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Experimental observation of interfacial slippage at the boundary
of molecularly thin films with gold substrates
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Physisorbed monolayers and multilayers adsorbed on the surface electrodes of a resonating

quartz microbalance produce shifts in both the frequency and amplitude of the oscillator. The shift

in frequency results from mass loading and the shift in amplitude results from film dissipation

effects. We have measured these shifts for molecularly thin nitrogen and krypton films and observe
levels of film dissipation which cannot be adequately accounted for within the context of the "no-
slip" boundary condition of hydrodynamics. The data provide strong evidence that the excess dissi-

pation arises from slippage at the film substrate interface since the film thicknesses studied are negli-

gible compared to the viscous penetration depths of the respective materials.

I. INTRODUCTION

Consider the manner in which rain droplets form on a
vertical window. One might easily conclude that there is
no slippage at the water-glass interface. This so-called
"no-slip" boundary condition has been utilized in contin-
uum hydrodynamics for well over a century to successful-
ly describe a wide range of experimental situations.
Nonetheless, there exists neither a rigorous theoretical
proof nor even a compelling theoretical argument which
requires this to be so. The topic has attracted the likes of
Maxwell, ' Helmholtz, and Thompson, who have vari-
ously argued for and against the validity of the no-slip
boundary condition. One hundred and thirty years have
passed, and the topic of fluid flow and slip near solid
boundaries is still rousing interest. The resistance to
sliding of molecularly thin films confined between two
shearing planes has recently been measured with a
modified surface-force apparatus, but no explicit slip-
page at the liquid-plane interface was reported. Comput-
er simulations have, however, raised into question the ap-
plicability of the no-slip condition for a contact line
separating two immiscible fluids.

Our purpose here is to report measurements of slipping
at the interface of physisorbed monolayers with gold sub-
strates. The method that we use is closely analogous to
that origina11y employed by Helmholtz. Helmholtz not-
ed that if a solid boundary shakes back and forth, then
film slippage can be experimentally probed by the inertial
reaction forces. His experimental apparatus consisted of
a torsional oscillator in the form of a "bifilarly* supported
hollow sphere which he filled with water. By comparing
the damping effects of water on glass to that on "gilt"
glass, Helmholtz concluded that the water slipped more
easily on gold than on glass, and that the slip length was
approximately 0.2 cm wide. (Consider fluid flow through
a tube with slippage occurring at the Quid-solid interface.
The slip length A, is measured perpendicular to the wall,
and represents the increase in tube radius necessary for
an equal volume of flow to occur in a system governed by
the no-slip condition. ) This result was refuted nearly 30

years later in a paper read by Thompson, which con-
cluded that the slip region, if it existed at all, was at least
ten times smaller than that deduced by Helmholtz.

Our measurements of the damping effects of molecular-
ly thin nitrogen and krypton films have been carried out
with a quartz-crystal oscillator vibrating in the
transverse-shear mode. We observe damping which is in
excess of that expected for films governed by the conven-
tiona1 no-slip boundary condition. Our data provide
strong evidence that the excess damping is due to slip-

page at the film-substrate interface, and that the slip
length is orders of magnitude less than that originally re-
ported by Helmholtz.

II. ACOUSTIC IMPEDANCE
OF AN ADSORBED LAYER

Each face of a quartz-crystal oscillator acts as a planar
surface in transverse-shear motion (Fig. l). A reaction
force is produced if a film is adsorbed on the two surfaces
which are translating back and forth, or if the oscillator
is exposed to a three-dimensional gas. Such reaction
forces are conventionally described in terms of an acous-
tic impedance, Z (co).

A planar surface which is driven by a periodic driving
force F(co)=Foe' ' in a direction parallel to the plane
has velocity u (to) =uoe'"'. The ratio Z =Fo luo is
termed the "mechanical impedance. " The acoustic im-

FIG. 1. Transverse-shear mode of oscillation. Adsorption
occurs on the surfaces parallel to the x-z plane, which move an-
tiparallel to one another.
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pedance is equal to the mechanical impedance per unit
area, Z(co)=Z (co)/A, where A is the surface area in
contact with the film or fluid which gives rise to the im-
pedance. Acoustic impedance is generally expressed as
Z(co)=R (co) iX—(co), where the resistive term R (co) is
proportional to average energy dissipation and the reac-
tive term X(co) is associated with the inertia of the oscil-
lator. Stockbridge has solved for the shifts in frequency
and the quality factor Q of a quartz-crystal oscillator in
terms of the acoustic impedance Z to which it is exposed.
For film adsorption on, or fluid exposure to, both sides of
the crystal,

5 —=, 5co=1 4R 2X
(1)

Q Npq tq pq tq

where pq and tq are the density of quartz and the thick-
ness of the quartz crystal, respectively, (Exposure to one
side only will produce shifts which are one-half as large. )

In the following sections, Z3 and Z3 will denote the
acoustic impedance of a bulk three-dimensional fluid in-
cluding, and not including, viscoelastic effects, respective-
ly. Similarly, the notation Z2 will represent the acoustic
impedance of a two-dimensional filrn governed by the
no-slip condition and Z2 will represent the acoustic irn-

pedance of a film which exhibits interfacial slippage. The
term Z(co) represents the acoustic impedance at the sur-
face of the quartz crystal due to the combined effects of
all film and fiuid phases which are present.

The acoustic impedance at frequency f =co/2qr of a
three-dimensional fluid with mass density p3 and bulk
viscosity g3 is well established

Z2= —rt3k tan(kd), k =(icop3/7)3) . (4)

Z(co) =ZI~tanh(4+yd ), (6)

where Z/&=(1 i)+n—rt3 p& f is the acoustic impedance

of the bulk material of which the film is composed,
Z3 =(1 i)Qq—trial pi f is the acoustic impedance of the

U U

vapor, y = ( 1 i ) /5—is the propagation constant,
5 +27)3 /p3 co is the film penetration depth, andf f
tanh(%)=Z&/Z&. (rt3 and p& correspond to the bulk

density and viscosity of the vapor; g3 and p3 to the bulkf f
density and viscosity of the material of which the film is
composed. ) If the adsorbed form is sufficiently thin so as
to satisfy the condition

~
kd~ && 1, Eq. (6) simplifies to

If the adsorbed film is sufficiently thin so as to satisfy the
condition ~kd~ &&1, the acoustic impedance becomes en-
tirely reactive and directly proportional to the mass per
unit area of the film, p2.

Z2= iX—2= i—cop3d = i—cop& for ~kd~ &&1 .

Since frequency shifts are directly proportional to the
reactive component of the acoustic impedance [Eq. (1)], it
is evident from Eq. (5) that the shift in frequency is
directly proportional to mass adsorbed (in the thin-film
regime) and thus the term "microbalance" is applicable.

In practice, most adsorbed films coexist with bulk-
vapor phases whose effects cannot be ignored. The full
expression for the acoustic impedance of a film coexisting
with a three-dimensional vapor (assuming the no-slip
boundary condition is applicable) is given by"

Z3 =R& —iX& =(1 i)+qrri3pif . — (2) Z(co)= icop2—[1—(Z~/Zi ) ]+Z3 for ~kd~ &&1 . (7a)

1/2 1/2

Equation (2) inadequately describes the impedance of a
gas at low pressure, where the time required for particles
to relax to the equilibrium state after a collision with the
oscillator is commensurate with the period of oscillation.
The full expressions for the real and imaginary com-
ponents of the acoustic impedance Z3 =R

3
—X3 in this

"viscoelastic" regime are given by

R3 =Qqrp, q)3f

For the nitrogen and krypton films discussed here, the
acoustic mismatch factor 1 —(Z3/Z/~) =0.9998, so that
Eq. (7a) can be even further simplified:

Z(co)= icop2+Z& —for ~kd~ &&1 . (7b)

To take into account potential slippage at the interface,
we use an approach first introduced by Lamb in 1879.'

A "coeScient of sliding friction" g2 or equivalently a slip
length A, , is defined by the relation

X,
1+(cor„)

1+
(cor„)

+1 . , (3a)

X3 ="i/1rp3fjj
X,

1+(cor, )
1+

(coq, )

' 1/2 1/2

(3b)

The time ~„ is that which is required for the excess
momentum of a fluid particle to fall to 1/e of its initial
value after a collision with the plane. It is generally writ-
ten as N~„where N is an integer and ~, is the average
time between collisions in the gas phase.

The acoustic impedance of a fluid film of thickness d,
mass density p3, and bulk viscosity rid (assuming no gas is
present and that the no-slip boundary condition is applic-
able) has been derived in various treatises on fluid
mechanics' and via transmission-line theory:"

1 1 1

Z2 n2 Z2
(9)

The coefficient of sliding friction, referred to more recent-
ly as the "interfacial viscosity, "' has the same units as
acoustic impedance and is entirely dissipative in nature.
Infinite g2 implies that an infinite force is required to
slide the film along the surface, and so implies that the
no-slip boundary condition is applicable. Zero interfacial
viscosity implies that the film is free to slide along the
surface with no energy dissipation whatsoever (as does
superfluid helium), so that the quartz oscillator would
detect no film at all, i.e., Z =0. The impedance of the
film under the no-slip condition, therefore, adds in paral-
lel to that of the interfacial viscosity:
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The expressions for Zi and g2 given by Eqs. (4) and (8)
can be substituted into Eq. (9) to yield the acoustic im-
pedance of a film which exhibits interfacial slippage:

—ri 3k tan( kd )z»
1 —

A, k tan(kd)
{10)

The quantity ~ is a characteristic slip time previously dis-
cussed by Krim and Widom in great detail from a micro-
scopic viewpoint. ' The slip time characterizes the decay
of total film momentum with respect to the substrate.
The term "slippage" should therefore be treated with
great caution, since not all particles are "slipping" (or
"hopping") in the same direction. Nonzero slip tiine im-
plies only that more particles are slipping or hopping in
one direction than the other, with respect to the substrate
motion.

The slip time ~ can be determined experimentally by
noting that the resistive and reactive components of Z2
in Eq. (11)are given by

R»= P2 I» P2

1+co r 1+@) r
(12)

Taking the ratio R2 /X2 =cor, therefore, allows a direct
determination of the slip time.

III. EXPERIMENTAL DETAILS

We determined the acoustic impedance of the molecu-
larly thin films studied here by recording vapor-pressure
isotherms at room temperature and at 77.4 K. The resis-
tive and reactive components of the acoustic impedance
were deduced from direct measurements of the frequency
and amplitude shifts of a quartz-crystal microbalance.
Descriptions of the apparatus and technique are given
elsewhere, ' and are summarized here. The microbal-
ance crystals for these studies were polished 7.4 MHz
AT-cut quartz which had quality factors near 10 . The
adsorption substrates were gold electrodes deposited on
the planar forces of the crystal. We produced the elec-
trodes by evaporation of 99.999%%uo-pure Au at 5X10
Torr onto the faces of the quartz blanks. During the
plating process the crystals were radiantly heated by the
evaporation boat to temperatures over 200'C. This pro-
cedure produces a mosaic structure with a (111)fiber tex-
ture, as determined by electron microscopy and x-ray
diFraction. '

The oscillator circuitry is designed to drive the crystal
with a constant amplitude at its series-resonant frequen-
cy, i.e., F(t)=Focos(coot) The amplitude .of vibration of
a damped oscillator driven at its own resonant frequency
by a constant driving force is given by'

Fo /M
A (coo) =

R coo

} Fo

Mezzo R
{13)

If the adsorbed film is sufficiently thin so as to satisfy the
condition ~kd~ &&1 (i.e., its thickness is negligible com-
pared to the penetration depth), then Eq. (10) reduces to

~~P2 P2
Z2 =, r=(kp3d/re)= for ~kd~ &&1 . (11)

1 LN7

where M is the total effective mass of the oscillator. Our
experiments are carried out in a regime satisfying the
condition mfi, &&Mb„„where Mb„, is the mass of the
microbalance with no adsorbed film and mfil is the mass
of the adsorbed film. In this regime, there is a linear rela-
tionship between the change in frequency —Lo—and
m film'

o

m film

Mbare
(14)

Equation (14) implies that 5to«coo in our experimental
regime, and so, to good approximation, we can utilize Eq.
(13) in a simpler form:

FoA=K (15)

IV. EXPERIMENTAL RESULTS

A thin solid-gold film deposited on a solid-gold elec-
trode should exhibit minimal slippage as the surface os-
cillates. The frequency shift associated with the deposit-
ed mass should therefore be accompanied by no
significant shift in amplitude of vibration, so long as the
deposited film remains thin. Figure 2 shows a plot of the
change in inverse amplitude of the oscillator circuit [pro-
portional to change in dissipation according to Eq. (15))
versus frequency shift of the microbalance as approxi-
mately ten layers of gold are deposited. As expected,
5(1/A ) =0 within the experimental resolution. This also
demonstrates that frequency shifts of the oscillator circu-
itry produce no spurious accompanying amplitude shifts.

%'e next carried out measurements on helium gas at
77.4 K. Figure 3 shows a plot of 5(1/A) versus the real

where K is a constant.
Before transferring the crystal to our cryostat for gas-

adsorption studies, we operated it as a microbalance in
the metal-deposition chamber in order to verify the valid-
ity of Eq. (15). (No change in amplitude is expected for
thin deposits of gold since slippage of a solid-gold film on
a solid-gold substrate is expected to be minimal). The
crystal was then set in narrow channels which were
machined into the ends of the 0.1-in.-diam oxygen-free
high-conductance copper rods of a vacuum feedthrough,
and were connected to exterior oscillator circuitry. The
crystal was exposed to air for approximately 30 min dur-
ing this mounting procedure. The crystal was mounted
horizontally in a high-vacuum (1X10 Torr) chamber
which could be directly submerged into a liquid-nitrogen
bath. The very large temperature coefticient of approxi-
mately 100 Hz/K at 77.4 K combined with a typical fre-
quency stability of a few parts in 10 would allow changes
in frequency due to heating to be detected. No such heat-
ing effects were, however, observed.

Helium gas was introduced to the chamber at 77.4 K
to further check the applicability of the assumptions un-
derlying Eq. (15) and to calibrate the in situ response of
the crystal to a bulk vapor with known acoustic im-
pedance. The response of the microbalance to thin films
of nitrogen or krypton was then recorded.
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FIG. 2. The amplitude of the quartz crystal remains constant
(no energy dissipation) for gold deposition onto the crystal elec-
trodes. The frequency shift corresponds to an added mass of
about ten layers of gold.
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FIG. 3. The change in (1/A) due to helium-gas pressure is
plotted vs the calculated acoustic resistance (R) (F3=82.8 pP;
N =10). The solid line shows the fit to the data, allowing quan-
titative calibration of the measurements.

component of acoustic impedance of helium gas. The
acoustic impedance is determined from Eq. (3a) utilizing
the known density and viscosity of helium gas at 77.4 K.
Figure 3 shows that the circuit response to the acoustic
impedance to which the crystal is exposed is linear. We
use the slope of this linear response to provide an in situ,
quantitative calibration of the system. The response of
the system was also studied for nitrogen-gas exposure at
room temperature. The slope of this responsed was
within 15% of that measured at 77.4 K and remained
linear up to 2.2 g/cm s, the highest impedance studied.
Changes in inverse amplitude observed for krypton and
nitrogen adsorption at 77.4 K were converted to actual
units of impedance employing the slope of the helium-gas
calibration shown in Fig. 3.

Figure 4 shows the frequency and amplitude data for
nitrogen-film adsorption at 77.4 K. The data are record-
ed in a regime satisfying ~kd~ &&1, and so according to
Eqs. (1) and (7b) the frequency shift is due to the sum of

FIG.
quency
plitude

4. Raw data for nitrogen adsorption on gold. The fre-
shift is proportional to adsorbed mass. The shift in am-

results from energy dissipation.

the imaginary components of the film (cop2) and vapor
(Xf ) impedances. The contribution of the vapor phase is
small compared to that of the film. Once subtracted, the
film thickness can be determined according to Eq. (5) or
Eq. (12). It is apparent that the frequency shift (and
therefore the film thickness) diverges as the pressure ap-
proaches saturation from below. This indicates that the
film thickness remains uniform up to at least 50 A, con-
sistent with complete wetting of the gold substrate by the
liquid-nitrogen film. Such behavior is typical of simple
molecular films adsorbing on gold substrates at tempera-
tures above their respective triple points. ' Pfeifer et al.
have very recently utilized similar nitrogen-adsorption
data on evaporated silver films as evidence that the sur-
face of the silver is self-aSne or fractal at microscopic
length scales. ' We have analyzed the data of Fig. 4 in
terms of monolayer film coverages and also according to
the manner prescribed by Pfeifer et al. and observe no
evidence suggesting surface roughness or fractal behavior
in any of the gold substrates utilized for these studies. '

Figure 5 shows the experimental data of Fig. 4, plotted
as R versus liquid-nitrogen film thickness. The values of
impedance R have been obtained from the shifts in in-
verse amplitude according to the helium-gas calibration
described above. For comparison, we also plot the pre-
dicted value of R according to Eq. (6) (dots) and Eq. (3a)
(dashes), utilizing the experimentally measured pressure
and film thicknesses. The coincidence of the theoretical
curves indicates the validity of the assumption ~kd

~

&& 1

for the range of film thicknesses studied. Equation (7),
therefore, adequately describes the system in this film-
thickness regime. The theoretical curves depict the resis-
tive component of the acoustic impedance, and both
curves fall far short of the experimentally observed value.
It is apparent that more energy dissipation is occurring
than can be accounted for within the context of a no-slip
boundary condition.
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slip boundary condition) is shown due to (a) gas pressure
(F3=53.7 pP), Eq. (3a) (dashed line), and (b) gas pressure plus
the liquid-adsorbed film (dotted line), Eq. (6), utilizing the ex-

perimentally measured pressure and film thickness.
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FIG. 6. Slip time as a function of film thickness beginning at
1 monolayer. The slip time for adsorption on fresh gold (aster-
isks) is always longer than that for adsorption on gold which has
been exposed to air for 27 h (squares).

Interfacial slippage is a potential source of energy dissi-

pation. The amount of energy dissipation is character-
ized by the slip time, ~. As mentioned above, the slip
time provides an indication of the average time required
for the particles to track the continuously changing direc-
tion of crystal motion. Assuming that the excess dissipa-
tion observed in Fig. 5 is due to interfacial slippage, one
can deduce a slip time from Eq. (12). This is plotted in

Fig. 6 as a function of total film thickness, starting with a
thickness corresponding to that of a monolayer. The as-

terisks represent the same data as shown in Fig. 5. Subse-

quent measurements (squares) were taken after exposing
the same gold surface to air for 27 h. The result of this
air exposure is to allow physisorption of contaminants
(primarily hydrocarbons) to the gold surface. ' The ni-

trogen isotherm recorded after this air exposure exhibits

000 i 1
'1'i''i'

I 1 1 1 1 I 1» 1 I I I

0 1 2 3 4 5
FILM THICKNESS (A)

FIG. 7. The measured acoustic resistance of krypton ad-

sorbed on gold (1K) as a function of film thickness (p, =2.5

g/cm ). The theoretically expected value (assuming the no-slip

condition) is shown by the dotted line (Kr gas F3=70.6 pP).

no increase in monolayer step height within experimental
resolution. This indicates that the surface area has not
significantly increased. The intuitive hypothesis, which is
substantiated by the measurements, is that the adsorbed
contaminants should help pin the film and reduce the
amount of slipping. The slip times on the surface which
has been exposed to air are indeed shorter.

Measurements of krypton adsorption at 77.4 K were
also recorded on the same surface as that utilized for Fig.
5 and after the 52 h of air exposure. In this case, the
maximum vapor pressure is 1.7 Torr, much less than the
760 Torr for the nitrogen adsorption. The film contribu-
tion therefore dominates the resistive component of the
acoustic impedance. Data for krypton adsorption (aster-
isks) on the fresh gold surface are shown in Fig. 7. Uni-
form film thicknesses are now limited on account of in-

complete wetting by the krypton, which is below its bulk
triple point. Additional adsorption results in the forma-
tion of bulk clusters (not shown), which generally reduce
film dissipation levels, apparently acting as pinning sites.
The krypton-vapor contribution is shown by the dots.
The dissipation rises and then levels off as the monolayer
adsorbs (thickness near 3 A). As the film thickens, the
dissipation sharply increases in the range 3—5 A. This
may well be due to the relative ease with which an incom-
plete second layer might slip. As the thickness ap-
proaches that corresponding to completion of the second
layer (=6 A), the dissipation sharply decreases.

Figure 8 compares the characteristic slip times for
krypton adsorption before (asterisks) and after (squares)
the extended air exposure. Again, the slip times are de-
creased for the more contaminated sample. The theoreti-
cal derivation of dissipation at an interface assumes the
monolayer to be complete. Nonetheless, it is interesting
to note that at submonolayer coverages the slip times are
increased. This is entirely consistent with the notion that
an incomplete layer is more free to slip on the surface.

V. DISCUSSION
The measurements presented here have shown the no-

slip boundary condition to be inadequate for our experi-
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As with nitrogen adsorption, slip time on the air-exposed sur-
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terisks).

mental situation, and we believe the discrepancy can be
explained by film-slippage effects. There are two possibil-
ities as to where the slippage might occur: the substrate-
film interface and the film-vapor interface. If slippage
were occurring only at the filrn-vapor interface, then slip
times for the nitrogen films on the two gold substrates
should be comparable in the thicker-film regime where
the substrate-film interface presumably has little effect.
There is, however, no evidence that the two curves in Fig.
5 are converging at higher coverages. While this does not
preclude the occurrence of slippage at the film-vapor in-
terface, it does indicate that the dominant effect is at the
substrate film interface. The intuitively appealing result
that the slip times are shorter on the air-exposed sample
than on the fresh gold surface provides an additional in-
dication that the slippage is dominated by the substrate-
film interface.

The monolayer slip times observed for nitrogen and
krypton on either of the two surfaces are quite close in
overall magnitude. Krypton- and nitrogen-rnonolayer
slip times on the fresh gold surface are close to 3.5 X 10
s, and close to 2.5X10 s on the air-exposed surface.
This may be coincidental since the nitrogen films are
liquid at 77 K and the krypton films are most likely to be
solid. Further studies of the temperature dependence of
adsorbed films will be required to clarify this point. The
interfacial viscosity of the nitrogen monolayer (p2=34. 5

ng/cm ) therefore ranges from [Eq. (11)] 10—14 g/scm
or surface poise/cm, while that of the krypton mono-

FIG. 9. Slip length for nitrogen adsorption on the fresh gold
substrate as a function of film thickness.

layer (p2=105 ng/cm ) ranges from 30 to 42 surface
poise/cm .

The quantity ~ appears to be the best gauge of interfa-
cial properties for the films which we have studied.
Nonetheless, it is interesting to examine the slip length
defined by Eq. (8) to compare our results with those of
Helmholtz. The slip length of the nitrogen film adsorbed
on fresh gold is plotted versus the film thickness in Fig. 9,
assuming the film to have the same g3 as bulk liquid ni-

trogen. The small values which we observe are consistent
with the findings of Whetharn, and further limit the
parameter's size. The fact that the slip length continues
to decrease with increasing film thickness may well indi-
cate a vanishingly small k for macroscopic Quid dirnen-
sions. Therefore, although we have strong evidence for
film slippage in thin films, the use of the no-slip boundary
condition for the description of macroscopic fluid flow

appears well justified. Finally, we emphasize that the lev-
els of slippage which we have observed are not of
sufficient magnitude to alter in any way the results of pre-
vious studies which have employed the quartz oscillator
as a microbalance alone. We wish only to draw attention
to the fact that in addition to microweighing, the quartz
oscillator can be utilized as a probe of interfacial slippage
effects.
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