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Ideal glass transitions in thin films: An energy landscape perspective
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Department of Chemical Engineering and Institute for Theoretical Chemistry, The University of Texas at
Austin, Austin, Texas 78712

~Received 8 May 2003; accepted 2 June 2003!

We introduce a mean-field model for the potential energy landscape of a thin fluid film confined
between parallel substrates. The model predicts how the number of accessible basins on the energy
landscape and, consequently, the film’s ideal glass transition temperature depend on bulk pressure,
film thickness, and the strength of the fluid–fluid and fluid–substrate interactions. The predictions
are in qualitative agreement with the experimental trends for the kinetic glass transition temperature
of thin films, suggesting the utility of landscape-based approaches for studying the behavior of
confined fluids. ©2003 American Institute of Physics.@DOI: 10.1063/1.1594184#
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Amorphous materials confined to small dimensions p
a vital role in science and technology. Examples include b
logical fluids in membranes, oil trapped in porous rocks,
bricants, layered composites, and thin resist films used in
fabrication of microelectronic devices. Many of these s
tems exhibit large surface-to-volume ratios, and thus th
physico-chemical properties are influenced by boundary
finite-size effects.1 The thermodynamic manifestations
confinement are diverse, ranging from shifts of the b
phase boundaries to the creation of new phase transitio2

Dynamics in thin films can also differ markedly from th
corresponding bulk materials. Most notably, the glass tra
tion can shift to either higher or lower temperatures up
confinement, depending on the nature of the interaction
the fluid and the confining medium.3–7

The ability to alter the physical properties of thin film
by tuning film–substrate interactions represents a trem
dous opportunity for the design and fabrication of advan
materials. However, progress hinges on understanding
cesses that occur at microscopic and/or mesoscopic le
scales. Although theoretical and computational studies c
tinue to provide fundamental insights, many questions c
cerning the molecular origins of thin-film phenomena rem
unresolved.8–13 Hence, the development of a consistent a
quantitative framework for modeling thin films is one of th
outstanding challenges in the engineering and physical
ences.

In this Communication, we introduce and probe the u
ity of an ‘‘energy-landscape’’-based approach14 for describ-
ing the properties of thin films. Specifically, we develop
simple model for the topographical features of the ene
landscape of a film confined between parallel substrates
use this model to explore how the thermodynamic ideal g
~IG! transition temperature of the film~i.e., the temperature
at which its configurational entropy vanishes! depends on
bulk pressure, film thickness, and the strength of the flu
fluid and fluid–substrate interactions. While the existence
an IG transition that underlies the laboratory glass transi
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of real materials remains an open and debated issue, it
concept that has proven to be empirically useful and
strongly influenced modern thought on the glassy state.13 We
find that the predicted IG transition of our model qualit
tively reproduces experimental trends for the kinetic gla
transition of thin films.

FLUID FILM MODEL

The model that we consider is the soft-sphere/mean-fi
~SSMF! fluid. Its potential energy exhibits simple scalin
properties, and thus it has served as the focus of sev
recent studies~albeit, in bulk homogeneous conditions!.15,16

This fluid consists ofN spherically-symmetric particles tha
interact via a soft-sphere repulsive pair potentiale(sSS/r )n

in addition to attractions quantified by a density-depend
mean-field form2abr (r5N/V is the number density!. The
parametern determines the steepness of the soft-sphere
pulsion, and it is typically taken to be in the range 8,n
,16. In the bulk situation, the potential energy per parti
w(sN,r) can be expressed in terms of the scaled coordin
of the particlessi5V21/3r i ( i 51¯N) as

w~sN,r!52abr1y~sN!hb
n/3 , ~1!

wherehb5psSS
3 r/6 is the effective packing fraction of th

molecules, andy(sN) in Eq. ~1! has the dimensions of energ
per particle and is defined as

y~sN![
e

N S 6

pND n/3

3 (
i 51

N21

(
j 5 i 11

N

si j
2n ~2!

with si j 5usi2sju. In the situation where two parallel sub
strates~each with surface areaA! confine the particle center
to a film of volumeV5AL, both the packing fractionh and
the strength of the fluid–fluid attraction parametera are
functions of the film thicknessL, and the above model is
modified as

w~sN,eL ,r!52ar2C1y~sN!hn/3, ~3!

whereeL5sSS/L is the dimensionless reciprocal film thick
ness. Here,2C represents the attraction between the flu
7 © 2003 American Institute of Physics
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particles and the confining substrates, incorporated i
mean-field manner. Expressions fora, C, andh have been
derived elsewhere17–19 and are given by

a5ab@12 3
4eL1 1

8eL
3#

C5C0F eL2
eL

3

~11eL!2G ~4!

h5
psSS

3 r

6 F12
3

16
eLG .

The parameterC0 establishes the energy scale for the fluid
substrate interactions, and its connection to molecular
rameters has been discussed previously.17,18

POTENTIAL ENERGY LANDSCAPES OF THIN FILMS

For given values ofr andeL , w can be represented as
hypersurface in a 3N11 dimensional space—the film’spo-
tential energy landscape. Despite the multidimensional na
ture of a material’s energy landscape, only a few gene
features of its ‘‘rugged’’ topography have been speculated
influence the thermodynamics and dynamics of fluids.14–16

Here, we develop a simple strategy to account for how c
finement can impact these features. Since our primary fo
is understanding the behavior of amorphous films, we res
our attention to particle configurations devoid of crystalli
order.

~i! Basin enumeration functions: This function quanti-
fies the number of distinguishable minima on the landsc
~inherent structures!. Explicitly, if the total number of~amor-
phous! inherent structures on the landscape with well dep
betweenf and f1df is denoteddV, then s(f,eL ,r) is
given by the relationshipdV5C exp@Ns(f,eL ,r)#df, where
C is a scale factor with dimension reciprocal energy. One
the most simple and commonly used approximations for
distribution of inherent structure depths in bulk fluids is t
Gaussian function.16 For the case of the SSMF fluid film, w
propose the following simple generalization:

s~f,eL ,r!

s`
512F f2f`

f`2fm
G2

, fm,f,f` , ~5!

wherefm[fm(eL ,r) andf`[f`(eL ,r) are the potential
energy at the minimum and maximum values of the ba
enumeration function, respectively. The above expression
tains the functional form proposed for bulk fluids, while re
dering the quantitiesf` andfm film thickness (eL) depen-
dent. Unfortunately, the accuracy of this approximation
unclear at present because the landscape statistics of
films have not been systematically investigated by molec
simulation. Nonetheless, we take~5! as a workable starting
point, and we leave exploration of more accurate approxim
tions for future studies.

~ii ! Mean inherent structure energyf* : At a given ~re-
ciprocal! temperatureb51/kBT, the fluid film will spend an
overwhelming majority of its time in basins of attractio
with inherent structures of energyf* 5f* (eL ,r,b), which
satisfies15,16
Downloaded 11 Jul 2003 to 146.6.118.194. Redistribution subject to AI
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eL ,r

@f5f* ,eL ,r#5b. ~6!

Equation~6! is exact15,16 if the intrabasin vibrational contri-
bution to the free energyf v ib ~see below! is independent of
basin depthf. For the Gaussian landscape~5!, we have

f* ~eL ,r,b!5H f`2b@f`2fm#2/2s` b,b IG

fm b>b IG,
~7!

whereb IG5b IG(eL ,r) locates the IG transition.
~iii ! Configurational entropy sC : This quantity is de-

fined assC[kBs(f* ,eL ,r) and thus is given by

sC~eL ,r,b!

kBs`
5H 12@b~f`2fm!/2s`#2 b,b IG

0 b>b IG.
~8!

~iv! Ideal glass (IG) transition locusb IG: At tempera-
tures below the IG transition, the configurational entropy
the film vanishes (sC50), and the system is trapped in th
amorphous basin with the lowest energyf* 5fm :

b IG~eL ,r!5
2s`

f`2fm
. ~9!

~v! Helmholtz free energy f: In terms of the above quan
tities, the film’s Helmholtz free energy possesses a sim
form:14–16

f ~eL ,r,b!5f* 2sC /bkB1 f v ib . ~10!

IDEAL GLASS TRANSITION OF THE SSMF
FLUID FILM

Our development in the previous section briefly gener
ized the energy landscape formalism for bulk fluids14–16 to
describe fluid films. Now we quote the explicit form of th
above functions for the SSMF fluid film.

Using Eqs.~3!, ~4!, and~7!–~10!, we obtain

b IG~eL ,r!5
2s`

@y`2ym#hn/3
~11!

and

f ~eL ,r,b!5K~b!1y`hn/32
@y`2ym#2

4s`
bh2n/3

1
n12

2b
ln h2ar2C, ~12!

whereym andy` representy(sN) of Eq. ~2! evaluated atfm

andf` , respectively. The termK(b) depends only on tem
perature and does not enter into our present analysis. Fol
ing Shellet al.,16 we have modeled the vibrational contribu
tion to the free energy of Eq.~12! in the classical harmonic
approximation.20 Other thermodynamic quantities of interes
like the transverse component of the pressure ten
Pi(eL ,r,b)5r(] f /] ln r)eL ,b and the chemical potentia
m(eL ,r,b)5 f 1Pir21 of the film, follow from Eq.~12!.

To examine the confinement-induced shift of the IG tra
sition for the SSMF fluid film, we consider the situatio
where the film is in equilibrium with a bulk fluid at pressu
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Pb ; hence the ‘‘shift’’ we refer to is measured relative to t
bulk IG transition at that pressure. We have determined
IG transition of the film numerically as well as by an a
proximate analytical theory. In both approaches, the IG tr
sition of the bulk fluid is first determined by the conditio
bb

IG(Pb)5b IG@eL50,rb
IG(Pb)# @see Eq. ~11!#, where the

bulk densityrb
IG(Pb)5rb(Pb ,bb

IG) follows from an inver-
sion of the equation of statePb5Pi(eL50,rb ,bb

IG). Simi-
larly, the IG transition of the thin film b IG(eL ,Pb)
5b IG@eL ,r IG(eL ,Pb)# is given by Eq.~11!, where the den-
sity of the film at its IG transition is denotedr IG(eL ,Pb)
[r(eL ,Pb ,b IG) and is determined by the condition that th
film and the bulk fluid have equal chemical potentials; i.
m@eL50,rb(Pb ,b IG),b IG#5m@eL ,r,b IG#. Numerical cal-
culations require values for the parametersn, s` , y` , ym ,
ab , and C0 . Here, we usen512, s`50.5368, y`

561.73e, ym553.22e, andab516.5es3 ~we examine sev-
eral values of the fluid–substrate attraction parameterC0).
This set of parameters was chosen because it provides
qualitative agreement with both the liquid-sta
thermodynamics16 and the predicted IG transition locus21 of
the bulk Lennard-Jones system.

A perturbation approach allows us to derive the shifts
the IG transition temperature Q[@bb

IG(Pb)
2b IG(eL ,Pb)#/b IG(eL ,Pb) to the first order ineL . To
maintain brevity, we avoid elaborating the algebraic deta
that accompany these calculations, and instead quote the
lowing three equivalent results:

Q'
1

DcP,b
IG F2S ]sC

]eL
D

Pb

G
eL50

eL

Q'
2Gb

IG/$sSSrb
IG%23/16

kT,b
IG S 2

d ln bb
IG

dPb
D eL ~13!

Q'S C02
9abrb

IG

8 D rb
IGS 2

d ln bb
IG

dPb
D eL.

Here, DcP,b
IG (Pb)52(]sC /] ln b)Pb

is the configurational

heat capacity,kT,b
IG (Pb) is the isothermal compressibility

2Gb
IG(Pb)/sSS5@r IG(eL ,Pb)2rb(Pb ,b IG)#/eL is the sur-

face excess density, andhb
IG(Pb) is the packing fraction,

each evaluated at the IG transition of the bulk fluid, i.
@eL50,Pb ,bb

IG(Pb)#. The thermodynamic quantities in Eq
~13! can be expressed22 as analytical functions of the mo
lecular parameters of the model. Figure 1 displays
confinement-induced shifts in the IG transition temperat
~whose physical implications are discussed below!, demon-
strating the excellent accuracy of the perturbation appro
in capturing the full numerical results.

The above expressions~13! shed light on the physics o
confinement-induced changes in the IG transition temp
ture. Consider the first equality of Eq.~13!. Since
DcP,b

IG (Pb).0, this relation reveals the following simple ru
for the ~small eL) shift of the IG transition. If confinemen
increases the number of basins on the landscape that the
can sample~hence increasingsC), then the IG transition tem
perature is depressed. Conversely, if confinement decre
Downloaded 11 Jul 2003 to 146.6.118.194. Redistribution subject to AI
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the number of accessible basins, then the IG transition t
perature is elevated. This result does not depend upon a
cific model for the film’s energy landscape.

The second equality of Eq.~13! uses our model to con
nect the landscape-based perspective to physical quant
Sinced ln bIG/dPb,0 for this model, it predicts that the di
rection of the shift of the IG transition is determined by t
sign and magnitude of the film’s surface excess den
2Gb

IG(Pb). Large positive values of the surface excess d
sity reduce the configurational entropy of the film and
crease the IG transition temperature, while small or nega
values of the surface excess have the opposite effect. W
this result depends on our model for the energy landsca
we note that it is consistent with the recent theoretical p
dictions of McCoy and Curro.12 The reason that these tw
different approaches arrive at similar conclusions is easy
understand. McCoy and Curro’s model begins with the h
pothesis that the confinement-induced shift in thekinetic
glass transition is determined by how confinement affects
density of the fluid film. Similarly, as can be seen by E
~11!, the shift in the IG transition of our mean-field model
determined by how confinement affects the packing fract
of the molecules in the film.

The third equality of Eq.~13! establishes a molecula
connection: strongly attracting wallsC0sSS

3 /ab@1 elevate
the IG transition while neutral or repulsive wallsC0sSS

3 /ab

'0 depress the IG transition. As can be seen in Fig. 1,
shift of the IG transition is approximately inversely propo
tional to film thickness down to molecular length scales.
has been discussed extensively elsewhere, these trends
good qualitative agreement with the experimental shifts
the glass transition temperature of confined fluids.3,4,6

Finally, we note that the glass transition shifts shown
Fig. 1 correspond to a fixed value of the bulk pressu
Pb50. It is straightforward to employ the model and th
framework outlined above to analyze the effects of vary
the bulk pressure. Preliminary calculations indicate t

FIG. 1. The confinement induced shift in the IG transitionQ as a function of
eL for the SSMF fluid film. The solid lines represent the approximation
Eq. ~13! and the symbols are the predictions of the full nonlinear mode
Eqs.~11! and~12!. The relative strength of the fluid–substrate to fluid–flu
attractions is quantified byC0sSS

3 /ab . The above results correspond to th
case wherein the films are in equilibrium with the bulk SSMF fluid
Pb50.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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while qualitatively similar results are seen at higher pr
sures, reducing the pressure~placing the fluid under tension!
can change both the sign and the magnitude of shifts.22 A
comprehensive investigation of pressure effects on the g
transition is beyond the scope of this Communication an
deferred to a future publication.

CONCLUSIONS

We have examined the confinement-induced change
the energy landscape of a simple statistical mechan
model of a fluid film. Our analysis here focuses on elucid
ing how the film’s IG transition depends on various molec
lar and macroscopic parameters. The model predictions
qualitatively consistent with theoretical and experimen
studies, thereby suggesting that landscape based appro
may serve to provide a framework for predicting the therm
dynamic and dynamic properties of confined fluids. It is a
propriate to point out that the SSMF film model, althou
conceptually useful, should only be viewed as a start
point that suggests the viability of the inherent structu
formalism14 for understanding the behavior of confined fl
ids and thin films. In fact, many films of scientific intere
exhibit either narrow confining geometries and/or strong,
rectional fluid–substrate attractions that are not amenab
a mean-field treatment or the Gaussian landscape approx
tion. In such cases, molecular simulations can be emplo
to extract information about how confinement alters th
energy landscapes, and hence their physico-chemical pro
ties. We are currently pursuing research along these line
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