysRevLett.125.258001
https://link.aps.org/doi/10.1103/PhysRevX.1.021013
https://link.aps.org/doi/10.1103/PhysRevX.1.021013
https://doi.org/10.48550/arXiv.2310.16935
https://link.aps.org/doi/10.1103/RevModPhys.83.587
https://link.aps.org/doi/10.1103/RevModPhys.83.587
https://doi.org/10.1103/PhysRevB.95.184202
https://doi.org/10.1103/PhysRevB.95.184202
https://doi.org/10.1088/1742-5468/ab39d7
https://doi.org/10.1007/s101890170120
https://doi.org/10.1073/pnas.1503133112

	Surface mobility gradient and emergent facilitation in glassy films
	Abstract
	Introduction
	Film Lattice Model
	Results and Discussions
	Conclusion
	Acknowledgments
	References




