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Adequacy of the Lifshitz Theory for Certain Thin Adsorbed Films
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We have employed a quartz crystal microbalance technique to study the thickness versus pressure
dependence of a variety of thin (0—5 nm) liquid films (water, cyclohexane, nitrogen, krypton, and
xenon) adsorbed on metal surfaces. We observe the Lifshitz theory of van der Waals forces to provide
an excellent description of nitrogen adsorption, and an inadequate description of water adsorption, with
the remaining gases spanning the two extremes.

PACS numbers: 68.15.+e, 67.70.+n

The interactions which control gas adsorption on solidclear disagreement with the Lifshitz theory, and noted that
surfaces are basic to a variety of physical phenomenanequivocal experimental reports presenting agreement of
such as surface melting of single phase materials [1}hin film asorption data with the DLP theory were nonex-
gas separation processes [2], and the wetting [3] anistent [16,17]. Experimental support for the DLP theory
spreading [4] behavior of liquid films on solid surfaces.is, in fact, quite sparse, and has been limited to studies
The pressure dependence of the thickndssf a film  of thick films at low temperature [8,11]. For example,
adsorbed on a flat solid surface reveals basic informatiothe measurements of Sabisky and Anderson [8], which
on the nature of these interactions, and thus has beeshowed a very good agreement with DLP theory, were
of continuing interest for at least half a century. Onerecorded for thicknesses greater than 1.2 red (ayers
approach to this problem, which is believed to includeof helium atoms). Indeed, it has become widely accepted
retardation as well as very general many-body effects, i certain communities that for thin films [18—-20] and/or
that of Dzyaloshinskii, Lifshitz, and Pitaevskii (DLP) [5]. metal [21,22] substrates the DLP theory provides an in-
The DLP approach leads to an expression which relatesorrect form for film-substrate interactions, since Eq. (1)
the film thickness at temperatufieto the vapor pressure provides an incorrect functional form for adsorption data
relative to saturatio® /Py [6], and underestimates the thickness of the adsorbed film.

. -3 Our purpose here is to report adsorption isotherms on both

ksTIn(P/Py) = —y(d)d =, (1) metaﬁ sEbstrates and inpthe thin f?lm regime which are
where y(d) is a coefficient reflecting both substrate- entirely consistent with the DLP theory, and to demon-
adsorbate and adsorbate-adsorbate interactions. This cstrate that the previously reported discrepancies can be
efficient varies slowly in the thin film regiméd <  attributed to properties of the adsorbate rather than sub-
5 nm), where Eq. (1) is well approximated by the form strate.
ksT In(P/Py) = y(0)d—3. Retardation effects become Our adsorption measurements were obtained by means
increasingly important for film thicknesses beyomd of a quartz crystal microbalance (QCM) technique [23,24].
15 nm [6], and eventually cause the right side of Eq. (1)The QCM consists of a single crystal of quartz which oscil-
to cross over to a/~* dependence. Equation (1) is ap- lates in transverse shear motion with a quality faQaear
plicable only in cases where the adsorbed film completelyl0°. Au or Ag film electrodes, which serve as substrates
wets the substrate [7]. for adsorption, were evaporatedsitu onto the major sur-

Among a number of adsorption experiments whichfaces of the QCM. The Ag film electrodes were prepared
have been carried out in recent decades to specifically irby collimated thermal evaporation &8 torr and 0.05—
vestigate the adequacy of Eq. (1) (see Table 1), the 1978.1 nny's onto optically polished 5 or 8 MHz quartz crys-
analysis of Sabisky and Anderson for He adsorption orals held 50 cm above a tungsten boat evaporation source.
SrF, yielded the most remarkable agreement between théThe topology of samples produced in this manner is dis-
ory and experiment [8]. Other data reported for He/Aucussed extensively in Palasantzas and Krim [25].) Au
and He/quartz [9] exhibited, however, systematic deviafilms were thermally evaporated H~° torr onto identical
tions from theory [6]. Such apparent discrepancies haverystals held 12 cm above a tungsten wire basket source.
proven difficult to resolve: interpretation of most exper- Adsorption isotherms were carried out by transferring the
imental work has been complicated by the extreme sersample, in either a vacuum or flowing argon gas envi-
sitivity of adsorption data to roughness [10,11], porosityronment, to a small vacuum chamber whose temperature
[12], and/or chemical inhomogeneity [13] in the substratecould be regulated between 77.4 K and room temperature.
as well as the intrinsic width of the film-vapor interface Adsorbate gas was then admitted to the chamber, and the
[14]. In 1991, Beagleholet al. [15] reported adsorption frequency shift of the oscillator was measured under equi-
data for HO and GH,, recorded on a mica substrate librium conditions. Gas-phase corrections to the frequency
free of the aforementioned complications. They observeghift were included (at” = 77.4 K the gas pressure con-
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tribution to the frequency shift for an 8 MHz quartz crystal 50 3 ] 200
is about—2 Hz, near monolayer completion for a nitrogen ok S 4 100
film, and it becomes far less important at higher film cover- Had ot 293K 3 050
ages; see Ref. [26] for further details and references). The § et I :f RS J oz &
corrected frequency shift (proportional to the mass per unit 3 =0f of %+ 010 <§
area of the adsorbed film) was converted to film thickness ok ooﬁ’ 4 005 ”
by assuming the film had the same density as the bulk lig- ot - o002
uid. The data were not corrected for adsorbate film slip- A “ oot
page effects [27,28] (which arise if the film is unable to wk 8 4 100
track the oscillatory motion of the substrate, and would CeHy2/Ag at 293 K 4 os0
cause the thickness to be underestimated) or for substrate g sop ° J 020 &
roughness effects [26] (which would cause the thickness 3 z2of 4 o.m;;f
to be overestimated). Such effects result in an uncertainty ok 005
on the order of 10% for film thicknesses reported here be- - o002
yond monolayer coverage (the uncertainty is much greater 90 oz ‘of4 o!s ol.a 110013 Iojsloj'il;jo 2!0 3.0 I510 001

for submonolayer and monolayer films). Although they P/P, thickness(nm)

could have been incorporated into the present dqtg angli~ o Frequency shift I(Hz = 8.85 ng/cm?)  versus

ysis, they would have served only to complicate it: thep,ia) pressure for water (0.998@n® and cyclohexane

conclusions of the work remain unchanged. (0.7785 gcm?) films adsorbed at room temperature. The
In order to avoid artifacts in the data analysis associatedame data are depicted as(fp/P) vs film thickness on

with sample height (i.e., gravitational potential Shifts),the right side of the figure. The solid Iiges represent theoretical

adsorbate wetting behavior, and/or potential cold point@rediction for water{y(0) = 17700 KA?[32]] and cyclohex-

; ane[y(0) = 106000 K A3[29]] on gold.

in the sample cell, the saturated vapor pressBge

was identified from the data set itself via the intercept ] )

(In Py) of a plot of 83 versus IP [7]. This procedure, experimental error of the DLP theory for all thicknesses
discussed in detail in Ref. [7], assurieténtical treatment ~Peyond=0.6 nm, the water adsorption data are clearly not
of the data sets obtained from the various runs, sglescribed by the DLP theory. This is the essential result
that comparisons with theory could be performed in anvhich we seek to report: we have recorded hundreds of
objective manner. In the discussion which follows, welisotherms for a variety of adsorbgtes (including pyridine,
refer to data points which fall within experimental error P€nzene, cyclohexane, water, nitrogen, oxygen, and the
of theoretical prediction as “agreeing with theory,” and

take the thickness range over which this agreement occurs 50
as a measure of the quality of the agreement. sk ° + 1000
Data for a representative selection of adsorbate- b Np/Au at 77.4K 8 q o500
substrate combinations are presented in Figs. 1-3. All § sop g 1 01008
of the isotherms were recorded at temperatures well 3 a0f 5 °~°5°%°
above the melting points of the respective films, so the mM‘J 1 o010
layering transitions typically associated with adsorption 4 o.005
on a uniform surface are not in evidence [30]. We note ] s B
that layering transitions for data sets recorded at lower 8 + 1.000
temperatures on identical substrates are, in fact, quite O N,/Ag at 77.4 K q 0000
apparent [28], indicating that the substrates are highly g whb ] °d°°§
uniform. We have not employed such data sets for 3 ERa
comparisons with theory, however, since they frequently 20 1 o010
correspond to films which do not wet their respective ‘ol 4 0.005
substrates [7], thus greatly limiting the range of film 0 05 04 06 05 1003 0E0TL0 08 B
thickness available for study [28]. P/P, thickness(nm)

The solid lines in Figs. 1-3 depict the predictions OfFIG 2. Frequency shift versus partial pressure for nitrogen
the DLP theory [6,31,32]. We note that there at@  fymq (0.804 gcm?) adsorbed on Au I(Hz = 8.85 ng/cnt)

adjustable parameters employed in comparing the data ¥hd Ag (1 Hz = 3.45 ng/cn?) substrates at 77.4 K. The
the theory. Let us first focus on the data presented bgame data are depicted agip/P) vs thickness on the right

circles in the upper sections of Figs. 1 and 2. These datgide of the figure. On the top part, the circles are for the
sets were recorded on a 75 nm thick Au film deposite@me substrate as the Fig. 1 (top part) data represented by

. cjrcles. The crosses are nitrogen data recorded on a 100 nm
at room temperature. The water isotherm was r_ecordeﬂﬂick Au film evaporated at 400 K. The solid lines represent
on thesameAu substrate immediately after recording the theoretical prediction for nitroggu [y(0) = 19000 K A3[6]]
nitrogen isotherm. While the nitrogen data are withinand nitrogefiAg [y(0) = 20963 K A3[31]].
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FIG. 3. Frequency shift versus partial
films on Ag (2.40 gcm?®, 1 Hz = 3.45 ng/cn?) at 118.5 K
and Xe fiims on Au (3.08 &em? 1 Hz = 8.85 ng/cm?’) at
164 K. The same data are depicted a@§fP) vs thickness
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tion onto identical substrates regularly results in data sets
which are in excellent agreement with the DLP theory,
even for thin films on metal surfaces.

The additional data sets presented in Figs. 1-3 are
meant to provide a representative sampling of our obser-
vations. Data sets for nitrogen on 100 nm thick Au evap-
orated at 400 K (Fig. 2 crosses) and nitrogen on 150 nm
thick Ag evaporated at 300 K (Fig. 2) are in excellent
agreement with theory. Data for xenon on 150 nm thick
Au evaporated at 300 K (Fig. 3), krypton on 150 nm thick
Ag evaporated at 300 K (Fig. 3), and cyclohexane on
150 nm thick Ag postanneled to 400 K exhibit progres-
sively shorter regions of agreement with theory. Data
for water recorded on the 150 nm thick Ag film mean-
while exhibit no overlap whatsoever with theory (Fig. 1,
crosses). While factors such as surface roughness, devia-

krtions of film density from the bulk value, and film slippage

can potentially account for the discrepancies between the
low temperature adsorption data and theory, they cannot
account for the size of the discrepancies observed in the

The solid lines represent.oom temperature data sets
the theoretical prediction for KIAg [y(0) = 27454 KA3[31]] P :

It has been suggested [22] that the results of Beaglehole
for the adsorption of cyclohexane and water onto mica

rare gases) on gold and silver substrates, and we hawaight be an artifact due to the fact that mica is an
never observed room temperature adsorption to be we#asily charged material. Our results for the adsorption of
described by the DLP theory. Low temperature adsorpeyclohexane and water on metal surfaces would indicate

3608

TABLE .

Relevant works on the behavior of adsorbed films and their comparison with the

DLP theory. An * denotes the reported agreement with theory has been disputed in the
literature [15] (ML = monolayer).

Agreement
Thickness with DLP

Authorg/ref. System range theory reported  T(K)
Sabiskyet al., He/Srk, =12 A Yes 1.38
1973 /[8]* (=5 ML)
Hemming, He/Au =175 A No 2.13
1971/[6,9]° He/quartz =175 A No 2.10
Blake et al., alkanegAl 1 -5ML Yes, * 294
1971/[16]°
Geeet al., n-alkanegquartz =10A Yes, * 294
1988/[17]¢
Beagleholeet al., CgHi>/mica 0-2 nm No 291
1991/[15]° H,O/mica =5 ML 291
Vukusic et al., alcoholg Au 0.220 A No
1992/[22]¢
Bradberryet al., alkanegAu 0.2-10 nm No 297.8
1992/[22]¢
This work® CeHi»/Au =4 ML Poor 293

H,O/Ag(Au) =16 ML No 293

N,/Ag(Au) =8(13) ML Yes 77.4

Kr/Ag =7 ML Moderate 118.5
Xe/Au =7 ML Good 165

2 Acoustic interferometry. ® Gravimetric adsorption.© Ellipsometry.
4 Surface plasmon resonancé.Quartz crystal microbalance.
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