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Rheological properties of confined thin films
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Shearing of monolayer and bilayer monatomic films confined between planar solid surfaces (walls) is
simulated by a Monte Carlo technique in the isostress-isostrain ensemble, where temperature, number of
film atoms, and applied normal stress are state variables. The walls consist of individual atoms that are
identical with the film atoms and are fixed in the fcc (face centered cubic) (100) configuration. The lattice
constant / of the walls is varied so that the walls are either commensurate with the (solid) film at fixed
nominal lattice constant [, (i.e., [/l;=1) or homogeneously compressed (//l;<1) or stretched
(1/1;>1). Such rheological properties as shear stress T,, and modulus are correlated with molecular
structure of the layers, as reflected in translational and orientational correlation functions. If the walls
are properly aligned in transverse directions, then the layers exhibit a high degree of fcc order. As such
ordered films are subjected to a shear strain (by reversibly moving the walls out of alignment), they
respond initially as an elastic solid: at small strains, 7,, depends linearly on the strain. As the shear
strain increases, the response becomes highly nonlinear: 7T, rises to a maximum (yield point) and then
decays monotonically to zero, where the maximum misalignment of the walls occurs. The correlation
functions indicate that the films are not necessarily solid, even when the walls are in proper alignment.
The results suggest that the principal mechanism by which disordered nonsolid films are able to resist
shearing is “pinning”: the film atoms are trapped in effective cages formed by their near neighbors and
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the mutual attraction of the walls for the caged atoms pins them together.

PACS number(s): 61.20.Ja, 68.45.Nj

I. INTRODUCTION
A. Experimental background

The rheological behavior of thin films confined between
planar solid surfaces has been under intensive study in re-
cent years, spurred by the development of a host of scan-
ning surface probe devices, in particular the atomic force
microscope (AFM) [1-5] and the surface forces ap-
paratus (SFA) [6-10], which allow the study of such
films directly on the nano- and molecular scales. In
essence the SFA comprises two plane parallel sheets
(walls) of molecularly smooth mica sandwiching a thin
film of the fluid of interest, typically a liquid under nor-
mal conditions. The sandwich is immersed in the bulk
fluid, which is held at constant temperature and pressure.
The film is open to the bulk fluid, which serves as a
thermal and material reservoir. Thus, if thermodynamic
equilibrium between the film and bulk is maintained, the
temperature and chemical potential of the film are fixed.
By electromechanical means the separation and align-
ment of the walls can be manipulated with nearly molecu-
lar precision.

In one mode of operation of the SFA, the normal stress
T,, on the walls is measured as a function of the distance
between them. As the separation between the walls
varies from 1 to about 10 mean molecular diameters, T,
oscillates between attraction and repulsion, regardless of
the nature of the fluid [11]. These oscillations have also
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been seen in theoretical treatments of model films by in-
tegral equation [12-14], density functional [15,16],
Monte Carlo [17-21], and molecular dynamics [22-26]
methods. Variations in the local density indicate that the
fluid arranges itself in layers parallel with the walls and
that as the distance between the walls increases (de-
creases) whole layers appear (disappear), more or less
abruptly. In particular, grand canonical ensemble Monte
Carlo (GCEMC) simulations [21] of what we shall hence-
forth refer to as the prototypal slit pore [i.e., a Lennard
Jones (12,6) film confined between walls comprising like
atoms rigidly fixed in the face-centered-cubic (100)
configuration] show that solid films form by epitaxy even
though the bulk state lies in the fluid region of the
Lennard-Jones phase diagram. If the walls are in registry
(see Fig. 1) then the film contains an odd number of solid
layers, each having a distorted fcc (100) configuration; if
the walls are out of registry, then the film has an even
number of solid layers. The formation of solid layers is a
direct consequence of the template effect, which can be
apprehended by viewing the entire system (walls plus
film) as part of a bulk fcc crystal. The (100) planes must
be stacked, say along the z axis, in a repeating sequence,
...abab..., where the b planes are displaced with respect to
the a planes in the x or y direction by 0.5/, / being the lat-
tice constant.

In another mode of operation of the SFA [27,28], the
film is sheared by sliding the walls over one another at a
fixed normal stress. The applied shear stress, T,,, is mea-
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FIG. 1. Top view of slit pore. Filled circles represent atoms
in wall (1) at z=0; open circles stand for atoms in wall (2) at
z=s,; l is the lattice constant associated with the fcc(100) plane.
Walls are depicted with shear strain (registry) a=0.25.

sured as a function of the transverse alignment of the
walls (i.e., the shear strain, or registry). When the walls
are separated by only a few molecular diameters (i.e., by
only a few layers), sliding cannot be initiated until a criti-
cal stress (the so-called yield stress of the film) is exceed-
ed. The walls then slide over each other, eventually com-
ing to rest, until the critical stress is once again attained
and the walls again slip past each other. This stick-slip
cycle, observed for all types of compounds ranging from
long-chain (e.g., hexadecane) to spheroidal (e.g., OMCTS)
hydrocarbons [10], has been attributed by Gee et al. [29]
to the formation of a solidlike film that pins the walls to-
gether (region of sticking) and must be made to flow
plastically in order for the walls to slip. This suggests
that the structure of the walls induces the formation of a
solid film when the walls are properly registered and that
the film “melts” when the walls are moved out of the
correct registry. Noting that the stick-slip phenomenon
is general, in that it is observed in every liquid investigat-
ed, and that the yield stress may exhibit hysteresis, Gran-
ick [10] has argued that mere confinement may so slow
mechanical relaxation of the film that flow must be ac-
tivated on a time scale comparable with the experiment.

B. Theoretical background

Shear melting of solid vicinal films was first investigat-

ed theoretically by means of the GCEMC method applied"

to the prototypal slit pore [30]. Use of the GCEMC
method is justified on the ground that in most realistic
circumstances sliding in the SFA occurs at very low
speed on a molecular scale. Thus, in the simulations we
represent sliding as a quasistatic process, that is, as a suc-
cession of equilibrium states, each being specified by the
registry a, which is the quantitative measure in terms of
the fcc lattice constant of the relative transverse displace-
ment of the walls (see Fig. 1). The chemical potential p,
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temperature 7, and separation of the walls s, are also
fixed. It is found that the solid films behave elastically up
to a critical registry a,, where almost an entire layer of
the film drains from the pore, leaving behind loosely
packed fluidlike layers that continue to sustain a non-
negligible shear stress. The strength of the solid film,
reflected in the shear modulus 97T,, /d(al), decreases
with the number of layers, whereas the critical registry
increases and the critical stress decreases.

Under certain conditions drainage seems not to occur
in the SFA [27]. To simulate this situation, it is con-
venient to adopt an isostress-isostrain ensemble, in which
the number N of film molecules is fixed along with T, T,,,
and the remaining (complementary) strains, except the re-
gistry. Using a nonequilibrium molecular dynamics
(MD) technique based on this ensemble, Thompson and
Robbins [31] examined the dynamic effects of shearing a
monolayer film in the prototype with fcc (111) walls.
They found that below a critical relative transverse speed
of the walls, a freeze-flaw cycle like that seen in the ear-
lier GCEMC simulation of quasistatic shearing [30] es-
tablishes itself. Above this critical speed the film mole-
cules do not have time to form the epitaxial structure. It
is interesting to speculate whether additional order not
related to the structure of the walls can be dynamically
induced by shearing. Nonequilibrium MD simulations
[32-36] have shown that in homogeneous simple dense
fluids under shear tubules of hexagonally close-packed
strings of molecules form parallel with the streamlines.
Presumably, similar shear-induced structures would form
in confined films, even between smooth (structureless)
walls.

In an attempt to make a direct contact with the SFA,
Lupkowski and van Swol [37] applied a hybrid simulation
technique to the prototype in the grand-isostress ensem-
ble, where u, T, and T,, are fixed parameters. They meld
the GCEMC technique with the nonequilibrium
isostress-isostrain molecular dynamics method to study
drainage dynamically, finding again a periodic stick-slip
transverse movement of the walls accompanied by a cor-
responding drainage-imbibition sequence.

C. Prior studies of monolayer films

A series of recent articles [38—-40] has been devoted to
the curious “shear-melting” transition of monolayer pro-
totypal films. Quasistatic shearing at fixed load leads to
behavior rather different from that at fixed 5,. At a=0,
where the walls are precisely in registry, the film is a fcc
(100) layer under zero shear stress. As a increases, T,
begins to rise linearly, as expected for an elastic solid.
In-plane pair-correlation functions g‘® for states in this
linear regime agree closely with the theoretical g'? for a
strained fcc (100) layer. As «a increases beyond the linear
range, T, goes through a maximum (i.e., the yield stress)
and then decays monotonously, which suggests a phase
change. Indeed, over distances encompassing several
nearest neighbors g ?”s for states in the nonlinear regime
resemble the g‘? for the corresponding bulk state. Nev-
ertheless, that the film supports a substantial shear stress
indicates the vicinal phase is not a normal fluid.
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Shear melting is a continuous transition, in contrast to
thermally induced melting at constant normal stress,
which is first order. The enthalpy and the density are
both continuous functions of a and fluctuation-related
properties in the isostress-isostrain ensemble, such as
isostress heat capacity, isothermal compressibility, and
isostress expansivity, all diverge according to the power
law (a—a,)", where v <0, as a approaches the shear-
melting point a, [39]. This suggests that the transition is
second order [41].

Another indication of the bizarre rheological character
of the molten film is anomalous diffusion [40]. Using
both (microcanonical) molecular dynamics and isostress-
isostrain MC, we have computed the mean square dis-
placement for states of the film above the shear-melting
point a,, where diffusion sets in on a time scale charac-
teristic of molecular liquids. However, the diffusive pro-
cess turns out to be non-Markovian (i.e., non-Brownian)
in the vicinity of a,. The mean square displacement ex-
hibits a time dependence of the power-law form At¢,
where d depends on «, varying between O for a<a,,
where the film is solid, and 1 at «=0.5, where the film is
fluidlike. The non-Brownian character of diffusion,
which is indicative of a second-order transition [42], can
be rationalized in terms of cooperative molecular motions
in the highly constrictive microporous medium engen-
dered by the potential field of the structured walls (see
Fig. 2 of Ref. [40]).

Until now our attention has been restricted to solid
monolayer films that are commensurate with the walls.
Moreover, to reduce computational expense we have been
using films with transverse dimensions just large enough
so that computed (intensive) properties are independent
of the interfacial area. This restriction, coupled with the
requirement of periodic boundary conditions in trans-
verse directions, limits the range over which g‘® can be
determined to only about 4 atomic diameters. (If long-
range translational correlations are present, they will be
missed.) That the stick-slip phenomenon is observed [10]
for ultrathin films of all sorts of fluids, regardless of the
relationship between the molecular structure of the corre-
sponding bulk phase and that of the mica sheets, indi-
cates that simple epitaxy cannot explain stick-slip trans-
verse motion in all circumstances. We therefore turn our
attention here to the behavior of prototypal films not
commensurate with the walls.

In Sec. II we describe the prototypal model quantita-
tively. Section III is devoted to the thermodynamic and
statistical mechanical treatments, including the deriva-
tion of molecular expansions for the rheological and
structural properties of the film. To delineate the film
structure more fully than in previous work, we look at
orientational order as well as translational order, as mea-
sured by the in-plane pair-correlation function g‘?). Be-
cause of the template effect, we expect to see fourfold
orientational order in the layers of the film. It therefore
seems reasonable to monitor the shear-induced transition
quantitatively in terms of the mean local fourfold order in
a layer (O,) and the fourfold correlations (g,) within the
layers. Likewise, if layers become fluidlike, yet still local-
ized in the normal (z) dimension, we may expect to see
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sixfold (O¢ and g4) order reminiscent of a two-
dimensional film [43,44].

In Sec. IV we compare results for monolayers and bi-
layers that are both commensurate and incommensurate
with the walls. By examining films that are either
stretched or compressed homogeneously (in transverse di-
mensions) with respect to the walls, we attempt either to
increase or to decrease the relative influence of film-wall
forces. Variations of T,, with a are correlated with vari-
ations of O, and g, (n=4,6). To separate the effects of
film-film interactions entirely from film-wall interactions,
we also examine shearing of an ‘““ideal gas,” whose mole-
cules by definition are subject to only the potential field
due to the walls. Section V presents the conclusions of
this study and discusses implications for stick-slip
behavior in more general circumstances.

II. DESCRIPTION OF THE MODEL

The model system is schematized quantitatively in Fig.
1. The walls are taken to be square, of side length s.
Each wall comprises n2? unit cells of side length equal to
the fcc lattice constant /. Thus s =n,/ and each wall con-
tains N,=2n? rigidly fixed atoms at areal density
d,=N,/s?=2/1%. The coordinate system is so chosen
that the edges of the walls are parallel with the x and y
axes (Fig. 1). The lower wall (denoted by 1 and lying in
the plane z=0) is fixed in this coordinate frame; the
upper wall (denoted by 2 and contained in the plane
z=s,) can be moved transversely only in the x direction.
The coordinates of the atoms in the two walls are there-
fore related by

(2) — . (1)
X x;'+al,
(2) =, (1)
Yim =Y

zfP=zfV+s,=s,, j=1,23,...,N, . M

If a=0, the walls are exactly in registry; if a=0.5, they
are exactly out of registry. In Fig. 1, they are depicted in
an intermediate registry. Alternatively, we may regard a
as the shear-strain parameter: alz /s, is the shear strain
in the x direction in planes parallel with the walls.

The film, which is confined between the walls and con-
stitutes the system, in the thermodynamic sense, consists
of N mobile atoms governed by the total potential
(configurational) energy

U=Up+ U +UZ , (2)
where each term is given by a pairwise sum of Lennard-
Jones (12,6) interatomic potentials

u(r)=4e[(o /r)2—(a/r)], (3)

where € is the depth of the attractive well and o is the
effective diameter of the hard core. The contribution
from film-film interactions is

N N
Upp=7 X 2 ulry), “@
i=1ji

and that from film-wall interactions is
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N N from the continuum theory of solids [46-49]. In Eq. (9)
Ud=3 3 ulry), k=12, (5)  Vis the volume, T,z and 25 are elements of the stress

i=1j=i

where r;=|r;—r;| and the superscripts k refer to the
walls. To prevent film atoms from escaping through the
walls, we add to U a hard-wall background potential.
Periodic boundary conditions are applied in the x and y
directions to eliminate edge effects. Hence, the system is
supposed to be of infinite extent in the transverse direc-
tions.

For purposes of comparison we present results for the
“ideal-gas” film, which is subject only to fluid-wall in-
teractions:

2 .
Uy=3S UX . (6
k=1

In case the film is commensurate with the walls,
N =N, the number of atoms in each wall, for the mono-
layer, or N=2N; for the bilayer. To construct films in-
commensurate with the walls, we fix the areal density of
the film, d, =2/ ) f2 (where [ ¢ is the fcc lattice constant of
the solid film), equal to the areal density of the walls in
the commensurate case and vary the areal density of the
walls, d,=2/1 2. To maintain periodic boundary condi-
tions, we set n;/ =n,l,. The ratio of the lattice constants,
1/1;=ng/ng, is therefore a ratio of integers.

1. STATISTICAL THERMODYNAMIC TREATMENT

A. Thermodynamics

The extensive variables describing the thermodynamic
state of the film are the entropy S, the amount (number of
film atoms) N, the interfacial area 4 =s?, the distance be-
tween the walls s, and the registry, or shear strain, a. In
addition, of course, the thermodynamic state depends im-
plicitly on the potential parameters € and o and upon the
areal density d; of the walls. Gibb’s fundamental relation
governing reversible transformations of the film can be
expressed [45]

dU=TdS +udN+vy'd A +T, Ads,+ T, Ad(al), (7)

where T is the absolute temperature, p is the chemical
potential, T,, is the normal stress, T, is the shear stress,
and

Y =(Ty+T,)s,/2 (8)

is an interfacial tension. The quantities T, and T, are
the stresses applied to the plane surfaces bounding the
film in the x and y directions.

We can derive the mechanical-work terms in Eq. (7)
starting with the standard expression

AW=—3 3 T s Vd(Z ) ©)
a B

Zy(T, A,s,,al)= fVNdrNexp[ —U(rYs,,al) /kgT]

alz; /s, +s

s, s
=JI=I1 f 0 az; fO i f“”i /s;

and displacement-gradient tensors, respectively, and the
sums on a and 8 run over the Cartesian components. In
the case of the confined film, ¥'=s%s, and the only
nonzero displacements are the three compressions
(dZ,,=ds/s, d%,,=ds /s, and d=, =ds,/s,) and one
shear [d2, =d(al)/s,], where the constraint of square

walls, s, =s,=s, has been enforced. Substituting these

expressions for ¥ and 2 4 into Eq. (9), we obtain

dW = —[ss,T,,ds +ss,T),ds

+5%T,,ds, +s2T,.d(al)]
=—[y'dA+T, Ads,+ T, Ad(al)], (10)

where the third line of Eq. (10) is seen to be precisely the
expression for the work appearing in Eq. (7).

Since the state variables that we wish to control are T
and T,,, rather than S and s,, it is convenient to trans-
form the internal energy U via

6=U—-TS— 4s,T,, , (1

where G is a kind of Gibbs potential analogous to
G =U—TS +pV for the homogeneous phase. Combining
Egs. (7) and (11), we obtain

dG=—SdT+udN+vydA— As,dT,+T, Ad(al) ,
(12)
where
Y=y —T,s5,= 3T +T,,—2T,)s, (13)

is the interfacial tension analogous to the ordinary
liquid-vapor surface tension [50]. The Gibbs potential is
regarded as a function of the independent state variables
T,N, A, T,,, and al.

B. Statistical mechanics

A standard analysis following the approach of
Schrédinger [51] and Hill [52] yields the expression

G=—kzThD , (14)

where kg is Boltzmann’s constant and the isostress-
isostrain partition function D is given by

D(T,N,A,T,,,al)
=exp| As,T,, /kgT1QON(T, A,s,,al) . (15)

The canonical partition function Qy is
On=2Zy/A*N!, (16)

where the configuration integral is given by

dx;exp(—U/kgT) 17
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and ¥

represents the 3N-dimensional configuration of the film and dr¥
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the corresponding volume element. The

second line of Eq. (17) exhibits more fully the dependence of Zy on the shear strain. The thermal de Broglie wave-
length is defined by A=h(2rmkyT)~'/2, where h is Planck’s constant and m is the mass of a film atom.

C. Shear stress

The property of primary rheological interest in the current context of the shear stress

which follows from Egs. (12), (14), and (15)
AT, =[3G /3(al)lr,y, 4,1,
=~kBTD—l[aD/a(al)]T,N,A,Tu

=—kpT(ANID)"' 3 exp( 4s,T,,

Sz

kg

T)[3Zy /3(al)]lr n 4 -

T,,, the formal expression for

(18)

Now depending upon how the partial derivative of Zj is evaluated, Eq. (18) can yield two alternative expressions for
T,.. In the usual procedure one makes the change of variable

x/=x;—alz; /s, (19)
to recast Eq. (17) as
N Sz s s
z,v=i£[1 fo dz; fo dy; [ Jdxjexp[ —U{x/+alz;/s,.,2} /kpT] . (20)
Differentiation of this expression with respect to (a/) leads, after considerable algebraic manipulation, to
—kBTaZN/a(al)=sz_1fVNdrNexp[——U/kBT] 1 § % w'(ry)x; iz /ry+ 2 ﬁ g w'ry)x;z; /1y 1 s (21)

where u’'=du /dr, x;;=x;—x;, and so forth. Substitut-
ing Eq. (21) into Eq. (18), we have finally the ‘“virial” ex-
pression

T, =sz,ff+sz,fs ’

zx

(22a)

where the film-film and film-wall contributions are given
respectively by

T yr=74 21 é (u'x; iz /rys,) (22b)
2 Ny
szfs 47! E 2 z (u' XiiZij /r iS, ) (22¢)

=li=1j=1
and the angular brackets signify the isostress-isostrain en-
semble average. By definition, the isostress-isostrain en-
J

alz; /s, +s

'“kBTaZN/a (al) =ﬁ f dZ fdy’falz/s

alz. /s_+s

f dzi f Odei f alz; I/szz

I
l [i=E0]

where the contributions from the upper and lower limits
of the integration on x; cancel each other on account of
the periodic boundary conditions. In Eq. (25) r;;, which
refers to the distance between the ith film atom and the
Jjth atom in the upper wall, is given by

i=1j*i

dx;exp[ —

dx;exp[ —

k=1i=1j=1

semble average of a general property G(r®; ;8,) is given by
(G)= ZderNP N.s,)G(r¥;s,) , (23)

where the isostress-isostrain distribution function is

defined by [38]

T U(rN))/kBT]

S [, ydrVexp{[ 45, T, —Uc™)]/ks T)

A
P(rVs,)= exp[( 4s

(24)

The alternative expression for T, is obtained by direct
differentiation of Z, given in the second line of Eq. (17).
Application of Leibniz’s rule [53] produces

U/kyT10URE /8(al)
N N
U/kgT] 3 3 u'(ry;)dr;/3(al) , (25)
i=1j=1
T
=[x, —x P41y —y PP+ [z, — 2P P
=[x,~-<x}”+al>12+[y,~—y}1’12+[zi—sz]2, 26)
where the second line follows from Eq. (1). Using Eq.

(26), we readily compute
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or;/dal)=—x;/r; . (27)

Substituting Egs. (25) and (27) into (18) and simplifying
the result, we obtain

N Ns
T,=—A'3 3 {u'x;/ry) . (28)
i=1j=1
The right member of Eq. (28) is clearly the negative of the
mean value of the x component of the force F?) (divided
by the area A of the wall) exerted by the film on the
upper wall (2), or equivalently the average x component
of the force (per unit area) exerted by the upper wall on
the film. Thus we have

N
—F?= ~<§; aU,;g)/ax,.)

i=1

N N
=AT,=—3 3 (u'x;/r;)

i=1j=1
=(3UZ /3(al)) . (29)
J
wu=A"13/08(al) l > exp(As, T, /kpT)Zy
=A ((kyT)" '{{3UZ /3(al))*—

([8UE /3(al)]*)} +(3*Ug
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By symmetry, of course, T,, is the mean x component of
the force F." (divided by 4) acting on the lower wall (1).

Another useful rheological measure is the shear
modulus defined by

c4a =0T, /3(al)
=A"3[(dURE /d(al))]/d(al) , (30)

where the second line is due to Eq. (29). The shear
modulus is the analog of one of the isothermal elastic
stiffness constants used to characterize homogeneous
solids [48]. For the confined film there are four strains:
three compressions and one shear. The subscript 4 desig-
nates the shear strain, according to the notation in Ref.
[38]. A nonzero value of the shear modulus clearly indi-
cates a film capable of sustaining a shear stress and sug-
gests a solid or glassy phase. Using Egs. (23) and (24), we
can rewrite Eq. (30) as

-1
S exp(ds, T, /kpT) [ ¥aT Nexp(— U /ky T)dUZ /3(al)

2 /8(al)?)) . (31)

The indicated partial derivatives required in Eq. (31) are given in terms of the intermolecular potential by

2 25 ’(r )X;; i/ Tij s

i=1j=1

UZ /3(al)=

N N
FURE/Aal*=F 3 {u"x 2/r ‘tu'/ry—u'x

i=1j=1

5’/’5’} .

(32)

D. Molecular structure

The instantaneous number density operator p(r), given by

N
plr)=73 &(r;,—r)

i=1

(33)

where § is the Dirac delta function, can be employed to characterize the film’s molecular structure in part. The mean

value of p is given by

=33 H J drpe?;

i=1s,

. )8(r; —r)

—2 o 11 j‘ dryP(r,1,, ..., 1,=T1, ...
i=1s, k#1
= z PW(r,=r1),

i=1

N I'N;Sz

)

(34)

where P1(r; =r) is the probability of atom i being at r, regardless of the positions of the other atoms. Since the atoms

are equivalent, P'V

(p(r)))=NPV(r;)=pV(r)) .

In general, p'"(r,) is a function of the vector position of the point of observation r,.
mainly with the inhomogeneity of the film in the normal (z) direction, the average of p(1

adequate. This yields

is independent of i and the summation on i in Eq. (34) can be performed explicitly to yield

(35)

However, since we are concerned
)(r,) over the interfacial area is
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W)=4"1 %4 Sdy oD
pz) Jodx, [Cdyip ey,
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(36)

to which we shall henceforth refer simply as the local density. In essence we regard the film as if it were cylindrically
symmetric. In practice the local density is determined by partitioning the range 0 <z <s, into imaginary layers of
width Az, and ensemble averaging the number of atoms in each layer.

The molecular structure of the layers in transverse directions is partially revealed by correlations in the number den-

sity operator, given by

N N N
(p(r)p(r)) = (8(r;—0)d(r;— 1))+ 3 3 (8(r; —r)8(r;—r'))

i=1 i=1j#i

N N
=P(”(r)8(r—r’)+ 2 2 2 H fydrkp(rl’rb BORYS FA TR ’rf=rl’ e

i=1j#is, k#i,j

where the “self-term” gives no new information beyond
the mean density. Again invoking the equivalence of
films atoms, we recognize the cross term in Eq. (37) as the
pair distribution function

p P, 1) =N(N—1)PP(r,,1,) (38)

which is related to the mean density through the pair-
correlation function by

pPry, 1) =pV(r)pV(r,)g Py, 1,) . (39)

In general, g is a six-dimensional function of the posi-
tions of reference (x,,y;,z;) and observed (x,,y,,z;)
atoms. However, to be consistent with the approxima-
tion of cylindrical symmetry for the local density we take
g¥ to be a function only of the normal coordinate (z,) of
the reference atom and the cylindrical coordinates p,,
and z,, of the observed atom relative to the reference
atom. (p;, and z,, are, respectively, the magnitudes of
the projection of r;, onto the x-y plane and the z axis.
That is, ry,=p;,+2,,¢,, where &, is the unit vector in the
z direction.) Moreover, to simplify further the descrip-
tion of the transverse structure, we consider only the
“in-plane” pair-correlation function, where z, =z:

g(2)~g(2)(21,p12,212:0) . (40)

Because the layers are in practice extremely well local-
ized, we assign an in-plane pair-correlation function g
to each layer. The ith layer is bounded in the normal
direction by imaginary planes that intersect the nearest
relative minima in p'! on either side of the relative max-

imum (z;) near the center of the layer. g is a function
J

yINS;) 37

only of p;, and is computed from the formula
g Pp1)={N(p1)) /2mp1Ap 12z 1pp'V(z;) (41)

where (N(p,,)) is the mean number of atoms in an an-
nulus of radius p,,, width Ap,,, and height Az, centered
on the reference atom 1, and p'’(z;) is the mean local
density of the ith layer, which is determined by averaging
the local density over the layer:

z;+Az,/2

(1), y= —1f
p iz =4z z;— Az}, /2

dz p'V(z) . (42)

Additional insight into the transverse structure of the
layers is afforded by the in-plane orientational density
operator

N
pa(r)= 8(r;— 1), (x;) 43)
j=1
where
Y, (r;)=n"1 exp(inf;) (44)

i=1
is the complex n-fold orientational order parameter asso-
ciated with atom j [44,54]. The sum on i in Eq. (44) runs

over the n nearest neighbors of j that lie in the same layer
and

9ij=cos_1[pij'?x /plj] (45)

is the angle between the x axis and the projection of
I;=r;,—1;=p,;;+2;€, onto the x-y plane.
The mean value of p,(r) is given by

N N
(ptN=3 S 11 derkP(rl,rz, ST L, . TS (DT o T ST, L, Ty)

i=1's, k#i

=N2fydr2der3 e derNP(r,rz,r3 IS Y (6T Ty) (46)

where the second line follows from the equivalence of film atoms. Although r in Eq. (46) is by definition restricted to a
given layer, in general {p,(r)) depends on r. We can nevertheless obtain a rough measure of orientational order within

the layer by averaging {p,(r)) over the layer:
;TAz, /2

s ¥4
O,,(zi)=fosdx fody fz,-~Az12/z dz{p,(r)) /p'V(z;,) A Az,

;t Az, /2

= [lax [y [, " dzdp,e)) /(N,)
i 12

(47)
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Here (N, ) is the mean number of atoms in the ith layer. In practice the numerator on the right-hand side of Eq. (47) is
computed by ensemble-averaging the quantity ij’;llﬁ,,(r i)

In analogy to p'®(r,r’), cross correlations of the in-plane orientational density operator yield useful information
about the range of the n-fold orientational order within layers of the film. The cross term in {p}(r)p,(r')) is given by

Cn(r,r')=N(N—l)der3der4 ce derNP(r,r',r3,r4, e TN3S,)

XYp(r, 0,03, .. ., TN, (0, 1,03,Ty, ..., Tx) , (48)

where r and r' are restricted to a given layer i and the equivalence of film atoms has again been invoked. Consistent
with our approximation that the in-plane g'* depends only on p,,, we now take C, to be a function only of P We

then define a reduced in-plane orientational correlation function by

z;+Az,,/2

8.(p12)=

In practice the numerator of Eq. (49) is evaluated as an
ensemble average of the sum 3, 3 ;. ¥; (1, )¢, (x;) over
all pairs (k,j) in layer i for which atoms k and j are
separated by p;,tAp;,/2; the denominator is just the
number of such pairs.

Within the framework of our approximation that the
film is homogeneous and isotropic in transverse dimen-
sions, C, is real. First note that C;(r,,r,)=C,(r,,1;),
which follows from Eq. (48) and the invariance of
P(ry,r,,...,ry) under interchange of any two identical
atoms. Second, since C, depends only on p,, it is like-
wise invariant upon interchange of r; and r,. Therefore,
we have C,(r,r,)=C,(r,r;). Combining the latter
equality with the immediately preceding one yields
Cr=cC,.

s s 2 Az, 72
_ fodx fody fl.—Az”_/Z dzfo d¢f—Az,Z/zdz“C"(rl’rZ)PlePu .
AAz,[pM(z) P[2mp1,Ap Az 1,8 P (pyy)]

E. Isostress-isostrain Monte Carlo method

To compute ensemble averages (G ) via Eq. (23), we
employ the isostress-isostrain ensemble Monte Carlo
technique by which (a numerical representation of) a
Markov chain of configurations is generated according to
the isostress-isostrain ensemble probability density
P(ry;s,), given formally in Eq. (24). As detailed in Ref.
[38], the chain is realized by a sequence of two consecu-
tive stochastic events: diffusion of film atoms and homo-
geneous compression or dilation of the film in the normal
dimension. Since s, remains fixed during the diffusion
step, the classical Metropolis algorithm [55] is used to
determine whether the attempted displacement of an
atom is accepted on the basis of the associated change in

TABLE 1. Parameters of the system and the isostress-isostrain Monte Carlo procedure. See also Ref. [57]. All quantities are di-

mensionless.

Temperature, T*

Normal stress, T,

Areal density of the film, df
Lattice constant, /*

Side length of film, s*(1/1;)

Starting configuration

Number of equilibration steps

Number of steps between computations of
cumulative averages

Total number of MC steps

Side length of displacement cube

Radius of spherical primary zone
Thickness of cylindrical annulus of
secondary zone

Radius of neighbor list

Potential cutoff

Displacement of wall, 8s,*

Thickness of imaginary layer used in
computation of p'V, Az*

Thickness of cylindrical annulus used in
computation of correlation functions, Ap,

1.00

0.00

0.78272

1.5985
23.9775(15/16)
25.5760(16/15,16/16)
17.5835(11/12)
19.1820(12/12)

fcc(100)
(1.5—2.5)X10°

4N
(4—30) X 10°
0.05—0.13
1.8

0.7

2.7

35
0.1—0.15
0.01

0.02
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the configurational energy, AU. To compute AU, we ex-
pand the configurational energy in a Taylor series of
powers of the coordinate of the displaced atom, after
displacing the atom. This reduces the computational
work by 20—-40 % over the conventional scheme [56,57].

After N diffusive steps, the film is subjected to
compression or dilation in the z direction, which is ac-
complished by changing s, by a small amount 8s,. The
magnitude of 8s, is adjusted during a given run so that
60-70 % of the attempts are accepted. The film is
compressed (or dilated) homogeneously, that is, the z
coordinates of all film and wall atoms are scaled by the
ratio of wall separations s, before and after compression
(dilation). Again AU needs to be computed to determine
whether an attempted compression (dilation) is accepted.
Since only the z component of the atom-atom separation
r;; is affected, it is convenient to store the in-plane projec-
tion p;; and recompute the configurational energy result-
ing from compression (dilation) using the stored p;; and
the scaled z;;.

We handle shearing of the film as a quasistatic (i.e., re-
versible) process. The shear strain (registry) is initially
fixed at a=0 for the monolayer or at a=0.5 for the bi-
layer, which are the only cases we shall consider. The N
film atoms are then placed between the walls in a solid-
like fcc (100) configuration. The Markov chain for the
beginning registry is generated and relevant ensemble
averages are evaluated according to the specifications
enumerated in Table I, where the entries are given in
terms of the customary dimensionless (starred) units: dis-
tance (r*=r/o) in units of o, energy (E*=E /€) in
units of €, and temperature (T*=kyzT /€) in units of
€/kp. a is then increased by a small amount (0.01 to
0.05), a new Markov chain initiated from the final
configuration at the initial registry and the ensemble
averages evaluated. This procedure is repeated until the
entire range of a is covered. In this way, all properties
are obtained as functions of « at fixed N, T, and T,,. In
all cases to be considered in this work, 77*=1.00 and

*=0.0.
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IV. RESULTS OF MONTE CARLO SIMULATIONS

Our previous study [38] was restricted to a monolayer
film between fcc(100) walls having lattice constant
1*=1.5985 or areal density d.*=0.782 72, which corre-
sponds to wall atoms fixed so that nearest-neighbor dis-
tance is /*/2!/2=1.1303, a little larger than the separa-
tion »%=2!7=1.12 at which the Lennard-Jones (12,6)
interatomic potential energy is minimum. In all cases
considered in this article, we set the areal density of the
film d} to this value. We adjust the lattice constant of
the walls, I, so that I /l,=n,/n, where ny and n are in-
tegers. If 1/1 =1, the walls are commensurate with the
film; if l/lf <1, the walls are compressed; if l/lf > 1, the
walls are stretched. We consider the following cases: (i)
monolayer (//1,=16/16, 15/16, 16/15; (ii) bilayer
(I/1,=11/11, 12/11).

A. Shear stress

To check the reliability of the computed quantity of
prime interest, T,,, we compare values obtained from
both the “virial” [Eq. (22)] and “force” [Eq. (28)] expres-
sions. Results listed in Table II for monolayer and bi-
layer commensurate films reveal excellent agreement. It
is perhaps noteworthy that for the bilayer, the film-film
and film-wall interactions make roughly equal contribu-
tions to the “virial” result, whereas the film-wall interac-
tion alone determines the “force” result. It should also
be noted that all values of T, for the monolayer agree
with previously computed [38] values for the smaller sys-
tem (n;=S5) to better than 1%.

1. Commensurate films

The points listed in Table II, along with additional
ones, are plotted in Figs. 2(c) and 3(b) to exhibit the
dependence of T,, on registry in greater detail. For the
commensurate monolayer, as a increases from 0.0, T,,
rises from zero to a maximum (the yield point a,), where

TABLE II. Comparison of shear stress T,x computed by “virial” [Eq. (22)] and “force” [Eq. (28)] ex-

pressions.

Eq. (22) Eq. (28)

System a TS s Th 5 y o Tr
monolayer 0.0 0.000 —0.003 —0.003 0.003
0.1 0.062 1.511 1.573 1.576
0.2 : 0.087 1.665 1.752 1.759
0.3 0.051 0.882 0.933 0.934
0.4 0.019 0.291 0.310 0.309
0.5 0.005 0.005 0.012 0.019
bilayer 0.0 0.000 0.006 0.006 —0.002
0.1 —0.020 —0.045 —0.065 —0.069
0.2 —0.136 —0.230 —0.366 —0.370
0.3 —0.530 —0.898 —1.428 —1.428
0.4 —0.415 —0.723 —1.138 —1.136
0.5 0.002 —0.008 —0.006 —0.002
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the shear modulus ¢4, vanishes [see Eq. (30)]. Fora>a,,
T,, decays monotonously to zero at a=0.5. For the bi-
layer, T, behaves similarly as a decreases from a=0.5 to
0, except that T,, is negative.

By symmetry T, is periodic in a of period 1 and must
vanish at a=0 and 0.5. However, depending on how
many layers make up the film, it is either stable (i.e,.
Gibbs potential is minimum) or metastable at these spe-
cial points. Commensurate films with odd numbers of
solid layers are stable when the walls are in registry
(a=0,%1,%2,...) and metastable when the walls are ex-

actly out of registry (a==%1,%+3,...); films with even

2 1
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FIG. 2. Shear stress T.% (@) and mean fourfold orientation
(0) vs registry a for monolayers. (a) 1/1,=15/16; (b)
1/1,=16/15; (c) 1 /1;=16/16. Triangles (A, ) refer to corre-
sponding ‘“‘ideal-gas” quantities. Solid lines are intended only to
guide the eye.
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FIG. 3. Same as Fig. 2, except for bilayers. (a) I/1,=11/12;
) 1/1,=11/11.

numbers of solid layers are stable at a==+1,+3,.. .,
and metastable at =0, =1,£2,... . Hence, to effect a
positive displacement of the upper wall confining a mono-
layer at =0, we must apply a positive force to the wall.
This is true for all registries in the range 0 <a <0.5. At
a=0.5, the monolayer is metastable; a slight displace-
ment must be opposed by a force in the opposite direction
in order to keep the wall in place. That is, T,, <O in the
range 0.5<a<1.0. On the other hand, the bilayer is
stable at @=0.5. A negative shear stress must be applied
to move the upper wall toward a=0.0, where the film be-
comes metastable. In other words, the Gibbs potential is
minimum at the registry of stability (a=0,%+1,%£2,...
for the monolayer and a==1,%3, ... for the bilayer).
The existence of a yield point signifies the film behaves
nonlinearly. As a departs from the registry of stability
the film becomes less elastic, eventually deforming plasti-
cally. We expect this to be reflected in the film’s struc-
ture as a decrease in order, which we discuss in Sec.
IV B. However, in the limit that the departure of a from
the registry of stability is small, elastic behavior is ob-
served. In this regime, the shear stress can be represent-

ed as
T, ~c%al (monolayer) ,
(50)
T, ~c%(a—0.5)] (bilayer) ,

where 024, the shear modulus of the stable solid film, is
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computed from the expression in Eq. (31). Shear moduli,
listed in Table III, are used in Eq. (50) to determine
straight lines tangent to the shear stress curves at a =0 or
0.5 (see Figs. 2 and 3). These plots demonstrate the relia-
bility of ¢4, but, more significantly, they also reveal sub-
stantial deviations from Hookean behavior at rather
small displacements. The plastic regime begins already at
a>0.03 for the monolayer and a <0.44 for the bilayer.
The monolayer is stiffer than the bilayer, that is, ¢, for
the monolayer is much greater than c24 for the bilayer.
Note that the yield point for the monolayer is displaced
(Aa~0.15) slightly less from the registry of stability
(a=0) than is the yield point for the bilayer
(a~0.5—0.32=0.18), although the yield stress support-
ed by the monolayer is substantially greater. This is con-
sistent with earlier results for the shearing of a multiple-
layer solid film at fixed s,, rather than fixed T,, [30] and
can be rationalized by a similar argument: as the number
of layers in the film increases, the solidlike character of
the layers decreases toward the center of the film and it
takes less force to break down the less ordered structure
of the inner layers.

2. Incommensurate films

Referring now to Figs. 2(a) and 3(a) and to Table III,
we observe that the monolayer and bilayer between in-
commensurate walls compressed with respect to the film
exhibit the following common characteristics: the yield
point is shifted further from the registry of stability, the
yield stress is lower, and the film is less stiff than for the
commensurate counterpart. The shifts are relatively
greater for the bilayer than for the monolayer. This is
perhaps not surprising, since the template effect is expect-
ed to be weaker for the more compressed wall confining
the bilayer.

As can be seen in Fig. 2(b), stretching the walls slightly
(6.66%) has a much stronger influence on the shearing
behavior of the monolayer than does compressing them
by a comparable fraction (6.25%). The range of elasticity
of the stretched-wall film appears to be extended appreci-
ably, compared with films between commensurate or
compressed walls.

10 11 12 13
FIG. 4. Dependence of g%, g,, and g¢ on registry for the in-

commensurate (//l;=15/16) monolayer. a=0.0, ;
a=0.3, - "‘,a=O4, . . .;a=0'5’ _____ ..

B. Molecular structural changes accompanying shearing

The connection between rheological behavior of the
films and their molecular structure can be seen in the
dependence of mean fourfold orientational order O,
(Figs. 2 and 3) and of the translational and orientational
correlations g%, g,, and g, (Figs. 4—8) on registry.

1. Commensurate films

From Egs. (43), (44), and (47) we deduce that O,=1 for
a perfect fcc(100) lattice. But Figs. 2(c) and 3(c), respec-

TABLE III. Rheological characteristics of prototypal films. All quantities are dimensionless.

Film 1/1; al Tla,)* % (s*)°
monolayer 16/16 0.15 1.88 12.6 1.689
15/16 0.20 1.18 8.4 1.825

16/15 0.35 0.30 0.6 1.961

bilayer 11/11 0.32 —1.47 7.7 2.532
11/12 0.25 —0.47 2.0 2.843

“ideal gas” 16/16 0.16 0.50 5.4 1.862
15/16 0.17 0.50 1.901

16/15 0.14 0.50 1.811

#Registry at yield point.
®At @=0.0 for monolayer, a=0.5 for bilayer.
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tively, show that O,~0.9 for the commensurate mono-
layer and bilayer. On account of thermal motion of the
film, the film’s layers are not perfectly ordered. Figures 6
and 8 also reflect the highly ordered state of the mono-
layer and bilayer films at their respective registries of sta-
bility, =0 and @=0.5. In both cases g? virtually coin-
cides with the theoretical g‘? for a (thermal) fcc(100) lat-
tice, out to pf,~ 13 for the monolayer and p},~9 for the
bilayer. The corresponding g,’s confirm the strong four-
fold coordination and the g¢’s the lack of significant six-
fold coordination indicative of a close-packed pseudo-
two-dimensional layer [43,44]. At small strains, in the re-
gion of elastic behavior, O, remains nearly constant,
reflecting the persistence of a solidlike film that responds
harmonically to the applied stress. As the yield point is
exceeded, O, declines rapidly, until the state of minimum
order (the registry of metastability, which is a=0.5 for
monolayer and a=0.0 for bilayer) is reached. The de-
crease in O, is mirrored in the correlation curves of Figs.
6 and 8, which indicate that the peaks decrease markedly
in intensity and become smoother. Nevertheless, non-
negligible translational correlations clearly persist in g?
and g, out to the limits p},~12.8 (monolayer) and
ph,=p*~9 (bilayer) for registries well beyond [a~0.3
(monolayer), a~0.2 (bilayer)] the yield point. It is in-
teresting that, even at their registries of metastability,
both monolayer and bilayer retain a small degree of four-
fold order, as seen in the nonzero values of O, in Figs.
2(c) and 3(b). It is particularly evident in the plot of g,
for the bilayer [see Fig. 8(b)]. Note that for the bilayer g,
remains long range at the registry of metastability,
whereas for the monolayer g, becomes short range in this
limit. As g, decreases, g rises, although the latter drops
off with p;, much faster than g,, indicating that the six-
fold coordination is short range.

The steady decline in O, with a for the monolayer
[Fig. 2(c)] reflects a second-order transition, which is con-
sistent with our earlier conclusion based on fluctuations
in thermodynamic quantities [39] and on non-Brownian
diffusion [40].

2. Incommensurate films

Plots of O, for monolayers and bilayers confined by
compressed walls [see Figs. 2(a) and 3(a)] exhibit a depen-
dence on registry like that of the commensurate films, ex-
cept the magnitude and rate of decrease with departure
of a from the registry of stability are smaller. This
reflects softer and weaker films, as expected from the
lessening of the template effect of the compressed walls.

The g? and g, for the monolayer between compressed
walls (Fig. 4) display long-range correlations with the dis-
tinctive character of a strained fcc(100) layer, although
the intensity of the correlations is uniformly lower. The
peaks appear to be shifted inward compared with the
commensurate case (Fig. 6). For example, the peak at
p=1*~1.6 in Fig. 6(a) lies at p},=I*~1.5 in Fig. 4(a),
that is, the shift in the peak’s position is approximately in
proportion to the shift in the lattice constant of the wall.
This suggests that a compressed solid monolayer forms
epitaxially on compressed walls in registry. As «a in-
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creases, fourfold coordination declines as sixfold rises; for
registries beyond the yield point, the sixfold correlation
becomes as strong as, or stronger than, fourfold, yet the
latter appears longer range than the former, as for the
commensurate monolayer.

In contrast to the monolayer, the bilayer between
compressed walls shows g ?”s that vary only slightly with
registry [Fig. 7(a)]. The same is true for the g4’s. It may
be a mere curiosity that the structure of g'*”s for the
compressed bilayer are very similar to that of g'? for the
compressed monolayer at «=0.3 and that O, for the bi-
layer varies only slightly around 0.2, the value of O, for
the monolayer near a~0.3. The structures of the g,’s
are also similar. It should be emphasized that, although
the monolayer between compressed walls clearly displays
the features of a compressed solidlike fcc(100) film, the
bilayer between compressed walls lacks any vestiges of
the fcc structure. We presume the walls are too much
compressed.

0, for the monolayer between stretched walls at =0
is less by a factor of about 2 than O, for the monolayer
between compressed walls [see Fig. 2(b)]. Scrutinizing
the plots creatively, one can descry the remnants of
fcc(100) structure in g'? and g, (Fig. 5), with peaks much
reduced in magnitude and shifted to greater p}, com-
pared with the commensurate monolayer. Short-range
sixfold orientational correlation is, however, about as
strong as fourfold and does not change appreciably as
varies. Note that fourfold correlations persist out to long
distances (p, ~ 13) even at the registry of metastability.

The compressed walls induce a compressed fcc(100)
monolayer at a=0, whereas the stretched walls cannot
sustain a monolayer having clearly identifiable fcc char-
acter. From the last column of Table III, we note that
the mean distance between the walls is greater for either
incommensurate monolayer than for the commensurate
one, which suggests that neither of the former fits as well
between the walls as does the latter. Moreover, the
stretched-wall monolayer fits less well than the
compressed-wall one. The twelve near neighbors of each
film atom (four in each wall and four in the film) conspire
to cage the atom. If the walls are not too compressed,
then the near-neighbors film atoms can move closer to
form a tighter, albeit less stable, cage. All atoms are
cooperatively caged to make up a compressed film. On
the other hand, if the walls are stretched a little too
much, the resulting cages are too loose to render the film
truly solid. The phase has both solid and fluid character.
How then does such a film support a shear stress?

C. “Ideal-gas’” monolayers

To separate the effects of film-film and film-wall in-
teractions on rheological behavior, we simulated the
shearing of ‘“ideal-gas” films, which neglect the film-film
contribution to the potential energy [see Eq. (6)]. Plots of
T,, and O, are displayed in Fig. 2 and plots of g'?’ in Fig.
6(d). The characteristic rheological parameters are listed
in Table III. The similarity of the dependences of T,
and O, on a among commensurate and incommensurate
cases is striking. One should recall that the areal density
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of film atoms is kept constant at 2/1}, while that of wall
atoms varies according to 2/12, where
1/1;=n;/n;=15/16, 16/16, and 16/15. The film atoms
do not “‘see” one another; they are free to arrange them-
selves independently in the field of the walls. They
should therefore tend to be most populous in the minima,
which for the commensurate case would be in the vicinity
of the fcc(100) lattice points. We expect O, to be appre-
ciable, as Fig. 2(c) indicates. Also, g'* at a=0 exhibits
long-range correlation and peaks in one-to-one
correspondence with those for the commensurate mono-
layer. Although the intensities of the peaks are much re-
duced, the relative magnitudes remain nearly the same,
except that some sharp peaks in the commensurate case
become barely perceptible shoulders in the ‘‘ideal-gas”
plot.

We surmise that the gas atoms become localized in
weak cages formed by the eight nearest neighbors in the
walls. That is, the film atoms are localized in potential
holes and their mutual attraction for each wall “pins” the
walls. This pinning mechanism must of course play a
role in the fully interacting film, for which the potential
energy is given by Eq. (2). However, it is curious that
film-film interactions appear to soften the film between
stretched walls [see Fig. 2(b)]. The intermolecular forces
apparently preclude the film atoms from adjusting their
relative positions in order to fit nicely into the cages
offered by the stretched walls. As discussed in Sec. IV B,
this mismatch leads to a disorganized film, which conse-
quently supports a smaller shear stress than the film be-
tween either commensurate or compressed walls.

V. DISCUSSION AND CONCLUSIONS

The original motivation for this work was a desire to
clear up an apparent contradiction observed in earlier
simulations [38] of shearing of prototypal commensurate
monolayer films at constant T, N, and T,,. The term
“shear melting” was applied to the transition leading
from a solid layer at @ =0, where g'? displays features in
precise correspondence to those of the fcc(100) plane, to a
state where g ?) looks very similar to g‘?’ for fluidlike lay-
ers that are far removed from the walls in thick films [21],
at least if one examines g'?) only as far as third near
neighbors, which was the limit imposed by the size of the
simulation cell [38]. Nevertheless, this fluidlike film is
capable of sustaining a considerable shear stress. Here is
the contradiction: to support a shear stress, the film
would seem to need to possess a rigidity characteristic of
solid and therefore to exhibit the long-range order of a
solid.

The results of the present simulations indeed show that
fourfold orientational order characteristic of the fcc(100)
plane persists for values of a far beyond the yield point in
the monolayer films between both commensurate and
compressed walls. Sixfold order sets in gradually as «
ranges from O to 0.5 and the fourfold order decreases.
We surmise that this reflects the formation of a quasi-
two-dimensional close-packed fluid.

The behavior of the monolayer between stretched walls
is distinctly different from that of its counterpart between
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compressed walls. Although the former displays long-
range fourfold orientational order, it is very much weak-
er. Moreover, the structures of g»’ and g4 hardly bear a
resemblance to the forms of g'® and g, for the fcc(100)
plane. With imagination one may argue that g'® and g,
for the stretched-wall case result from averaging out the
fine fcc details clearly discernible in the plots for the
compressed-wall counterpart. However, short-range six-
fold order of the same magnitude as the fourfold order is
present in the stretched-wall monolayer at all registries.
This suggest that the state of the film is quasi-two-
dimensional liquid with superposed weak long-range fcc
order.

To separate the effects of film-film and film-wall in-
teractions on the rheological properties of the mono-
layers, we examined the ‘“ideal-gas” film, in which inter-
molecular forces among film atoms are set to zero, so that
film atoms experience only the background potential of
the rigid walls. The ‘“ideal-gas” film does indeed support
a substantial shear stress and also exhibits long-range
translational and fourfold orientational order. The struc-
ture of g'? for the commensurate case clearly displays
averaged fcc(100) characteristics. We believe this to be
due to the preferential occupation of the potential holes
(or cages formed midway between the walls by the eight
nearest neighbors about the hole) by the independent film
molecules. The lattice of holes of course has fourfold
symmetry identical with that of the fcc lattice. The less
intense, “averaged” appearance of g'? for the “ideal gas”
is due to the lack of intermolecular forces among film
molecules, which help to keep the molecules more local-
ized in their potential holes in the case of the commensu-
rate monolayer. That all “ideal-gas” films have about the
same rheological parameters, regardless of the degree of
commensurability of film and walls, reflects the freedom
of the independent film atoms to adjust their positions
without mutual interference in order to occupy the regu-
lar array of potential holes most efficiently.

The “ideal-gas” findings suggest that a primary mecha-
nism by which monolayer films support an applied shear
stress is “pinning:” the mutual attraction of the film mol-

.ecules in their potential holes for each wall “pins” the

walls. The (applied) “pinning” stress has a normal com-
ponent T,, and a transverse component 7,,. The latter
vanishes when a=0 or 0.5. Between these extremes of
registry, the population of ideal gas molecules in the po-
tential holes is distributed asymmetrically in the x direc-
tion, giving rise to a net stress opposing the applied shear
stress.

We expect pinning to be enhanced with respect to the
“ideal-gas” limit for commensurate films, since the forces
on each molecule from its neighboring film molecules
should assist the walls in keeping the molecule caged. On
the other hand, intermolecular interactions within the
film may actually weaken pinning; if the degree of incom-
mensurability is large enough. Film-film interactions
may not permit the film atoms to fit comfortably into
cages. We pointed out in Sec. IV C how this happens for
the monolayer between stretched walls.

The pinning mechanism is expected to operate in any
monolayer film, regardless of the structure of the walls.
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The key element is the existence of potential holes be-
tween relatively rigid walls that can be occupied by film
molecules. Depending on the degree of commensurabili-
ty of film and wall structures, the film will be more or less
ordered. Pinning may therefore explain stick-slip
behavior that is universally observed in SFA dynamic
shear measurements of ultrathin liquid films [10]. This
would assume, however, that the mica sheets are separat-
ed, in some regions at least, by only a monolayer.

Our results for the bilayer support that pinning also
operates in thicker films. For example, the bilayer be-
tween compressed walls, for which long-range fourfold
orientational order is evident, but extremely weak com-
pared with that of its commensurate counterpart, is
stiffer and stronger than the monolayer between stretched
walls. Here pinning requires film-film interactions; with
the walls far enough apart to accommodate a bilayer,
their mutual attraction to the “ideal gas” would be negli-
gible. The cooperation of both film-film and film-wall in-
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teractions results in the effective caging of film molecules.
The cages are in general distorted from the fcc
configuration; long-range order is accordingly reduced.
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