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We have performed a normal-mode analysis on a glass forming polymer system for bulk and
free-standing film geometries prepared under identical conditions. It is found that for free-standing
film glasses, the normal-mode spectrum exhibits significant differences from the bulk glass with the
appearance of an additional low-frequency peak and a higher intensity at the Boson peak frequency.
A detailed eigenvector analysis shows that the low-frequency peak corresponds to a shear-horizontal
mode which is predicted by continuum theory. The peak at higher frequency~Boson peak!
corresponds to motions that are correlated over a length scale of approximately twice the interaction
site diameter. These observations shed some light on the microscopic dynamics of glass formers,
and help explain decreasing fragility that arises with decreasing thickness in thin films. ©2004
American Institute of Physics.@DOI: 10.1063/1.1689952#

I. INTRODUCTION

Glassy materials are of interest from both a fundamental
and a technological perspective. Unfortunately, the diversity
of behavior observed in these systems is not satisfactorily
explained either by phenomenological theories or from first
principles.1,2 Over the last decade, significant efforts have
been devoted to the study of glasses under confinement. Part
of the premise behind such efforts has been that introducing
a specified directionality could provide insights of how co-
operative processes arise in glasses. The glass transition tem-
peratureTg exhibits finite-size effects in systems with critical
dimensions on the order of tens of nanometers. For example,
in the case of supported thin polymer films,Tg can either
increase or decrease with decreasing thickness depending on
the nature of the substrate.3,4 In the case of thin free-standing
polymer films, Tg generally decreases with decreasing
thickness,5 with reductions of the order of 60 K for free-
standing films of thickness 30 nm~for polystyrene!. Since
the structural and mechanical properties degrade rapidly
aboveTg , this decrease~or increase! often dictates the tem-
perature range of applicability of these materials. A funda-
mental understanding of the mechanisms that govern the
glass transition in confined geometries would facilitate de-
sign of better polymers for thin film applications.

Several models6–9 have been proposed to explain the
shift of Tg in confined systems. The model of Mattsson
et al.6 explains the reduction ofTg in low molecular weight
polystyrene films by introducing the concept of a surface
layer, with lowerTg , and a bulk portion with a bulkTg . It
has also been proposed that the dynamics in thin films are
dominated by a ‘‘sliding motion’’ mechanism which leads to
the observed reduction ofTg .7 Using scaling arguments, an
expression forTg has been derived that, in agreement with
experiment, predicts a linear decrease ofTg with decreasing

thickness for large molecular weights. Recently,
Herminghaus9 has proposed a model based on the coupling
of capillary waves at the surface of a polymer film to the
dynamics of the films. The model is able to predict the de-
pression ofTg in free-standing films by using the Young’s
modulus as a fitting parameter. Several literature studies have
used molecular simulations2,10–14to study thin polymer films
and have observed higher rates of relaxation and greater mo-
bility at interfaces, thereby lending credence to the existence
of a surface mobile layer.

An analysis in terms of the potential energy landscape
~PEL!15,16 provides a useful framework for understanding
and quantifying the thermodynamic and dynamic changes
observed in glasses. In this approach, the PEL is partitioned
into energy basins connected by saddle points that lead the
system from one basin to another. One view of the dynamics
in glassy systems assumes that short-time~microscopic! re-
laxation occurs due to intrabasin motions, and that long-time
relaxation occurs via infrequent jumps over saddle points
into neighboring basins. The thermodynamics of glassy sys-
tems can also be described in terms of the statistical proper-
ties of the landscape.17 Such an approach has also been re-
cently extended to the study of thin films.18 In this work, we
have focused our attention on the nature of the normal modes
and the Boson peak at potential-energy minima of a glassy
polymer in the bulk and in a thin film. The use of thin films
gives us a reference for studying the dependence of these
modes with respect to a particular direction~e.g., normal to
the film! which is absent in the case of bulk systems. We
have carefully analyzed the influence of confinement on the
underlying PEL of these systems using the normal mode for-
malism. Furthermore, we have resolved the particle motions
in the normal modes with the aim of understanding the dif-
ferent dynamics, if any, and their origin in these confined
systems.a!Author to whom all correspondence should be addressed.
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II. THEORY AND SIMULATION DETAILS

The potential energyF~x!, of a system ofN particles
close to its minimumx0 can be expressed through a second-
order Taylor series expansion as follows:

F~x!5F~x0!1F•~x2x0!1 1
2 ~x2x0!•H•~x2x0!1¯ ,

~1!

where x is the vector of particle positions,F is the force
vector, andH is the Hessian matrix,

Fi a
5

]F

]r i a
U

x5x0

Hi a , j b
5

]2F

]r i a
]r j b

U
x5x0

where i , j 51,...,N and a,b5x,y,z. At a potential-energy
minimum, F50. A diagonalization of the Hessian is per-
formed to obtain the 3N eigenvalues and corresponding
eigenvectors. Each eigenvaluevk is a normal-mode fre-
quency and its associated eigenvectorQk is a normal-mode
coordinate. The value ofvk gives the curvature of the PEL
as the system moves along the normal modeQk . Each ei-
genvectorQk has length 3N, which can be thought of asN
displacement vectorsqi acting on the particles in the system,

Qk5@q1 ,...,qN#k ,

wherek51,...,3N. These particle vectors give the direction
and displacement of the particles in a particular eigenmodek.

Based on the correlation of these displacement vectors
between neighboring particles in a particular mode, we can
establish whether the mode has a long-range or short-range
character. To quantify this, an angleu i j is defined between
the displacement vectorsqi and qj of particlesi and j in a
particular mode. The correlation ofu i j as a function of dis-
tancer i j between the particles is examined using the follow-
ing order parameter:

P~u i j !5
3^cos2 u i j &21

2
. ~2!

The brackets denote an average over the displacement vec-
tors on the particles in a particular mode. For free-standing
films, the orientation of these modes with respect to the di-
rectionz normal to the film is studied by plottingP(uz) for
the angle between the particle displacement vectors andz.
This correlation is further studied as a function of distance
from the free surface to compare the direction of motion at
the film surface and in the bulk. In order to distinguish be-
tween modes dominated either by motions at the surface or
the bulk, we analyze the average magnitude of the displace-
ment on the particles as a function of position in the film.

The model employed in this work consists of interaction
sites on a chain having a diameters and characteristic en-
ergy e. Nonbonded sites interact through the 6-12 Lennard-
Jones potential, and bonded sites interact through a harmonic
potential,
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wherekh52000«/s2. These parameters were chosen to pre-
vent crystallization and facilitate trapping of the system in an
amorphous glassy state. The chains used in this work have
length L532. All the results are reported in reduced vari-
ables, i.e., temperatureT* 5kT/« and densityr* 5Ns3/V.

Four systems are considered in this work; a bulk glass
and three free-standing film glasses of thicknesses 24s, 12s,
and 10s, respectively. Equilibration of these systems was
carried out using advanced Monte Carlo moves such as rep-
tation, end-configurational bias, and end-bridging and mo-
lecular dynamics in the NPT ensemble at a pressureP*
50.0. The system was first equilibrated atT* 51.2, which is
well above the estimated glass transition temperature. The
temperature was then reduced in steps of 0.1 untilT* 50.6
and then in steps of 0.05.

A glass transition temperatureTg , was identified for the
bulk system as the point where the density vs temperature
curve changes slope. This glass transition temperature was
determined to beTg

b50.40. For the thin films, the glass tran-
sition temperature was similarly determined from the tem-
perature dependence of the film thickness. A decrease inTg

with film thickness is observed, which is consistent with the
experimental measurements on thin free-standing films.

In order to perform a normal-mode analysis, we periodi-
cally saved configurations over simulation runs of the order
of 50 million time steps and minimized the potential energy
using a conjugate gradient algorithm.19 A key point to note in
this procedure is that, for a free-standing film, the thickness
and therefore the density in the center of the film changes
during the minimization. Therefore, in the case of minimiza-
tions of bulk configurations, we treated the volume as an
additional variable in the minimization procedure. Therefore,
at the minima obtained, the derivative of the potential energy
is zero with respect to the particle positions and the changes
in the simulation box volume. The pressure calculated ac-
cording to the virial equation was approximately zero at the
minima. The densities obtained in the bulk of the thin films
and the bulk glass were the same~within statistical error! at
the end of the minimization procedure. The results presented
are for configurations sampled atT* 50.45, which is above
the glass transition temperature. However, the density
changes during the minimization and the final density of the
minimized configurations (r* '1.05) was well into the
glassy regime. The normal modes obtained here are charac-
teristic of those close to the minima in the hyperquenched
glasses.

III. RESULTS

In Fig. 1, we have plotted the normalized distribution of
eigenfrequenciesg(v), obtained fromH. A peak is observed
in the high-frequency regime@Fig. 1~b!#, corresponding to
the spring constantkh of the bonded potential. Within statis-
tical error, the spectrum is identical for all systems at high
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frequencies (v.35). In order to locate the Boson peak for
the systems considered here, we have plottedg(v)/v2 in
Fig. 2. The thin films exhibit a prominent peak at low fre-
quencies, and a plateau region at higherv, corresponding to
the peak frequency observed in the bulk glass~Boson peak!.
An investigation of the eigenvectors corresponding to the
lower frequency peak of the thin films reveals that the dis-
placement in these modes is polarized in the horizontal di-
rection, and decreases smoothly from a finite value at the
free interface to zero at the center of the film. These modes
are predicted by continuum mechanics,20 and are referred to
as shear-horizontal modes. Continuum mechanics also pre-
dicts that the frequency of these modes is inversely propor-
tional to the film thickness. Figure 2~b! shows that this pre-
diction is consistent with the results of our simulations.

In the region of the peak at higher frequency (v'2.5),
one can observe that the intensity of the Boson peak in-
creases with decreasing thickness. For convenience, we have

divided the spectrum into three regions numbered from 1 to
3 ~Fig. 1!. In order to characterize the nature of this shift, we
have analyzed the eigenvectors corresponding to these three
regions in detail, in small domains of widthDv51, centered
at the arrows.

Figure 3 showsP(u i j ) for the correlation of the direc-
tions of the particle displacement vectors as a function of
distance between the particles for the film of thickness 12s.
The correlation decays to zero after approximately one site
diameter for the eigenvectors in regions 2 and 3. However, in
region 1, the correlation decays over a length slightly greater
than 2s. This suggests that the modes in region 1 are more
cooperative in nature that those in the other regions of the
frequency spectrum. Similar results are also obtained for the
bulk system~not shown!.

Figure 4 showsP(uz) as a function of position for the
film of thickness 12s. A clear distinction can be observed for
modes belonging to different regions of the spectrum. In re-

FIG. 1. ~a! The lower portion of the vibrational density of statesg(v), for
the polymer glass~dotted line: 10s; dashed line: 12s; dash-dot line: 24s;
and solid line: bulk!. ~b! The vibrational density of states for the higher
frequencies.

FIG. 2. ~a! Influence of confinement on the Boson peak~s: 10s; L: 12s;
h: 24s; and 3: bulk!. ~b! Test of the scaling prediction from continuum
mechanics for shear-horizontal modes.

FIG. 3. Correlation of the displacement vectors on the particles in the dif-
ferent modes. The dashed line, solid line, and dotted line denote regions 1, 2,
and 3, respectively.

FIG. 4. Correlation of the displacement vectors on the particles with the film
normal in the different modes as a function of position in the film. The
dashed line, solid line, and dotted line denote regions 1, 2, and 3, respec-
tively.
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gions 2 and 3, we can see that interfacial particles have a
tendency to move normal to the film, whereas there is no
distinct direction dependence in the center region of the film.
The lower frequency region~region 1! exhibits motion that
shows well defined oscillations over the entire thickness of
the film. A closer look at the eigenvectors corresponding to
the low frequencies reveals that these modes involve the
presence of vortices in the film~Fig. 5!. In order to charac-
terize the contribution of the film interface and the bulk in a
particular mode, we have analyzed the magnitude of the dis-
placement on the particles as a function of position in the
film. Figure 6 showsd/db ~the average magnitude of dis-
placement normalized by the bulk displacement! in a particu-
lar mode for the three regions. We find that the modes in
region 3 are dominated by motions in the bulk of the film.
However, in region 1, the interfacial particles exhibit larger
displacements compared to the bulk particles. The results are
qualitatively the same for the films of thickness 10s and
24s. As expected, in the case of the bulk system~not
shown!, the displacement vectors have no direction or posi-
tion dependence.

IV. CONCLUSIONS

We have characterized the normal modes for bulk and
free-standing film polymer glasses, and find a systematic in-
fluence of the presence of free interfaces on the minima of
these systems. There is a distinct separation between the

modes that correspond to motion at the interface and motion
in the center of the film. The fraction of low-frequency
modes and the intensity at the Boson peak frequency in-
crease with confinement. An enhancement of the Boson peak
has also been observed experimentally in mineral glasses for
hyperquenched samples when compared to their annealed
counterparts.21 In our study, the minimized bulk and film
systems can be considered to be hyperquenched glasses.
However, the differences between the film and bulk glasses
arise solely on account of the confinement since the all the
configurations in our study have been prepared using the
same protocol. We find that the thin-film glassappearsto be
hyperquenched to a greater degree than the bulk. The change
in the intensity of the Boson peak with thickness is also
consistent with empirical observations that suggest a de-
creasing fragility with an increasing strength of the Boson
peak.22 Extending this observation to free-standing films
would imply a decrease in fragility in thin films compared to
the bulk system. Such a decrease has been alluded to in
previous simulations of shorter chains in the continuum12

and longer chains on a lattice,13 and has been observed ex-
perimentally in intercalated polymer films.23 A higher prob-
ability of low-frequency modes can have important implica-
tions for glassy dynamics; a greater number of directions
with lower curvature could facilitate the escape from a basin
and rationalize the observed depression ofTg . Furthermore,
in both the bulk and thin-film geometries, these modes cor-
respond to motions that are correlated over larger length
scales than other modes. Cooperative processes are believed
to dominate the relaxation events in both model atomic and
polymer glasses;24–27 a higher fraction of these modes is
likely to be responsible for the accelerated relaxation of free-
standing films. Indeed, it has been observed in soft-sphere
glasses that the cooperative motions exhibit a significant de-
gree of overlap with the low-frequency vibrations.28,29 For
the films, the physical picture of the low-frequency modes is
that they represent an increased tendency for motion near the
film interface. Our results show that even for configurations
that are in the vicinity of potential-energy minima~well into
the glassy regime, as opposed to above or approachingTg),
there is a clear signature for the presence of a mobile surface
layer in glassy films. It would be interesting to calculate the
transition states and the energy barriers between minima us-
ing eigenvector-following algorithms,30–33 and observe the
actual structural transitions that lead to barrier crossings and
the height of the energy barriers. Calculations of this nature
have been performed for model systems in the bulk or in
small clusters34–37 and have elucidated the mechanisms in-
volved in such transitions. We are currently investigating this
issue and results will be presented in a future publication.
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