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Simple liquids confined to molecularly thin layers. I. Confinement-induced
liquid-to-solid phase transitions

Jacob Kleina) and Eugenia Kumachevab)

Weizmann Institute of Science, Rehovot 76100, Israel

~Received 2 September 1997; accepted 14 January 1998!

A surface force balance with extremely high resolution in measuring shear forces has been used to
study the properties of films of the simple organic solvents cyclohexane,
octamethylcyclotetrasiloxane, and toluene, confined in a gap between smooth solid surfaces. We
were able to probe in detail the transition between liquidlike and solidlike behavior of the films as
the gap thickness decreased. Our results reveal that in such confined layers the liquids are fluid down
to a film thickness of few molecular layers~typically seven, depending on the particular liquid
examined!. On further decreasing the gap thickness by a single molecular layer, the films undergo
an abrupt transition to become solidlike in the sense that they are able to sustain a finite shear stress
for macroscopic times. At the transition, the effective rigidity of the films, quantified in terms of an
effective creep viscosity, increases by at least seven orders of magnitude. This sharp transition is
reversible and occurs as a function of the confinement alone: it does not require external applied
pressure. Following the transition the confined films behave under shear in a manner resembling
ductile solids. ©1998 American Institute of Physics.@S0021-9606~98!51415-8#
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I. INTRODUCTION

In recent years the properties of simple liquids in t
vicinity of solid surfaces, both for bulk liquids and particu
larly when they are confined to thin films, have been stud
extensively. This is partly because of obvious practical c
nections~friction and lubrication,1 wetting properties,2 adhe-
sion and wear3,4!, but at the same time because the behav
of liquids in ultrathin films is not yet well understood. A
outstanding issue, on which we shall focus in this pap
concerns the manner in which liquid films change from be
fluid in macroscopically thick films, to behaving like solid
when confined to films only a monolayer or two
thickness.1,5–7 For bulk liquids in contact with a single
smooth solid surface, layering of the molecules is induc
decaying over a few molecular diameters from t
surface.8–10 The question of the fluidity of liquids near
surface has also been examined.8,9 Careful determinations o
the plane of zero shear when liquids flow past a single s
surface indicate that bulk simple liquids near a surface
main fluid right up to the solid–liquid interface.11–13Surface
force balances~SFB! have been used to probe both the d
namic and the structural properties of ultrathin films and s
gest that, even when confined, liquids retain their bulk v
cosity as long as the films are thicker than about
molecular diameters.11–14 At the other extreme, highly com
pressed films of simple liquids confined to 1–3 molecu
layers between smooth solid surfaces have been show
display solidlike features, manifested by a finite yie
stress5,6,15,16and characteristic stick-slip behavior,1 as well as
a marked layering of the confined molecules.17,18

a!Author to whom correspondence should be addressed.
b!Present address: Department of Chemistry, University of Toronto, T

onto, ON M5S 3H6, Canada.
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Few experimental studies have addressed the proces
which a liquid changes to a solid as it becomes confined
increasingly smaller gaps. Some studies based on the s
of highly compressed layers between parallel plates have
ported that these undergo a continuous increase in their
cosity as the plate separation decreases below a
nanometers.19–21 This regime has been described as ‘‘inte
mediate’’ between a bulk liquid and a solid, and it has be
remarked19,20 that the effective viscosityheff of some liquids
in this regime varies with the shear rateġ asheff}ġ22/3. In
contrast, a different picture, where the liquid-to-solid tran
tion in simple liquids is a very sharp one and occurs
increasing confinement at a well-defined film thickness, w
no intermediate regime, has recently been reported.7

Computer simulations and theoretical investigatio
have shed much light on the molecular details underly
both structural and dynamic behavior of liquids in the high
confined regime, as will be discussed in more detail la
Several studies suggest that liquids composed of sphe
molecules may undergo a sharp liquid-to-solid transition
confinement to a few monolayers.22–27 In others, the varia-
tion of liquid viscosity with shear rate in ultrathin confine
films is explored, as is the question of stick-slip sliding b
tween the confining surfaces.25,26,28–30Very recently, the na-
ture of the confinement-induced liquid-to-solid transition
self has been addressed directly both analytically31,32and via
computer simulation studies.27,33

The present study extends our earlier brief report
confinement-induced phase transitions in a simple liqu7

Using a surface force balance with uniquely high resolut
in directly measuring shear forces across thin films, we
vestigate a number of simple nonpolar liquids with qua
spherical molecules, and examine comprehensively the
namical and mechanical behavior of the confined films. O

r-
6 © 1998 American Institute of Physics
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study reveals several qualitatively new features of thin-fi
properties. In this first paper~I! we focus on the issue of th
transition in the behavior of the confined films as the fi
thickness is reduced from macroscopic dimensions to
point where the liquid behaves in a solidlike fashion. In S
II we describe in detail the surface force balance and
operation. The effect of increasing confinement on the sh
response of the liquids is described in Sec. III. In the fi
section we consider this behavior in the light of theoreti
and computer simulation studies, as well as of earlier inv
tigations on confined simple liquids. In the following pap
~II ! we report on the properties of the solidlike confin
films, that is, after they have undergone the liquid-to-so
transition.

II. EXPERIMENT

A. Apparatus and measurements

The use of mica as a model smooth substrate to mea
friction was first reported by Bailey and Courtney-Prat34

who deposited boundary lubricants on the mica surfac
Surface force balances~SFB!, where normal forces betwee
atomically smooth, curved mica surfaces are directly m
sured as a function of their separation, have been utili
extensively since their first descriptions in the late 1960s
Tabor and co-workers,35 and especially following their ex
tension by Israelachvili and Adams to the case of for
across liquid media.36 Force balances have also been used
investigate friction and shear forces across mica sheets
tween which different materials~such as polymers, surfac
tants, or simple liquids! could be compressed.5,6,37–40In our
previous investigations we examined the shear forces
tween polymer-bearing mica surfaces~both adsorbed and
end-tethered chains! immersed in a solvent.40–42 Due to the
remarkable lubricating properties of polymer brushes in go
solvents, the shear forces during steady sliding, even u
substantial normal loads, can be several orders of magni
weaker than the smallest forces measureable with ea
force balances. The apparatus used in the present study
originally designed to measure these very weak forces.

Figure 1 shows the surface force balance schematic
~a brief description has appeared earlier40!. The normal
forcesF(D) and lateral~or shear! forcesFs(D) between the
two curved mica sheets a closest distanceD apart are mea-
sured by monitoring the bending of two orthogonal sets
leaf springs, vertical springsS1 ~spring constant K1

5300 N/m), and a horizontal springS2 ~spring constantK2

5150 N/m!. The bending ofS2 ~on which the lower mica
surface is mounted! is determined, as in earlie
versions,35,36,43 using multiple beam interferometry. This
done by monitoring the change in wavelength of fringes
equal chromatic order~FECO! in response to applied motio
in the z direction.

Application of shear motion and measurements of
shear force are carried out as follows. The top mica surfac
mounted on a piezoelectric tube~PZT, diameter 12.7 mm
length 12.7 mm, and wall thickness ca. 1 mm, ceramic m
terial 5-H, supplied by Morgan Matroc Ltd., UK, cat. n
8531-5H! whose outside silvered surface is divided, by
e
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moval of four narrow conducting strips at 90° intervals, in
four equal sectorsA–D. By applying equal and opposit
voltages~with respect to the inner conducting surfaceE of
the PZT! to two of the opposing outside sectors~sayA andC
which oppose each other alongx in Fig. 1!, one expands
while the other contracts. This provides a lateral moti
~in thex direction! to the top mica surface, as indicated in th
right of Fig. 1. The range of lateral motion is some 15 000
in either the1x or 2x directions, for a total lateral motion
amplitude xm'30 000 Å. The resonance frequency of th
PZT in its shear mode is over 100 kHz, but in the config
ration shown in Fig. 1 the maximum usable shear freque
nm is limited by the mountingBO to nm'550 Hz. The full
range of accessible mean shear velocitiesvs is thus from rest
(vs50) to a maximal valuevs52xmnm'3.53107 Å/s ~a
steplike voltage pulse can result in even higher instantane
shear velocities!. Any shear forces acting between the to
and bottom mica surfaces, as the former are made to mov
the x direction, are transmitted to the vertical springsS1 via
the rigid stainless steel mountBO on which the top surface
is mounted~the total mass of the PZT and upper lens and
boatBO on which they are mounted is ca. 20 g!.44

The sectored PZT is especially versatile in providi
both shear and normal motion of the upper mica surfa
pure normal motion~in the z direction! occurs when the
potentials of all four outer sectors are equal. A change in
potential then produces pure axial extension or contract
this is used particularly for the measurement of the profi
of normal interactions between the surfaces. The PZT

FIG. 1. Schematic~approximately to scale! of the shear force balance use
in the present experiments. The two mica sheets are mounted on cylind
quartz lenses in a crossed-cylinder configuration~inset!. The top lens is
mounted on a sectored piezoelectric tube~PZT, shown blown up on the righ
and illustrating the sideways motion induced when opposing sectors in
x-direction experience equal and opposite potentials!. The PZT~see text for
specifications! is mounted via a rigid stainless steel boatBO onto two ver-
tical copper-berrylium leaf springsS1 ~spring constantK15300 N/m! which
are rigidly mounted into the main body of the balance. Lateral forces
tween the mica surfaces are transmitted to the springsS1 , whose bending
changes the thicknessx of the air-gapG between the boatBO and a ca-
pacitance probe CP. This is monitored by the change in capacitanceG
~measured with a capacitor bridge, see text for details!. Normal forces are
measured via the bending of the horizontal stainless steel leaf sprinS2

~spring constantK25150 N/m!, whose motion is a perfect up–down on
without tilt ~the single cantilever representation ofS2 is for simplicity!. The
distanceD between the mica surfaces is measured as usual via the fring
equal chromatic order origination from the white light after projection on
the slit of the spectroscope.
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also provide simultaneous normal and shear motion, by
dependent adjustment of the voltages applied to the inner
outer sectors~E and A–D, respectively!, which enables
measurement of shear forces while very delicately vary
the normal forces. In addition, it can provide motion of a
desired form in thex-y plane~not only alongx! by suitable
synchronized inputs to the four sectors~for example, motion
at 45° to x, at right angles tox, i.e. alongy, or circular
motion in thex-y plane!. This can be especially revealin
where the shear forces are anisotropic with respect to
relative shear direction, as in the case of confined liq
crystals.45 In the present experiments only motion alongx
was utilized.

The bending ofS1 in response to the shear forces
detected by the changes in the capacitance of a small gaG
between a fixed capacitance probeCP and the moving boa
BO as shown. The capacitance bridge~Accumeasure 1000
probe ASP-1-ILA, MTI Ltd., Albany, NY! can detect
changesdx in the gapG as low asdx562 to 3 Å, provid-
ing an optimal sensitivityK1dx of better than60.1 mN in
measuringFs(D). These values of the sensitivity and res
lution in measuring the shear forces in monotonic slid
motion are comparable to those achievable in measuring
normal forcesF(D). They are about 100–1000 times bett
than values reported in earlier studies5,6,15 where frictional
forces were measured between mica surfaces sliding ste
past each other across simple liquids. Such sensitivity is
sential for the measurement of the weak shear forces
ported in the present study~and, particularly, for measuring
the ultraweak shear forces between sliding polymer brus
reported earlier41!. The actual output of the capacitanc
bridge is in volts, linear in the dimensions of the capacitan
gap G; it is calibrated in the factory~1 mV525.0 Å! and
checked by us prior to each experiment~see below!. In an
experiment, following mounting of the surfaces, the capa
tor gapG is adjusted to be parallel, and set, using a diff
ential micrometer~not shown in Fig. 1!, to the appropriate
dimensions, within the thickness range 20610 mm.

Random vibrations due to ambient noise are minimiz
by a custom-built electronic vibration isolation unit specia
tuned to eliminate the low-frequency tilting motion of th
building ~MOD 2A, JRS Ltd, Zurich!. All experiments were
carried out at 23.5 °C. The rooms in which experiments w
performed were thermally insulated and actively tempera
controlled to60.25 °C in order to minimize thermal drift.

A central requirement in measuring the shear force
that the surfaces move parallel to each other, at any g
separationD, when lateral motion is applied to the top su
face. This is because changes inD can lead to rapid change
in the normal force, which in turn result in changes
Fs(D). In general it is not possible to ensure that mechan
mounting of the PZT, boatBO, and springsS1 will result in
completely parallel motion of the surfaces when they are
in contact with each other under strong compression. To
rect for this, a small proportion of the voltage applied
either sectorA or sectorC of the PZT~whenA andC are the
active sectors! is fed back to the inner sectorE. Since the
voltage on sectorE provides for pure axial extension or con
traction ~z direction! of the PZT, independent of the she
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motion, the adjustable feedback enables elimination of
changes in the surface separationD, even when the surface
are not in contact, when the top surface is moved laterally
practice, it is possible to ensure thatD changes by no more
than ca. 10 Å as the top surface traverses the entire rang
lateral motion of 30 000 Å. Over the more usual range
lateral motion in the experiments of order 103 Å, the
changes inD during the lateral motion can be adjusted to
less than 1 Å. At the same time, the extent of tilt due to
cantilever motion of the PZT is extremely small, correspon
ing to a change inD of less than 1 Å for a lateral motion of
104 Å of the top surface.

In a shear experiment, in addition to measuring the d
tanceD and the normal forceF(D) between the surfaces
two additional outputs are recorded simultaneously. Th
are the voltage applied to the PZT, which gives a dir
measure of the applied lateral motion, and the signal fr
the capacitor bridge, which monitors the bending of the v
tical springsS1 , and thereby provides a direct measure of t
shear forceFs . These are recorded simultaneously either
an XYt double pen chart recorder or via a storage osci
scope. In the latter case signal averaging is possible~if de-
sired! to enhance the signal-to-noise level. In Fig. 2 we illu
trate typical outputs from the surface force balance.

In Fig. 2~a! the surfaces are in contact with no later
motion applied to the top surface. The level of this null s
nal, trace 2~a! ~from the capacitor bridge!, is a measure of the
sensitivity and resolution to which forces may be measur
as noted, the noise leveldx sets this resolution atK1dx'
60.1mN. When the surfaces are far from contact the no
level can be larger~examples are given later!. Trace 2~b!
shows the voltage applied to the PZT when a back-and-fo
shear motionDx0 is applied to the top surface: here th
surfaces are in adhesive contact~in air!, and trace 2~c! shows
the bendingDx of the vertical springs in response to th
shear force between them. Whenever this shear forceK1Dx
is less than the frictional force between the surfaces, t
move together, as shown in trace 2~c!. That is, Dx5Dx0 .
~This type of measurement is carried out in each experim
to calibrate the shear motion.!

Finally, trace 2~d! shows the shear response when t
shear forceK1Dx exceeds the frictional force. In this ex
ample, four monolayers of cyclohexane are confined
tween the surfaces: the surfaces adhere and move togeth
long as the shear force is less than the static friction fo
between them. When the shear forceK1Dx exceeds the static
friction they slide via a characteristic stick-slip motion. Th
type of motion occurs when the confined material, which
able to sustain a finite shear stress, breaks down at s
critical value of the increasing stress, at the top of the spi
indicated by C in Fig. 2~d!. The surfaces then slide or sli
rapidly relative to each other to relieve some of the stress
in the vertical portions following the spike tips, but at som
finite shear stress, as shown by point D in Fig. 2~d!, they
stick together again. The confined material is then once m
capable of sustaining a shear stress, and the cycle rep
itself. We note especially in Fig. 2~d! the very high repro-
ducibility of the stick-slip pattern between consecutive ba
and-forth sliding cycles.
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B. Materials

Three different liquids were examined: cyclohexan
toluene, and octamethylcyclotetrasiloxane~OMCTS!. Both
cyclohexane and OMCTS, especially the latter, due to
nonpolar nature and the large size of its quasispherical m
ecules~diameter ca. 9 Å!, have been used as model liquids
several earlier investigations.15–17,20,21Their structures, mo-
lecular dimensions, and melting temperatures are given
Table I.

Analytical grade toluene~Fluka! was used as receive
from freshly opened bottles. Cyclohexane~Fluka, analytical
grade! and OMCTS~Fluka, purum grade, 99% pure! were
stored for 2 days above 4A molecular sieves and then
tilled over pure, dry, filtered nitrogen. In several of the e
periments the liquids were twice distilled over nitrogen. F
OMCTS the middle fraction boiling at 175 °C~the literature
boiling temperature! was collected, and injected into the ba

FIG. 2. Traces corresponding to typical output of the shear experiment~a!
Variation with time of the capacitor bridge signal~corresponding to the
bending of the vertical leaf springsS1!, giving the equivalent shear forc
between the upper and lower surfaces, when the two are in adhesive co
in air. No lateral motion is applied to the top surface.~b! Variation with time
of the voltage applied to the sectored PZT, giving the back-and-forth lat
motion of the upper surface.~c! Variation of the shear force between th
surfaces~derived from the changes in capacitor bridge signal! corresponding
to the applied motion in~b! when the surfaces are in adhesive air conta
The frictional force exceeds the shear force at all points and the surf
move together without sliding.~d! Upper trace: applied back-and-forth mo
tion of the upper surface. Lower trace: corresponding variation of the s
force between the surfaces, separated byn54 layers of cyclohexane unde
a normal loadF/R53.5 mN/m. When the shear force exceeds the frictio
force slip occurs between the surfaces~e.g., at pointC to point D! which
then stick together again~at pointD! when the stress has partially relaxe
,
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of the force balance~Fig. 1! under dry filtered nitrogen. The
inside of the force balance was kept dry with P2O5. We
found that for cyclohexane this distillation procedure did n
result in noticeable changes relative to using cyclohex
directly from a freshly opened bottle, and in a number of t
experiments this latter procedure was used. For the cas
OMCTS, however, we found that distillation and transfer
the liquid under dry nitrogen to a balance in which a d
atmosphere was maintained influenced the value of struct
forces, and were essential for observing the behavior un
confinement described in this report.

All organic liquids used to clean the apparatus were a
lytical grade. Water used was purified~ELGA-Q water puri-
fication system!. Sym~diphenyl carbazide! was used to glue
the mica sheets to the cylindrical glass lenses for the cy
hexane and OMCTS experiments, and sucrose was use
the glue for the toluene experiments~both glues were BDH
analytical grade!.

Results shown are from several different experimen
with data often taken from a number of different conta
points between the mica surfaces in each experiment.

III. RESULTS

A. Normal force profiles

Prior to shear measurements the normal force profi
F(D) were determined in each experiment. Figures 3 an
show typical normalized force-distance profiles for cyc
hexane and for OMCTS. The profiles show characteris
oscillations, with each maximum corresponding to a discr
numbern of monolayers, as marked. They are closely simi
to those reported earlier for these liquids~see captions to
Figs. 3 and 4, and also Fig. 5!. The issue of sample purity is
crucial, as impurities can result in partial or total suppress
of the structural oscillations~especially if the impurities are
surface active! and, as we see later, in strong modification
the shear behavior of the confined liquids. In Fig. 5 our d
for the structural oscillations in OMCTS are compared w
several independent earlier determinations17,46–48 of struc-
tural forces in this liquid which had been purified and d
tilled or double distilled in a similar manner to that in th
present study. While there is appreciable scatter, for reas
which have been discussed,48 nonetheless data from all suc
studies fall within the shaded bands indicated.49 In contrast,
where the OMCTS is not distilled, the magnitudes of t
repulsive structural forces are very much weaker~open
circles in Fig. 5!, presumably because of the presence
foreign ~non-OMCTS! molecules.50 Studies on OMCTS
where the effect of added foreign molecules or of slig
roughening of the confining surfaces has been explic
investigated46,47,51also show a much reduced magnitude
the structural forces. Taken together, these observations
ambiguously show that the effect of foreign molecules is
disrupt the ordering/layering of the molecules of the confin
OMCTS, and that in order to eliminate such a disruption it
important to distil carefully the as-received liquid as well
to dry it thoroughly. Determination of the oscillatory forc
profiles at the beginning of each experiment was thus a
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TABLE I. Structure and properties of liquids used.

Liquid Structure and formula
Approximate
diameter~Å!

Melting
temp.~°C!

Octamethylcyclo-
tetrasiloxane
~OMCTS!

(SiO!4~CH3)8 8.5–9 17

Cyclohexane C6H12 5.5 6

Toluene C6H5CH3 ~6! 295
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condition for its continuation, as absence or reduced ma
tude of the oscillations generally indicated the presence
impurities.52

Similar oscillations could be observed for toluen
though these could be observed to some four or five lay
only, and were not accurately measured in this study. Os
lations were monitored frequently during the course of
experiment for control of its continuing integrity. At th
highest normal compressions applied in this study the liqu
were squeezed down ton53 layers, though on occasion
when sheared at high compressions, a further layer coul
‘‘squeezed out’’, ton52. At the highest compressions w
were able to observe some flattening of the surfaces nea
contact region~see below!.

B. Confinement-induced liquid-to-solid transitions

We discovered that on progressively bringing the s
faces closer together, we could induce, by increased con
ment alone, sharp transitions in the dynamic properties of
liquids in the gap. Figure 6 shows a qualitative manifestat
of the sharpness of this transition~for the case of OMCTS!
as the two mica surfaces approach. The traces shown re
directly the change in capacitance of the air gapG ~Fig. 1!,
and thus monitor the variation with time of the relative la
eral ~shear! motion Dx of the surfaces across the confin
liquid. At large surface separationsD, and with no motion
applied to the top surface,Dx responds to external ambien
i-
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FIG. 3. Force (F)-distance (D) profile between curved mica surfaces~plot-
ted asF(D)/R whereR is the mean radius of curvature! in a crossed cyl-
inder configuration in cyclohexane. Solid triangles: data from Ref. 17. A
earlier investigations of structural forces Refs. 17, 21, and 46–48, the va
of D are with respect to zero determined for dry air contact between
surfaces.
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noise at the characteristic frequency~ca. 17 Hz! of the spring
S1 , as shown in trace 6~a! (D51160 Å). When the surface
are brought closer together, these random vibrations pe
down toD56262 Å, trace 6~b!; this corresponds to pointb
on the normalized force profile, as shown on the right of
traces, atn57 molecular layers of OMCTS. Upon sligh
further compression, the surface separation decreased
continuously toD55462 Å ~point c on the normal force
profile, corresponding ton56!. At this point, as seen in trac
6~c!, the 17 Hz vibrations cease abruptly. This transition
curs over time scales shorter than we were able to mea
~, 0.5 s!. The change in confinement from seven to s
molecular layers has all at once rendered the film so
enough to resist the random lateral shearing motion indu
by the external noise. The transition is reversible, that is,
increasing the separation toD.6 monolayers, random vi
brations ~at ca. 17 Hz! are observed again. Moreover, th

FIG. 4. F(D)/R profiles in OMCTS. Solid triangles: data from Ref. 17

FIG. 5. Comparison of force-distance profiles in OMCTS from several
dependent studies~., Ref. 17;m, Ref. 46;j, Ref. 47;1, Ref. 48! with the
present data~d!. The solid points are the maxima and minima of t
F(D)/R variation for samples that have been distilled or double-distill
The shaded bands include scatter in all data. The open circles~s! are from
a study~Ref. 21! where the OMCTS was used as received, under dry c
ditions but without distillation~no data for minima were reported in thi
study!.
ist
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-
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transition to the solid-like~shear-stress sustaining! phase is
induced by the additional confinement alone: little norm
pressure on the OMCTS is necessary~see caption to Fig. 6!.
Once then57→n56 transition has taken place, the co
fined OMCTS retains its solidlike characteristics even if t
applied small normal force@corresponding to pointc on the
right-hand side~RHS! of Fig. 6# is reduced to zero.

The sharp transition observed for OMCTS at the co
finement changen57→n56 is characteristic also of the
other liquids studied, though it could take place at sligh
different confinements. For cyclohexane the abrupt cha
manifested in Fig. 6 was generally observed asn57→n
56. However, in one or two instances where ambient no
was especially low~in late night experiments! the transition
was seen for a change in layer spacingn58→n57, and

-

.

-

FIG. 6. Left-hand side: Direct recordings~from a recording oscilloscope! of
the variation in time of the relative lateral displacementDx of the mica
surfaces immersed in OMCTS~with no applied lateral motion! at separa-
tions as follows: trace~a! D51160 Å; trace~b! D56262 Å; trace~c! D
55462 Å. Traces~b! and ~c! correspond to pointsb and c on the force
distance profile for this liquid reproduced~from Fig. 4! on the right-hand
side.

FIG. 7. Top trace: Lateral back-and-forth motion applied to the top m
surface when sliding past the lower surface across OMCTS. Traces A
and C correspond to the surface separations~or n values! shown; the normal
forces for traces B and C correspond to the pointsB andC shown on the
right-hand side force profiles for OMCTS reproduced from Fig. 4.
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solidlike behavior in cyclohexane was manifested in th
conditions already forn57. For toluene, the abrupt liquid
to-solid change was observed at then55→n54 transition.
We discuss the nature of these transitions in more de
later.

A more quantitative manifestation of this liquid-to-sol
transition was obtained by applying a controlled lateral m
tion to the top mica surface via the piezoelectric tube a
measuring directly the resulting shear forceFs(D) between
the surfaces. This is shown for the case of OMCTS in Fig
as the top surface is moved laterally at a uniform veloc
first in one direction and then in the other, top zig-zag tra
in Fig. 7, the shear force transmitted to the lower surface
the confined OMCTS is recorded directly in the trac
shown. At surface separations fromD51160 Å down toD
56262 Å (n57) no shear response is detected within
noise level of the signal, as seen from traces A (D51160 Å)
and B (D562 Å) of Fig. 7@trace B is taken at pointB on the
F(D)/R plot to the right of the trace#. When the surfaces ar
moved together toD55462 Å (n56), the form of the
shear stress transmitted by the OMCTS changes sha
@trace C of Fig. 7, taken at pointC on the adjacentF(D)/R
plot#. The response is now characteristic of a solid confin
between two surfaces: an initial elastic regime, as the sh
stress rises to a yield point~regiona in curveC!, is followed
by a ‘‘plastic’’ deformation of the OMCTS in the gap, as fo
a ductile solid under shear. The two confining surfaces t
slide past each other at a uniform mean velocity~regionb in
curve C!. This behavior is similar to that shown in Fig. 2
trace D, though the data averaging in trace C of Fig. 7
obscured any stick-slip behavior.

1. Effective viscosity prior to the liquid-to-solid
transition

The shear force data of Fig. 7, trace B show that
responseFs(D) of OMCTS films only seven molecular lay
ers thick is liquidlike and similar to that of much thicke
films, as in trace A, and that both are within the signal re
lution dFs . Qualitatively similar behavior was observed f
confined cyclohexane. We may use this observation to e
mate from our data an upper limit on the viscosity cor
sponding to this response of the liquids confined between
mica surfaces. We focus on OMCTS, and consider the
havior in the liquidlike regime at film thickness correspon
ing to n57 monolayers just prior to the transition.

The configuration of the crossed cylindrical mica su
faces near the region of closest approach is equivalent to
of a sphere, radiusR ~'1 cm! a distanceD from a plane.
The forceFs(D) required to move a sphere in a liquid m
dium of Newtonian viscosityh at constant velocityvs par-
allel to a plane wall a distanceD away, forD!R, is given
by a series expansion whose leading term is53

Fs~D !5S 16p

5 D vshR ln~R/D !. ~1!

Thus forD,100 nm, the range of the present study, t
force on the moving sphere is dominated by its viscous
teractions with the wall. Equation~1! applies for the case
where the viscosityh is constant. For the case where t
e
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viscosity may change with the confinement we need a dif
ent approach, since the extent of confinement~and thus the
viscosity! changes across the gap due to the curvature of
surfaces. We need to extract from the shear forceFs(D)
between curved surfaces, a closest distanceD apart across a
liquid, the effective viscosity of a film of the same liqui
confined between flat parallel plates a distanceD apart. We
require, in effect, the equivalent for the shear forces of
‘‘Derjaguin approximation’’ for normal forces. This is don
in Appendix A where it is shown that the effective mea
viscosity of the liquid confined to a layer of thicknessD is
given by

heff'
„]Fs~D !/]D…

S 16p

5 DRġ

, ~2!

where ġ5(vs /D) is the shear rate at the point of close
approach. In our experimentsFs(D) is within the noise
level udFs(D)u'0.5mN throughout the range DD
5(116– 6.2 nm), as seen from curvesA and B of Fig. 7.
Approximating ]Fs(D)/]D by „dFs(D)/DD… in this
range,54 we find that forD56.2 nm~i.e., seven monolayers
of OMCTS! andvs51600 nm/s~Fig. 6!, this gives an upper
estimate onheff of ca 3 P~poise!.

2. Contact area between surfaces following the
transition

The analysis above treated the material between the
faces prior to the liquid–solid transition as fluid, and t
solid confining surfaces themselves as remaining curv
Following the transition the confined material is solidlike:
can then sustain a shear stress, and a flattening of the
confining mica surfaces under normal load or due to attr
tion may occur in the presence of the confined film~see Fig.
13 in Appendix B!. We require the areaA of this flattened
region between the surfaces as they are sheared at diffe
loads and film thicknesses. In general, it is only at norm
loads Fn /R>4 mN/m that measurable flattening of th
curved mica surfaces~and thus a measurableA!, is pro-
duced by distortion of the glue/mica layers. Most of t
range of interest for the study of films of thickness cor
sponding ton53 – 7, for both cyclohexane and OMCTS~see
Figs. 3 and 4!, is at lower loads. In this caseA is evaluated
using the Johnson–Kendall–Roberts~JKR! model55 for con-
tact between curved, adhering surfaces of finite compress
ity. According to this, for a sphere in contact with a rigid fl
~equivalent to the geometry of our crossed cylindrical s
faces!, a circular contact area of radiusa is formed at the
contact position when the two are compressed by a forceFn ,
such that

a35
R

K
@Fn12Fp12~FnFp1Fp

2!1/2#. ~3!

Here R is the radius of the undeformed sphere@R
5(R1R2)/(R11R2) for contact between crossed cylinde
of radii R1 , R2#; K is related to the Youngs modulusE of the
sphere, asK5(2/3)„E/(12n2)… wheren is the Poisson ratio
of the material~the two contacting solids assumed to be
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the same material!; and Fp is the pull-off force required to
separate the two surfaces against the adhesion force bet
them. The contact area is then given byA5pa2. In our
experiments, the radiiR1 and R2 are measured in the stan
dard way from the shape of the interference fringes near
point of closest approach of the~separated! surfaces. The
force Fp corresponds directly to the depth of the attract
well in theF(D) profile that is associated with the number
molecular monolayers in the film being studied. The mod
lus K in our experiments refers to the three-layer compo
glass-glue-mica. It was estimated by measuring the ac
area of contact between the surfaces under normal fo
large enough to produce a measureable flattening of the
faces: a valueK5(160.3) 109 N/m2 was evaluated. This
value is comparable with that determined for the glass-g
mica combination employed in earlier experiments,56 where
a different glue~EPON 1004! was used in a similar configu
ration of the surfaces.

3. Relaxation under shear stress following the liquid-
to-solid transition

Figure 6 and 7 demonstrate that the changes in mech
cal properties of the confined phases following the liqui
solid transition atn57→n56 are striking. A measure of th
rigidity of the solidlike phases following the transition ma
be obtained from their resistance to creep under stres
process which may be quantified in terms of an effect
‘‘creep viscosity’’ heff . While it is not in general appropriat
to characterize solidlike materials by a viscosity, a meas
of such a viscosity is nonetheless instructive for highlight
the changes that take place at this transition. An estimat
heff was obtained by monitoring the relaxation of the film

FIG. 8. ~A! The top trace shows the shear force between two mica surf
across an OMCTS film of thicknessn56 molecular layers, in response t
the motion applied to the upper surface given by the second trace. P
a– f refer to different stages in the shearing motion as noted in the text.
normal force between the surfaces isF/R50.14 mN/m, corresponding to
the pointC on the OMCTS force-distance profile shown; the area of con
A for this load for OMCTS forn56, evaluated from Eq.~3!, is A5(1.2
60.3)•10210 m2. ~B! As for ~A! but with a film ofn56 molecular layers of
cyclohexane. The normal force between the surfaces isF/R51.67 mN/m,
corresponding to the pointC on the cyclohexane force-distance profi
shown; the area of contactA for this load for cyclohexane atn56, evalu-
ated from Eq.~3!, is A5(1.960.3)•10210 m2.
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its solidlike phase following an applied shear stress, as ill
trated in Fig. 8~A! and 8~B! for OMCTS and cyclohexane
respectively.

In both cases~OMCTS and cyclohexane! shown in Fig.
8 the films are six monolayers thick, having just go
through the liquid-to-solid transition. They are at points i
dicated byC on the respective normal force profiles show
in the lower parts of Figs. 8~A! and 8~B! for the two mate-
rials. The mica surfaces interact via a contact areaA ~dif-
ferent for the two cases!, evaluated from the JKR model a
described above. The configuration in each case@Figs. 8~A!
and 8~B!# is then one of a Couette-like geometry where
film of areaA and thicknessD is subjected to a shear forc
Fs applied via a spring of constantK1 @see Fig. 13 in Ap-
pendix B#. Initially, the film confined between the two su
faces is under zero shear force,Fs50 @regiona in Figs. 8~A!
and 8~B!#; at pointsb a steady lateral motion at velocityvs

5(dx/dt) is applied to the top surface. At first the she
force across the film rises~regionc! to a yield valueFs(y) .
Subsequently, the surfaces slide past each other, via a s
slip motion, with a mean velocityvs . In this regime@region
d in Figs. 8~A! and 8~B!# the shear force across the film
oscillates due to the stick-slip motion, but its mean va
remains essentially constant atFs<Fs(y) . The applied mo-
tion is then stopped@pointse#, and the relaxation of the shea
force due to creep of the confined phase@regionsf in Fig. 8#
is monitored by observing the change inFs . For both mate-
rials, OMCTS, Fig. 8~A!, and cyclohexane, Fig. 8~B!, the
extent of relaxation inFs over the times shown is very low
it is within the noise level of the signals in the two cases.
Appendix B the relaxation of the shear forceFs due to creep
of the confined film in this Couette geometry is consider
for a decayDFs (!Fs(y)) in Fs over a timeDt, the effective
creep viscosity is given by

heff5
Fs~y!K1DDt

DFsA
. ~4!

Focusing again on OMCTS we have, for the trace of F
8~A!, Fs(y)59.5mN andA5(1.260.3)310210 m2; over a
period Dt510 s the decay is within the noise level,DFs

,dFs50.3mN. This gives from Eq.~4! a lower limit on the
effective creep viscosity,heff>6.107 P.

C. Variation of shear stress with shear velocity

The variation with shear rate of the shear stress in c
fined films just subsequent to the liquid–solid transition, a
under essentially zero applied pressure, is of particular in
est. This is because the variation of shear stress with slid
velocity is qualitatively very different in liquids and solids
The shear response of such films as a function of the m
relative shear velocity~or, equivalently, shear rate! of the
surfaces is shown in Fig. 9. The data shown is for OMC
films with n56 monolayers (D56362 Å). Figures 9~a!–
9~c!, top traces, show the back-and-forth applied motion
the top mica surface at a number of different velocitiesvs ,
together with the corresponding shear forces, lower tracesvs

could be conveniently varied by changing the rate at wh
the potential was applied to the PZT. We observe at o
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that althoughvs varies over a factor of 40, there is littl
change in the shear response between the traces. We
that for all three cases shown the applied normal load
extremely small~, 1 mN!, so that the solidlike behavio
observed is induced effectively by confinement alone. T
clear conclusion from these traces~which are typical of oth-
ers! is that the shear stress is independent~or only very
weakly dependent! on the shear velocity. This is true for bot
cyclohexane and OMCTS~the variation ofFs with vs for
toluene was not investigated! just following the liquid-to-
solid transition. This behavior is characteristic of a sol
since for a liquid one expects the shear stress to be pro
tional to the shear rate. In the following paper~II !, we de-
scribe how thinner films well in the solidlike regime (n
55 – 3), respond to shear at much higher pressures and
a wider range ofvs . We find, in agreement with Fig. 9, tha
the mean stress to slide the surfaces past each other rem
largely independent of the sliding velocity for all these lay
thicknesses, particularly at the highest shear rates used.

IV. DISCUSSION

Two particular features of the surface force balance u
in the present study, true parallel motion~to 61 Å over a
range of lateral motion of order 1000 Å! and extreme sensi
tivity in measuring shear forces directly, allow us to probe
detail the dynamic properties of thin films between solid s
faces. In particular, these features enable the determina
of shear forces between the surfaces across confined si
liquids even in the absence of any applied compressive~nor-
mal! forces. This permits us to examine in detail the chan
in properties of the progressively confined layers from
liquid to the solidlike states. This was not possible in t
earlier pioneering shear studies of simple liquids confin
between curved surfaces.5,6,15 ~We recall that the present ap

FIG. 9. The top trace in each of~a!–~c! shows the back-and-forth motion
applied to the upper mica surface sliding relative to the lower mica sur
across a film ofn56 monolayers of OMCTS (D55263 Å); the lower
trace in each of~a!–~c! shows the corresponding shear forces between th
vs are the applied velocities. The scale bar in the force applies to all t
cases. The normal loads are~a! F/R50.0160.1 mN/m; ~b! F/R520.06
60.1 mN/m; ~c! F/R520.0960.1 mN/m.
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paratus is capable of a sensitivity and resolution in mea
ing shear forces some three orders of magnitude higher
in the earlier studies.! In these, large compressions had to
applied to flatten the surfaces at the region of contact, so
the overall shear forces became large enough to meas
These large compressions squeezed the liquids being pr
to films some three or fewer monolayers thick, well with
the solidlike regime. In our study we were able to investig
in detail much thicker films, and so to access the confi
ment-induced liquid-to-solid transition.

Our main new finding is the sharp transition on increa
ing confinement between films of thickness corresponding
n5(nc11) monolayers, where the confined material w
liquidlike, and films just one monolayer thinner,n5nc ,
where the confined films were able to sustain a shear st
over macroscopic times. This ability to sustain a shear st
is a fundamental signature of a solid: a liquid, by definitio
cannot sustain such a stress. The critical thicknessnc mea-
sured in our experiments varied somewhat between the
ferent liquids:nc56 for OMCTS,nc56 or 7 for cyclohex-
ane, andnc54 for toluene. A convenient way of quantifyin
this transition is via the change inheff across the transition
~Secs. III B 1 and III B 2!. This is shown in Fig. 10 for OM-
CTS, where an increase of at least 761 orders of magnitude
in the effective viscosity is observed as the confinement g
from n5nc11 ~57! layers of the liquid, atD56262 Å, to
n5nc ~56! layers. The limits are set by the signal-to-noi
ratio of our measurements, as described in Sec. III. Sim
effects were observed also for cyclohexane and~qualita-
tively! for toluene, at the respectivenc values. Within the
range of our parameters, there is clearly no evidence w
ever of an ‘‘intermediate’’ regime of progressively increa
ing viscosity on increasing confinement for these liquid
as reported earlier for a number of liquids,19–21 including
OMCTS. The origins of this discrepancy in the case
OMCTS may be related to different procedures in sam
processing.57

The abruptness and magnitude of the change at
confinement-induced transition seen in Fig. 10 are remin

e

.
e

FIG. 10. Variation with film thicknessD of the effective mean viscosityheff

of confined OMCTS films~on a double-logarithmic plot! determined as
described in text. The broken lines atD,54 Å and atD.62 Å are lower
and upper limits onheff , respectively. The bulk viscosity of OMCTS a
23 °C is indicated ashbulk . The reversibility indicated atD562↔54 Å
refers to the transition in the dynamical properties of the confined OMC
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cent of a first-order transition, and suggest that at the tra
tion the entire film locks into a solid structure. We note a
that this transition is brought about by increasing confi
ment alone, with little applied external pressure~see, e.g.,
data of Fig. 9!. Finally, we remark that this effect is seen f
liquids ~cyclohexane, OMCTS, and toluene! whose molecu-
lar size~Table I! differs appreciably from each other as we
as from the crystal periodicity of the confining mica surfac
this indicates that epitaxiality with the surface lattice is n
necessary for inducing the transition in such simple liqui
It would be extremely interesting, and challenging, to be a
to probe the in-plane and normal-to-plane structural featu
of the confined solid on both sides of the transition. Ho
ever, the geometry of the confinement and the extrem
small volume of interest within the gap render this well b
yond the present capabilities of x-ray techniques.58

Insight into the origin of this transition may be obtaine
from the following considerations. Both experiments a
computer simulations8–10,59suggest that simple bulk liquid
in contact with a single planar surface undergo some la
ing, extending to a few molecular diameters away from
surface. This layering is due to geometric packing, and
similar to, but more marked and longer ranged than the d
sity oscillations about a single liquid molecule revealed
its radial distribution function~it may be viewed as corre
sponding to the radial distribution function of the liquid mo
ecules about a ‘‘molecule’’ of radiusR, whereR→`!. De-
spite this layering, as noted in the Introduction, experime
have revealed11–13 that unconfined liquids@or liquids con-
fined to large gaps (n@10)# retain their fluidity, with vis-
cosities comparable to bulk viscosity, right up to the liqu
confining-solid interface~to within a single molecular layer!.
Layering, in other words, does not necessarily result in
lidity. This at once implies that we are not dealing with se
eral immobilized molecular layers on each mica surfa
when they are far apart, that merely shift the effective sol
liquid interface away from the surface. Rather, the pict
that emerges is that, as the surfaces approach each other
large separations, the confined liquids retain their bulk flu
ity across the entire gap, until at a critical spacing the en
film undergoes a liquid-to-solid transition.

This transition appears to be due to a synergistic eff
produced by the confinement, and reminiscent, we sugg
of a Lindemann-like criterion:60 At gap spacings greater tha
the critical valuenc , the layered molecules are less order
and have a freedom of displacement greater than some
essary fraction of their mean spacing. At gapsnc or thinner,
the confinement suppresses this freedom to move to be
the necessary fraction, and the entire confined liq
‘‘freezes.’’ Alternatively we may think of the layering abou
each isolated surface as leading to a slightly higher m
density in the near-surface region. When the surfaces
proach, these near-surface regions overlap each other.
results in an overall mean density within the intersurface
that leads to the Lindemann crossover. Thermodynamica
this effect may be viewed in terms of the associated entro
changes. Forn.nc the entropy associated with local liquid
like translational motion of the confined molecules results
a greater free-energy reduction than the enthalpic gain re
i-
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ing from fixing them in a solidlike lattice. Forn<nc , the
smaller space available to the confined molecules reve
this, and a solidlike behavior results. This picture is illu
trated schematically in Fig. 11. This effect should depend
a sensitive fashion on the excess temperature of the mea
ments above the bulk melting temperature of the liquid,
well as on the detailed surface–liquid interactions.

The above discussion is clearly rather qualitative. Th
have been several detailed theoretical and computer sim
tion studies of the effects, both on structural and mechani
dynamic properties, induced by confinement on liqu
of both spherical and linear molecules.22,23,25–29,33,59,61–63

These have shed much light on the processes that ma
taking place as liquids are confined to progressively thin
films, and as the films are sheared. The details of the mo
do not exactly tally with the conditions of our experimen
~for example, the liquid molecules are often assumed to
identical to the surface molecules, and are taken as pe
hard spheres!, precluding detailed comparisons, but the
have been several very suggestive findings. Here we fo
briefly on those studies that provide clues to the issue of
liquid-to-solid transition under increasing confinement.

As noted, the geometric constraints of smooth walls le
to layering of spherical molecules,8,9 even in the vicinity of a
single unconfined surface, though this is not necessarily
related with freezing.62 In-plane ordering22 ~in addition to the
layering! and correlated freezing23 were observed by Cush
man, Schoen, Diestler and Rhykerd in simulations of ra
gas fluids confined between two solid surfaces. In rela
theoretical work24 these authors have also shown that, un
sufficient confinement, liquids can form epitaxially growin
solids with a thermodynamically stable configuration. A co
venient measure of in-plane order is the Debye–Waller f
tor ~DWF!, defined in terms of the two-dimensional structu
factor within a layer, whose value is unity in a perfect crys
at zero temperature, and drops to 0.6 at the melting poin64

Molecular dynamics simulations by Robbins, Thompso
and Grest26,65,66 indicate that for confined spherical mo
ecules the DWF rises sharply on increasing confinem
from a value below 0.6~i.e., liquidlike! to one above it~sol-
idlike! when the confined liquid is compressed to below
given thickness. In contrast, for chainlike~nonspherical!
molecules the DWF remained lower than 0.6~indicating a
more liquidlike in-plane order! at all accessible compression
in their study.

Another useful measure of solidity of confined liquids

FIG. 11. Illustrating schematically the transition between a layered but fl
film of thicknessnc11 molecular layers, and one of thicknessnc with a
layered but frozen structure.
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the self-diffusion coefficientDs within the layers, which is
related to the effective viscosity. In simulations10,26,33,65this
has been shown to drop abruptly when films~of spherical
molecules! are confined below a given film thickness~corre-
lated to the point where the DWF exceeds 0.6!, again indi-
cating a rather sharp solidification process.

Some of the most suggestive indications concern
confinement-induced liquid-to-solid transition in thin film
have come from very recent simulation work by Landma
and co-workers,27,33 who use a grand canonical ensemb
molecular dynamics method to simulate confined liqui
Their results show clearly that molecules that are able
pack easily~unbranched linear alkanes and also spher
molecules resembling OMCTS! undergo a rather sudde
change in their properties~a very sharp drop in the diffusion
coefficient, for example!, from liquidlike to solidlike behav-
ior, at film thicknesses corresponding to around five to
layers. Moreover, at this point the confined films in th
studies become capable of sustaining a shear stress. T
observations suggest an abrupt liquid-to-solid transition
these confinements, very similar to the experimental ob
vations of the present study.7 This contrasts with the simu
lated behavior of branched or irregularly shaped molecu
~such as squalane! which exhibit a monotonic and continu
ous ~liquidlike! decrease in the number of confined mo
ecules as the film thickness decreases.27,33 The models of
these studies are necessarily cruder than reality even
liquids such as OMCTS and cyclohexane which have qu
spherical molecules. Their results, however, are fully con
tent with our observation of an abrupt liquid–solid transiti
at a given film thickness for these simple liquids.

Recently the issue of confinement induced freezing
been examined explicitly using different analytical a
proaches. Tkachenko and Rabin31 have presented a mode
based on a Lindemann criterion to show that at a given la
spacing, a confined liquid would solidify abruptly eve
above its bulk melting temperature. Weinstein and Safra32

have used a density functional approach, with the additio
constraint of the two confining surfaces, to determine a ph
diagram for the confined liquid, and again a confineme
induced freezing is predicted to occur abruptly at tempe
tures where the bulk material would be liquid. Both of the
approaches have the advantage that in principle they can
dict the effect of temperature on the necessary confinem
at which the freezing occurs, and for both models the fre
ing is predicted to occur as a result of confinement alone:
in the absence of external pressure. This is in line with
observations of the present study.

We make a final brief remark concerning the variation
shear stress with shear rate indicated in Fig. 9. This sh
how the shear stress between sliding mica surfaces acro
n56 film of OMCTS ~film thicknessD55362 Å!, that is,
just after the liquid–solid transition, varies with sliding v
locity. The velocitiesvs vary by a factor of 40, correspond
ing to shear ratesġ5(vs /D) in the range 8 – 300 s21, while
the applied normal pressuresP are close to zero~see cap-
tion!. Within the scatter, the shear stressSc is essentially
identical for all three shear velocities~the small differences
are well within the uncertainty in shear stress expected fr
g
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the uncertainty in the normal load!. This independence of the
shear stress from the shear rate67 ~i.e., Sc}ġ0! is clearly
characteristic of shearing of a ductile solid,68 rather than of a
liquid or a liquidlike film. We return to this point in the
following paper~II ! when we consider a much broader ran
of data on liquids confined to even thinner films (n
53 – 6).

V. SUMMARY

We have described a surface force balance with
tremely high sensitivity and resolution in measuring sh
forces across thin films. Using this we have extended ea
investigations on the properties of confined simple liquids
thicker films and lower applied pressures. Here we have
cus on the process by which simple liquids become so
under increasing confinement.

We discovered that the transition between liquidlike b
havior and a solidlike phase of the liquids under progress
confinement takes place abruptly at a well-defined film thi
ness~equivalent tonc monolayers of the liquid, wherenc

varied with the liquid but was around six molecular layer!.
For thinner films (n<nc) the films behaved in a solidlike
fashion, in the sense of requiring a critical stress in orde
shear them. We found no evidence of an intermediate reg
of increasingly viscous behavior for the three simple liqu
studied. Our results are reminiscent of a Lindemann-l
mechanism for freezing of a liquid, save that the changes
induced by confinement, rather than by externally appl
pressure or by changes in temperature. In the follow
paper69 ~II ! we describe in detail the mechanical, frictiona
and dynamic behavior of such confined films once they h
solidified.
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APPENDIX A: A ‘‘DERJAGUIN APPROXIMATION’’
FOR SHEAR FORCES BETWEEN CURVED SURFACES

The Derjaguin approximation70 for normal forces be-
tween two curved surfaces a closest distanceD apart relates
the normal forceF(D) between them to the interaction en
ergy per unit area between flat parallel plates a distancD
apart obeying the same force-distance law, as

F~D !/2pR5E~D ! ~R@D !, ~A1!

where R is the mean radius of curvature of the surfac
When two curved surfaces a closest distanceD apart are
moving with velocityvs parallel to each other across a m
dium with some effective viscosityheff ~which may be a
function of D!, a shear forceFs(D,vs) will result. In this
Appendix we derive71 an approximate expression for th
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equivalent shear stressS(D,vs) between flat plates sliding
parallel to each other at velocityvs a distanceD apart across
a medium obeying the same viscosity versus thickness
~i.e., the same variation ofheff with D!. This is particularly
useful since theoretical models of shear forces often treat
parallel plates rather than curved surfaces. To be explicit,
treat the case of a sphere, radiusR, sliding parallel to a plane
a closest distanceD away ~in the lubrication limitR@D!.

It is instructive to derive first, via a crude model, th
shear force between a sphere moving at velocityvs in a fluid
of uniform ~Newtonian! viscosityh parallel to a plane a dis
tanceD away, as illustrated in Fig. 12. The main simplific
tion of this model is the assumption of laminar flow, i.e.,
backflow effects. We consider the forces on an annulus
radiusr as shown. From the geometry,r 252R(h2D), i.e.,

h~r !5D1~r 2/2R! . ~A2!

The shear rate atr is „vs /h(r )…, so that the local Newtonian
shear stresss(r )5h„vs /h(r )…. Integrating stresses over th
annuli for the total shear force,

Fs5E
0

R

2prs~r !dr

5E
0

R

2prh
vs

D1~r 2/2R!
dr

52phvsR log„11~R/2D !…

'2phvsR log~R/D ! ~A3!

since in the geometry of our experimentsR/D5105. Now a
detailed solution of the force acting on a sphere sliding cl
to a plane has been carried out by Goldmanet al.53 These
authors show, using the Navier–Stoke equations and
taking the correct flow field into account, that the force
given by a series expansion whose dominant term~for R
@D! is

Fs~D !5~16p/5!vshR ln~R/D !. ~A4!

Comparison of~A3! and ~A4! shows that the value ofFs

derived in a calculation which ignores the backflow effe
on the flow field has precisely the right form~in particular
the correct logarithmic dependence!, and differs in magni-
tude from a detailed calculation only by some 35%. T
observation will be useful in what follows.

To extractS(D,vs) in the more general case where t
effective viscosity in the gap may vary withD, we proceed
as follows. From the geometry of Fig. 12, we haveh5D
1(r 2/R). Thusdh5(r /R)dr, and the areadA of an annulus
may be written asdA(h)52prdr 52pRdh. The overall

FIG. 12. Illustrating the geometry of a sphere sliding at velocityvs a closest
distanceD from a plane as discussed in Appendix A.
w

at
e

of

e

us

s

s

force between the surfaces is then as before~ignoring any
backflow effects! the sum of the forces over all annuli, give
by

Fs~D,vs!5E
D

`

S~h,vs!dA~h!5E
D

`

2pRS~h,vs!dh,

~A5!

where we have put the upper integration limit as` sinceR
@D.

From ~A5! we have

S~D,vs!52
1

2pR

]Fs~D,vs!

]D
. ~A6!

This is the relation we have been seeking, giving the sh
stressS(D,vs) between flat parallel plates in terms of th
shear forceFs(D,vs) between curved surfaces. Finally w
recall that neglect of backflow effects leads to some er
which for the simple Newtonian case was equivalent to
placing the prefactor 2p by ~16p/5!, a change only in the
numerical prefactor by some 35%, as discussed follow
Eq. ~A4! above @compare Eqs.~A3! and ~A4!#. If, by ex-
trapolation, we make the rough assumption that the inclus
of backflow has the same effect also in the case where
viscosity is confinement dependent, we may make the s
correction to Eq.~A6!, to give finally

S~D,vs!'2
1

~16p/5!R

]Fs~D,vs!

]D
. ~A7!

Replacing the shear stress in~A7! by the Newtonian form
S(D,vs)5heffġ, whereġ5(vs /D), leads at once to Eq.~2!
in the text.

We note that care should be taken when extract
S(D,vs) from shear measurements between curved surfa
In particular, S(D,vs) is obtained from data onFs(D,vs)
taken over a range ofD at fixed shear velocityvs .

APPENDIX B: STRESS RELAXATION IN A COUETTE
CONFIGURATION

The geometry of the contacting surfaces when the
one is pulled by a spring~corresponding to the shear sprin
S1 in Fig. 1, of constantK1! is shown in Fig. 13. The area o
contact isA, enclosing a film of thicknessD with an effec-
tive viscosityheff , in steady motion the spring is stretched
lengthx0 , and the steady-state velocity isvs . During steady
motion the tensionK1x0 in the spring is balanced by th
shear forceFs(y) across the film:

FIG. 13. Illustrating the stress relaxation in a couette geometry when
upper surface is under tension due to springS1 and is in contact over a film
of areaA and thicknessD with the lower surface, as for the data of Fig.
and as discussed in Appendix B.
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K1x05Fs~y!5A.~shear stress!5Aheffvs /D. ~B1!

At time t50 the motion of the spring tip is stopped@corre-
sponding to the pointe in Fig. 8~A!, for example#. At sub-
sequent timet the top surface will have moved by a distan
x, relaxing some of the force in the spring. The new bala
of forces is

K1~x02x!5Fs~ t !5~Aheff /D !~dx/dt!, ~B2!

which is readily solved@subject to the condition~B1! at t
50# to give

Fs~ t !5~Aheffvs /D !e2t/t5Fs~y!e
2t/t, ~B3!

wheret5(Aheff /K1D). The extent of relaxation after a tim
Dt is DFs5Fs(y)2Fs(t), i.e.,

DFs5Fs~y!~12e2Dt/t!5~Dt/t!Fs~y! ~B4!

for DFs!Fs(y) . Rearranging~B4! and substituting fort
gives Eq.~4! in the text.
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