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Ideal glass transitions in thin films: An energy landscape perspective
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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 Physic§DOI: 10.1063/1.1594184

Amorphous materials confined to small dimensions playof real materials remains an open and debated issue, it is a
a vital role in science and technology. Examples include bioconcept that has proven to be empirically useful and has
logical fluids in membranes, oil trapped in porous rocks, lu-strongly influenced modern thought on the glassy Sthie
bricants, layered composites, and thin resist films used in théind that the predicted IG transition of our model qualita-
fabrication of microelectronic devices. Many of these sys-tively reproduces experimental trends for the kinetic glass
tems exhibit large surface-to-volume ratios, and thus theitransition of thin films.
physico-chemical properties are influenced by boundary and
finite-size effects. The thermodynamic manifestations of
confinement are diverse, ranging from shifts of the bulkFLUID FILM MODEL
phase boundaries to the creation of new phase transftions. o ]
Dynamics in thin films can also differ markedly from the __The model that we consider is the soft-sphere/mean-field
corresponding bulk materials. Most notably, the glass transitSSMP fluid. Its potential energy exhibits simple scaling
tion can shift to either higher or lower temperatures uponoropertles, and thus it has served as the focus of several

; PP ™ ,16
confinement, depending on the nature of the interactions Oriec_ent ?tUd'e@Ibe't’ in bulk _homogeneous_ condmor’ré
the fluid and the confining mediufn’ This fluid consists oN spherically-symmetric particles that

. . ; . i n
The ability to alter the physical properties of thin films interact via a soft-sphere repulsive pair potenidss/r)
by tuning film—substrate interactions represents a tremeni adlelon o attractions quan.tlfled by a densny-dependent
dous opportunity for the design and fabrication of advanceorlnean_fIEId form=ayp (p=N/V is the number densilyThe

. . . arametem determines the steepness of the soft-sphere re-
materials. However, progress hinges on understanding pro-", . . . .
; ) . ulsion, and it is typically taken to be in the range<8
cesses that occur at microscopic and/or mesoscopic leng

les. Althouah th tical and tational studi 16. In the bulk situation, the potential energy per particle
Scales. ough theoretical and computational Studies Con(,'o(s’\',p) can be expressed in terms of the scaled coordinates
tinue to provide fundamental insights, many questions con

. Ay o1 "'of the particless =V~ Y%, (i=1---N) as
cerning the molecular origins of thin-film phenomena remain

unresolved 2 Hence, the development of a consistent and ~ ¢(s¥,p)= —app+y(") 75>, 1)
quantitative framework for modeling thin films is one of the \ a0 To= mgso/es is the effective packing fraction of the
outstanding challenges in the engineering and physical Schwolecules, ang(s) in Eq. (1) has the dimensions of energy

ences. o . _ per particle and is defined as
In this Communication, we introduce and probe the util-
. . n3 N-1 N
ity of an “energy-landscape”-based approdtfor describ- (&)= € 6 y 2 2 o1 @
ing the properties of thin films. Specifically, we develop a  **°’~ N| 7N SEEEIRL

simple model for the topographical features of the energ

landscape of a film confined between parallel substrates. V\gglth Sii:|a_sﬂ_|' In the situation where two parallel sub-
. L strategeach with surface are®@ confine the particle centers
use this model to explore how the thermodynamic ideal glas

(IG) transition temperature of the filfi.e., the temperature to a fiim of volumeV=AL, both the packing fractiony and

at which its configurational entropy vanish ends on the strength of the fluid—fluid attraction parameterare
. 9 . Py P .. functions of the film thicknes&, and the above model is
bulk pressure, film thickness, and the strength of the fluid—_ ...
. . . . . . odified as
fluid and fluid—substrate interactions. While the existence an

an IG transition that underlies the laboratory glass transition  ¢(s", e ,p)=—ap— ¥ +y(s") "3, (€)

wheree = ogg/L is the dimensionless reciprocal film thick-
3 Author to whom correspondence should be addressed. ness. Here~W represents the attraction between the fluid
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particles and the confining substrates, incorporated in a Jo
mean-field manner. Expressions far'¥, and z have been ﬁ) (=" eL.p]=8. (6)
derived elsewhelé'°and are given by ep
a=ay[1- e + 1] Equation(6) is exact®>8if the intrabasin vibrational contri-
bution to the free energ§,;, (see belowis independent of
e‘E basin depthy. For the Gaussian landscaf®, we have
V=W e,.——— 4 2 IG
(1+e) 5 (et .p.f) [%-B[%—%] 20, B<BS
6 1 1 =
. mrgso 3 LP b BZ’BlG,
KA 16°L|" where8'®=p'C(¢,_,p) locates the IG transition.

, " (iii) Configurational entropy s: This quantity is de-
The parameteW ; establishes the energy scale for the fluid fined assc=kgo(* €, .p) and thus is given by

substrate interactions, and its connection to molecular pa-
rameters has been discussed previotfst. sc(eL.pyB) [1—[,3(%— b)20.]2  B<p'°

0 p=p'°.
(iv) ldeal glass (IG) transition locug'®: At tempera-

tures below the IG transition, the configurational entropy of

For given values op ande, , ¢ can be represented as a the film vanishe_s ic_z 0), and the system is trapped in the
hypersurface in al§+1 dimensional space—the filmjgo- ~ @morphous basin with the lowest energy = ¢,
tential energy landscapeDespite the multidimensional na-

®

kBo-oc

POTENTIAL ENERGY LANDSCAPES OF THIN FILMS

20,
ture of a material's energy landscape, only a few generic  B'®(e_,p)= W 9
features of its “rugged” topography have been speculated to o rm
influence the thermodynamics and dynamics of fldfti$® (v) Helmholtz free energy fn terms of the above quan-

Here, we develop a simple strategy to account for how contities, the film's Helmholtz free energy possesses a simple
finement can impact these features. Since our primary focu®rm:*4-16
is understanding the behavior of amorphous films, we restrict
our attention to particle configurations devoid of crystalline fleL.p.B)=¢* —sclpPke+t fuip. (10
order.

(i) Basin enumeration functioa: This function quanti-
fies the number of distinguishable minima on the landscap

(inherent structures Explicitly, if the total number ofamor- Our development in the previous section briefly general-
phous inherent structures on the landscape with well erthsf,zed the energy landscape formalism for bulk fldfdd® to
between¢ and ¢ +d¢ is denotedd(), thena(¢,e.,p) IS gescribe fluid films. Now we quote the explicit form of the

given by the relationshipl{2 = C exfiNo{¢.e_.p)ldh, where — gpove functions for the SSMF fluid film.
C is a scale factor with dimension reciprocal energy. One of Using Eqs.(3), (4), and(7)—(10), we obtain
the most simple and commonly used approximations for the

IDEAL GLASS TRANSITION OF THE SSMF
gLUID FILM

distribution of inherent structure depths in bulk fluids is the G 20,
Gaussian functioh® For the case of the SSMF fluid film, we B=(eL,p)= W 11
propose the following simple generalization: Yoo Yml7
(b EPRRE and
(¢O_L p):]-_ (Z)_(’Z; } ’ ¢m<¢<¢m1 (5) [yw—ym]z
- = om f(eL.p.B) =K(B) +Yun™ = = 7"
where ¢,.=dn(€L,p) and ¢..=do..(€_,p) are the potential *
energy at the minimum and maximum values of the basin n+2
enumeration function, respectively. The above expression re- + ﬁln n—ap—"V, (12)

tains the functional form proposed for bulk fluids, while ren-
dering the quantitieg.. and &, film thickness €, ) depen-  Wherey, andy., represeny(s") of Eq. (2) evaluated atp,
dent. Unfortunately, the accuracy of this approximation isand ¢.., respectively. The terri(3) depends only on tem-
unclear at present because the landscape statistics of thpgrature and does not enter into our present analysis. Follow-
films have not been systematically investigated by moleculaing Shellet al,'® we have modeled the vibrational contribu-
simulation. Nonetheless, we tak®) as a workable starting tion to the free energy of Eq12) in the classical harmonic
point, and we leave exploration of more accurate approxima@pproximatior?® Other thermodynamic quantities of interest,
tions for future studies. like the transverse component of the pressure tensor
(i) Mean inherent structure energy*: At a given(re-  Py(eL.p.B)=p(dt/dInp), 5 and the chemical potential
ciproca) temperaturg8=1/KkgT, the fluid film will spend an ~ u(€_,p,B)=f+P,p~* of the film, follow from Eq.(12).
overwhelming majority of its time in basins of attraction To examine the confinement-induced shift of the IG tran-
with inherent structures of energy* = ¢* (¢, ,p,B), which  sition for the SSMF fluid film, we consider the situation
satisfies®1® where the film is in equilibrium with a bulk fluid at pressure
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Py ; hence the “shift” we refer to is measured relative to the
bulk I1G transition at that pressure. We have determined the
IG transition of the film numerically as well as by an ap-
proximate analytical theory. In both approaches, the IG tran-
sition of the bulk fluid is first determined by the condition
Bi(Po)=B'°[e,=0,°(Py)] [see Eq.(1D], where the
bulk densitypiC(Py) = pp(Py.B1C) follows from an inver-
sion of the equation of state,=P (e, =0,0p,81"). Simi-
larly, the IG transition of the thin filmpB'S(e ,Py)
=pB'®[€,,p'°(e.,Pp)] is given by Eq.(11), where the den-
sity of the film at its IG transition is denoteol®(e, ,Pp)
=p(e ,Py,,B'®) and is determined by the condition that the
film and the bulk fluid have equal chemical potentials; i.e.,
ule.=0,04(Py,B'®),B'°1=pl e ,p,B'®]. Numerical cal-
culations require values for the parametar$-w , yOc , ym’ FIG. 1. The confinemeqt induced s_hift_in the IG transitidras afunc_tion_of
ay, and \PO- Here, we usen=12, o.=0.5368, V.. €, for the SSMF fluid film. The solid I|'ne's represent the ap_proxmanon of
3 . Eq. (13) and the symbols are the predictions of the full nonlinear model of

=61.7%, yn=53.2%, anda,=16.5%0" (We examine Sev-  Eqs (11) and(12). The relative strength of the fluid—substrate to fluid—fluid
eral values of the fluid—substrate attraction paramgtgy. attractions is quantified b¥,o34a, . The above results correspond to the
This set of parameters was chosen because it provides gogase wherein the films are in equilibrium with the bulk SSMF fluid at
qualitative  agreement with both the liquid-state Po=0:
thermodynamic® and the predicted |G transition locdf
the bulk Lennard-Jones system.

A perturbation approach allows us to derive the shifts in

~ G the number of accessible basins, then the IG transition tem-
the o IG tra|123|t|on temperature . ©=[Sy’(Py)  perature is elevated. This result does not depend upon a spe-
—B7(eL,Pp))/B7(eL,Py) to the first order ine . To  ific model for the film's energy landscape.

maintain brevity, we avoid elaborating the algebraic details  The second equality of E413) uses our model to con-

that accompany these calculations, and instead quote the fqle ¢ the |andscape-based perspective to physical quantities.

lowing three equivalent results: Sinced In 8%/dP,<0 for this model, it predicts that the di-
1 a5 rection of the shift of the IG transition is determined by the
~ _(_C) €L sign and magnitude of the film's surface excess density
Acgy| \9€lp,| 2T'[6(Py). Large positive values of the surface excess den-

=0 sity reduce the configurational entropy of the film and in-

G G G crease the IG transition temperature, while small or negative
_ 2y Rosep }_3/16< _ding, )6 (13  values of the surface excess have the opposite effect. While
K!r(’;b dPy, - this result depends on our model for the energy landscape,
we note that it is consistent with the recent theoretical pre-
9appy| o[ dInBy dictions of McCoy and Curr&? The reason that these two
g |Po |~ dP, €L different approaches arrive at similar conclusions is easy to
understand. McCoy and Curro’s model begins with the hy-
Here, Acg,(Py)=—(dsc/dIn B)p, is the configurational pothesis that the confinement-induced shift in #igetic
heat capacity,K'T‘fb(Pb) is the isothermal compressibility, glass transition is determined by how confinement affects the
ZFLG(Pb)/O'SS:[plG(EL ,Po)—pu(Py.B'®) /€, is the sur- density of the fluid film. Similarly, as can be seen by Eq.
face excess density, ar‘rd'bG(Pb) is the packing fraction, (11), the shift in the IG transition of our mean-field model is
each evaluated at the IG transition of the bulk fluid, i.e.,determined by how confinement affects the packing fraction
[e.=0,Py,BIC(Py)]. The thermodynamic quantities in Eq. of the molecules in the film.
(13) can be expressétdas analytical functions of the mo- The third equality of Eq(13) establishes a molecular
lecular parameters of the model. Figure 1 displays theonnection: strongly attracting wal¥f,o3da,>1 elevate
confinement-induced shifts in the IG transition temperaturehe IG transition while neutral or repulsive wals,o3 day,

G)%(\PO—

(whose physical implications are discussed bglatemon- ~0 depress the IG transition. As can be seen in Fig. 1, the
strating the excellent accuracy of the perturbation approachhift of the IG transition is approximately inversely propor-
in capturing the full numerical results. tional to film thickness down to molecular length scales. As

The above expressiori$3) shed light on the physics of has been discussed extensively elsewhere, these trends are in
confinement-induced changes in the IG transition temperagood qualitative agreement with the experimental shifts in
ture. Consider the first equality of Eq(13). Since the glass transition temperature of confined fluit§.
AC'F,‘?b(Pb)>O, this relation reveals the following simple rule Finally, we note that the glass transition shifts shown in
for the (small €,) shift of the IG transition. If confinement Fig. 1 correspond to a fixed value of the bulk pressure
increases the number of basins on the landscape that the fluR},=0. It is straightforward to employ the model and the
can sampléhence increasingc), then the IG transition tem- framework outlined above to analyze the effects of varying
perature is depressed. Conversely, if confinement decreastse bulk pressure. Preliminary calculations indicate that
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