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Critical adsorption in a well-defined geometry
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A fluid’s density profile near a wall is predicted to assume a universal shape near the liquid-vapor critical
point, a phenomenon termed critical adsorption. This universal shape is predicted to depend on the boundary
conditions of the fluid at the walls and is predicted to be a function of the rAfiowherez is the distance
from the wall and¢ is the bulk correlation length. A body of evidence confirms the analogous phenomenon of
critical adsorption in binary fluids near the critical demixing point, but in the simple liquid-vapor system the
experimental situation is not as clear. For example, critical adsorptiono#&& observed in porous glass for
reduced temperatute=T/T,—1>10 3. However, fort<10~ 2 a desorption behavior is seen. This desorption
has so far resisted rigorous theoretical explanation. We report measurements of the critical adsorption of
nitrogen inside a capacitor gap with a simple parallel plate geometry and open gap.rof ®nlike the
previous experiments with $Fthe data show a monotonic increase in the adsorption betivegix 10”4 and
t=10®, consistent with theoretical prediction and without any indication of desorption.
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[. INTRODUCTION the integral being taken over the whole capacitor gap, the
factor of 3 due to the fact that the capacitor is comprised of
The effect of a solid boundary on a simple fluid or binary two electrode surfaces a distaricapart. Substituting Eq1)
fluid undergoing a continuous phase transiti@hwas stud- in Eqg. (2), we obtain
ied by Fisher and de Genng2]. Next to astrongly adsorb-
ing boundary, they predicted that the order parameter profile I .=AMEgP 7+ B, 3
should decay away from the boundary as
whereA and B are parameters that depend on the limits of
integration. The parametdd takes into account the excess
adsorption due to the compression of the nitrogen by the
substrate van der Waals forces, which happens even for
wherep(z) is the density a distancefrom the boundaryp, —oo, We estimate thaB is at most X 10”2 mmol/n?, i.e.,
is the critical densityt=T/T.— 1 is the reduced temperature, approx two solid layers. This is comparable to the noise in
&= §&,|t| " the bulk correlation lengthA=1.65 is the gap our measurement of .. The theoretical prediction foh
exponent, and h=[u(p,T)—u(p..T))/2kgT, where =0 and an ideally flat substrate A&s=2.0(x0.5) [3], inde-
n(pe,T) is the chemical potential along the critical isochore pendent of the substrate composition so long as the attraction
[2]. The scaling functiorP(x,y) has a different functional between substrate and fluid is strong enough to force a lig-
form above and beloW; and is determined by the univer- uidlike layer immediately next to the wall. This prediction
sality class of the phase transition and the boundary condidoes not take into account the roughness of the electrodes
tion of the order parameter at the solid boundary. Equatiomor the long-ranged van der Waals field that extends into the
(1) is obtained by taking the derivative with respectitof  fluid from the electrodes; these can be expected to increase
the fundamental renormalization group scaling relation fol'. (and therefored) but they are not expected to affect the
the free energy2]. BelowT., P(x,y) satisfies the constraint power law temperature dependence in 8)[4]. The power
that, forz— o andh— 0, the shape of the coexistence regionlaw dependence is expected to break dowrt-a$) under
in the bulk is described by(z)—p.=M]|t|?, and hence two circumstances. Firsk; is predicted to saturate at a finite
P(x,y)—1. Above T., for z—« and h—0, it must be value as—0 whené=L because the adsorptions on the two
P(x,y)—0 so that{ p(z) — p.]—0. electrode surfaces begin to interfere with each offgrSec-
In our experiment, the order parameter profile near theond, A should become temperature dependent whe0,
wall is not directly measurable. More relevant to our mea-i.e., when the bulk fluid density next to the capacitor gap,
surement is the total excess adsorption per unit area, whichyyx is N0 longer exactly. ; this is a direct consequence of
for a parallel plate capacitor geometry is defined by the scaling law Eq. (1)] but has not been shown to be mea-
surable under realistic conditiofs].
1L Binary fluid mixtures near their critical demixing point
Fc:_f [p(2)—pcldz, 2) belong to the same universality class as the liquid-vapor
2)o critical point. Ellipsometric measurement of the volume frac-
tion gradients in binary fluids provides significant evidence
for Eq. (1), where, instead op, the volume fraction of a
*Permanent address: Universitdes Saarlandes, Saarbken,  given componend is the appropriate order paramef8&r6].
Germany. In pure fluids, by contrast, the experimental situation has

p(2)— pc.=MtPP(Z/£,ht™2), (1)
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been less clear. Measurements of the adsorption @f IBF
porous glasses confirm critical adsorption abdvefor t
>10"2 but give the opposite result, criticalesorption for
t<10 3 [7]. So far, no one knows the precise cause of the
observed desorption phenomenon. It has been suggested that (a)
an effective bulk fielch, in addition to the surface field that
ordinarily causes critical adsorption, might be responsible.

c
Since the compressibility diverges faster than critical adsorp- \ |

tion, the response to a bulk field tends to dominate suffi- —

ciently close tdT ., potentially leading to desorptid5]. It is B

not at all apparent, however, that this scenario pertains to the

experiment of Ref7] since in their experiments the chemi- |\ A \II/ AI\ A \I

cal potential is not fixed but varies with temperature. A simu-
lation of a Lennard-Jones fluid confined inside a gap with
simple parallel plate geometry, which is meant to closely
mimic the experiment of Refl7], including the effect of St (b)
nonzeroh, does not show any evidence of desorpt&h
Thommeset al.[7] have suggested that the desorption could 2 @|
be related to the confinement of the critical fluctuations in 53
the pores, since the onset of desorption occurred when the
correlation lengthé became much larger than the 20—30 nm cell
substrate pore diameter. If the pore size in relatiog t® so
important, however, it is difficult to explain why the same
temperature dependence of the desorption is observed for the
adsorption of Skin finely divided graphitized carbon black ~ FIG. 1. (&) Schematic drawing of the Cu experimental cell
(Vulcan 3G. In Vulcan 3G, the distances between the ex-showing three electrodes A, B, and C, not drawn to scale. Capacitor
posed surfaces of neighboring particles are distributedhC. which has a gap of 26@m, is used to measure the bulk fluid,
widely, with a typical distance of 5-10 nf8]. while cgpacitor BC, V\{ith a gap of 3.4m, is sensitive to critical

In this paper, we report experimental measurement of th@dsorptlon_effects._A tl_It in the cell of only 2° wou_ld be enough so
critical absorption of nitrogen inside a capacitor gap with athat capacitor BC is situated very close to capacitor A.Sche-

simple parallel plate geometry and open d¢ap3 um. The maticI otf :jhetc;y7ostagzhowin? tth(;eettir;geragjgreﬂcor;_trol sltages S1
value I'. deduced from the capacitance data is consister}qeguae at 77 K S2 (regulated a K S3 (floating, low
emperature valve \regulated at 129 K and experimental cell.

with theoretical prediction, fot between %10 ¢ and 4
X104 and reduced density* =p/p.—1 between—0.04
and 0.007. While we observe, as expedtgf that the ad-
sorption saturates belotw=3x 10", we do not see any hint
of desorption in the data.

increase in average/p. within capacitor BC but only a
~0.01% increase within capacitor AC.

Because electrode C consists of a flexible, kapton dia-
phragm, it would be expected to deflect in response to the
temperature-dependent fluctuation-induced critical Casimir
[l. EXPERIMENTAL CELL force [17], potentially obfuscating our measurement of the
density increase due to critical adsorption between electrodes
; . .~ B and C. Another potential source of error in our measure-
C‘?”- Dgrmg the measmements, the cell is completely flllecjment is an increase in the density inside the capacitor gap
with fluid N ,. Inside the cell, there are three electrodes COM4yye to electrostrictiofid]. We find, however, that these two

prising two capacitors._EIec_trodesAand B are m_achi_ned OUlttects produce a negligible correction in the measured ad-
of Cu and polished using diamond paste to a mirrorlike f'n'sorption.

ish. Electrode B, which is shaped like a cylinder, fits snuggly The kapton which comprises electrode C is stretched so

inside_ the annulus-shaped electr_ode A. EIectrode c ConSiS{@htly upon cooling from room temperature that it is essen-
of a circular 10um-thick kapton diaphragm that is stretched i1y "flat and insensitive to the various forces that are
and glued onto a copper ring. The kapton is plated W'”})resent. We measured the deflection of the kapton diaphragm

aluminum on the s_ide fac_ing electrode B and it is pe_rfora}te h response to a varying applied ac voltage across the gap,
away from the active region near electrode B to assist d'ﬁu'obtaining coefficient of sensitivity of the diaphrag=1.7

sive equilibrium in the cell. All the electrodes have a mirror- o, 10719 m3N that relates the deflection of the diaphragm
like finish but contain scratches and other imperfections tha&d to the pressuré P acting on it i.e

remain visible to the naked eye over about 1% of the active B
area. Capacitor AC, which has a gap of 260, is used to Ad=BAP. (4)
measure the density of the bulk fluid. Capacitor BC, with a

much smaller gap of 3.@&m, is expected to be much more Based on this calibration, the critical Casimir presg@&Q|
sensitive to critical adsorption effects. For example, when ~FkgT./d® should produce a fractional change in the ca-
~10°®, critical adsorption is expected to produce~-d%  pacitance of less than>310™/, even after taking into ac-

In Fig. 1(@ we show the schematic of the experimental
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count a predicted enhancement of the force near the critical Ill. EXPERIMENTAL PROCEDURE
point F <100 [10]. This is completely negligible compared Our measurements consist of a series of experimental runs

to the 0.1% increase in the capacitance of capacitor BC dugnere for each run, we first adjust the average density inside
to the 1% increase ip/p. due to critical adsorption. the cell in the one-phase region abolg Then we perform
The electrostatic pressure due to an applied ac votage two data runs back to back. First, we measure as a function
is given byAP=[3%&.[(V—V0)/d]? whereg, is the elec- of temperatureC,c, the capacitancg between eIectrodes A
tric permittivity, d is the capacitor gap, and, is the dc and C. Second, we measure the ralig./Cac as a function
voltage drop due to contact potentials in the circuit. During®! [€mperature, wher€,c is the capacitance between elec-

the measurements, the maximum ac voltage across capaci ?des Aand C anfgc, the capacitance between electrodes

. . . ) and C.
BC is 5 mV, while the maximum voltage across capacitor AC In Fig. 1(b), we show a schematic of the cell, the various

is 80 mV. The dc voltage drop is found to B§~24 mV.  ghieids and thermally controlled stages. Calibrated Pt ther-
We did not do anything to try to compensate ¥y because mometers are used to measure the temperature of shield S2,
the effect of the dc field is so small. In the worst case, whenhe low temperature valve V, and the cell. Shield S1 consists
t~10®, the expected electrostrictive increase in the densityf the vacuum can which is submerged in liquid nitrogén

[9] inside the capacitor gaps due to ac and dc fields is onl¥K). A Lakeshore resistance bridge controllé2] regulates

0.01% in capacitor BC and 0.0001% in capacitor AC. Wherthe temperature of S2 at126 K(+1 mK). An LR-700 re-
t~1074, the increase in the density is only<40 5% in  Sistance bridge controll¢d3] regulates the temperature of V

capacitor BC and % 10~ 7% in capacitor AC. An increase of at 129 K(=1 m_K). The shield S3, which isolates the cell
0.01% in the density is less than the scatter in our measurd®0™ S2 and V, is left unregulated and floats at a temperature
ment of critical adsorption. intermediate between that of S2 and V. To obtain greater

The most important obfuscating effect in our experimentse”SitiVity and lower noise in our measurement of the cell

is due to gravity which induces a gradient in the density as hlerrr:jometer,_ 'i IS me;)a_sdured Hds]m? adho(rjnem_a(t]le Ivat c(tjjrrertn
function of height inside the clll1]. As T—T., because of -léad ac resistance bridge with standard resistor bolted onto

the fluid's diverging compressibility, gravity progressively tE? ceII.[1|4]. BecalIJse t.r;le cell .i‘:‘] Tuspinded IfromdS3 }Jging
increases the density of the supercritical fluid in the lowerNn stainless steel capiliary with low thermal conductivity,

half of the cell, where both capacitors AC and BC are |O_';hethheatinlg ac?dtpoolti)ngt; of th?‘t ceIIdissglr_nrﬁst tg:ompletelty dtuef
cated. Whent~108, the gravity-induced increase in the 0 thermal radiation between It an - [he time constant o

density in these capacitors is measured to be about 4%, Hlﬁ_ (;]e_lls k;eSFt)?L”;’e to 3 ;:han_ge dlr;) ﬂ:ﬁ tlemperr]atutre of StZ
least four times larger than the increase in density insigd/Ich IS abou ay, IS determined by the large heat capacity

capacitor BC expected due to critical adsorption. In ourdlée to the thick-walled Cu cell and the weak thermal link to

analysis, we “subtract out” the density increase observed i B fthe | th i tant of th I
capacitor AC from the data of capacitor BC. The basis of this I ectause (I)I ¢ € argei ertma:j .gnte;]cons an Oth et(;e , We
“subtraction” is the assumption that the density of the bulk &'OW the cell temperature 1o dn rough, rather than

fluid next to capacitor BC is the same as the average densi ntrol the temperature at each point. We quickly lower the
measured by capacitor AC. For-1075, this assumption emperature below . at the start of each data run and then

works for the various densities studied in this experiment,IEt the cell drift up slowly at=2.5 mK/hr. This drift rate is

the error due to the density gradient within capacitor ACco_mparable to that used in previous experiments near critical
being comparable to the noise in our measurement. For th _omts[15]. Because (_)f_the thick walls of the Cu cell ar!d th_e
reason, we restrict the power law analysis of our data to igh thermal condu_ct|V|ty (.)f.CU' the temperature gragilent n
~10°5. Closer to the critical point, fot<8x10 ¢ and the walls of the ce_II is negligible, but we need to conS|d_er the
|p*|<0.01, the density gradient within capacitor AC is ex- temperature gradient between the cell walls and the nitrogen

pected to become sufficiently pronounced that capacitor Aélu'd' “Vhend\;vedc%:nparidfth daaitilsrun;/r']n gvfj[lhch the (;:ell
measures a “rounded” density and there is a measurably sig:j’-"as a O\tNe 0 t” muc(:j. aster fn;; Kr 0 lgp an di
nificant density difference between the bulk next to capacitofiown In temperature, a discrepancy of > ms was observed in
BC and at the center of capacitor AC. This rounding anGIhe two curves near the critical point. To estimate the maxi-

density difference are sensitive to the precise leveling of thé"4™ likely magnitude of the error for the actual drift rates

experimental cell, which we do not have the means of detell-Jsed in the critical adsorption measurements, we compared

mining at low temperature. A tilt in the cell of 2° is within data obtained from nearly identical runs that approached

our experimental uncertainty, especially if we consider the’€"Y close to the critical point, simultaneously within

-6 —4 i i i
possible effect due to differential thermal contraction during< 107" and p* <107, but with ditferent drift rates(3.5
the cooldown. The cell schematic in Figal, showing ca- mK/hr vs. 2.5 mK/hy. We observed a discrepancy in the two

pacitor BC at a height above 99% of the fluid in capacitordatasets on the order of 0.3 mK, only somewhat larger than

AC, refers to the very unrealistic case in which we would bethe scatter. Based on this information, we estimate an error in

able to make the cell perfectly horizontal. A tilt of 2° would ¢ ©f &t most 2<10 ® for the 2.5 mK/hr drift rate used.
result in capacitor BC being below 40% of the fluid in ca-
pacitor AC, effectively much closer to the center of capacitor
AC, reducing the error due to the gradient in density within  Figure Za) showsCuc, the capacitance between elec-

capacitor AC. trodes A and C as a function of temperature, measured using

IV. CAPACITANCE DATA FOR LARGE GAP CAPACITOR
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4.00 FrreeeTeeTe e T more closely approximates the vapor density. Then, precisely
; ] at the vapor side of the coexistence boundary, poim the
3.98 | lowest curve in Fig. @), there is a downward kink in the
. capacitance. The capacitance drops off and then increases
— 39T between points andd. This curious behavior at the lower
& r coexistence boundary is a consequence of the gravity-
Q 3%t induced density gradient. The density of the fluid increases
a [ as we go lower down in the cell, so that at some point near
S 392 the bottom of the cell the density is sufficiently high that a
390 F puddle of liquid is formed. The formation of this puddle has
T the effect of decreasing the average density of the rest of the
3.8 :'_ " fluid in the cell and this is reflected, in particular, in the
) lower density of the vapor measured by capacitor AC. Above
110 1 T. (above poind), there is no more liquid present anywhere
in the cell, butC,¢ is nevertheless observed to vary due to
[ the aforementioned gravity-induced compression of the su-
1.05 percritical fluid. As the temperature is increased further still
the capacitance curves flatten out and their value now reflects
< [ the total average density of the fluid in the cell.
< 1.00 Figure 2b) showsp/p., the density normalized by the
[ critical density, calculated from the data of FigaRusing
[ the Clausius-Mossotti relation
0.95
e—1 A4ma p
FEPEPEPE BT B2l EPEPErEr AT BT AT BT = (5)
126.28 126.29 126.30 126.31 126.32 126.33 126.34 126.35 e+2 3 pe

Temp. [K] where =1.17527% 10 2 is the atomic polarizability of

FIG. 2. (a) Capacitance between electrodes A and C as a funchitrogen in dimensionless unifd4]. In this equation, the
tion of temperature. For clarity, not all of the data, which extend€ffective dielectric constant=C/C,, whereC is the mea-
down to 125.9 K, are shown. The absolute uncertainty in the temsured capacitance ait}, is the empty capacitance. The criti-
perature scale is about 0.1 K based on the thermometer calibratiogal point is where on the coexistence curve the slope is ver-
while the uncertainty in the capacitance is abautx 107 pF. (b)  tical, and corresponds tp=p, and T=T.. We fit C, by
Density calculated from data of panéh) using the Clausius- requiring atp=p. thate=¢e.=1.155 336[14]. Also in the

Mossotti relation. The solid curve corresponds to the bulk coexistﬁgure, we show the bulk coexistence curve from Ré#],
ence curve.

an Andeen-Hagerling capacitance bridges] operating at plpe=1+0.717 46t/ = 1.520t|***(1+1.03¢|**!

1000 Hz. Electrode B is grounded during this measurement. —2.0/t]2X05Y) (6)

The various curves correspond to different fillings or average

densities in the cell. FOT<T,, i.e., below pointa in Fig.  The = refers to the liquid or vapor side of the coexistence
2(a), the curves collapse onto a single capacitance curveurve. The various exponents and coefficients are taken from
whose temperature dependence reflects the temperature dRef. [14], where 0.327 and 0.51 are the asymptotic and cor-
pendence of the bulk liquid density. This happens becausgection to scaling exponents. However, we obtain the width
capacitor AC is in the lower half of the cell, so that, at suf- M =1.520+ 0.001 andT.=126.3182-0.0002 instead oM
ficiently low temperature, it is located below the level of the =1.479+ 0.006 andT .= 126.2143- 0.0002 obtained by Ref.
liquid miniscus. As the temperature of the cell is increased[14]. The differences ifT, are most likely due to an incon-
eventually the liquid level drops below the level of electrodesequential difference in thermometer calibration. The width
C so that the measured density no longer follows the liquidv obtained in this experiment is closer to the cubic model
side of the coexistence curve but instead drops off approxivalue M = 1.59[11].

mately linearly withT as the capacitor empties of liquid.

When the liquid level in the cell drops below the level of V. CAPACITANCE DATA FOR THE SMALL

electrode A, capacitor AC is then completely in the vapor GAP CAPACITOR

phase but there is still a liquid layer adsorbed onto the elec-

trodes. Consequently, the temperature dependence of the ca-Figure 3a) shows the raticCg/Cac, as measured by a
pacitance between pointsandc in Fig. 2(a) does not pre- standard ac ratio bridge circdit4]. By measuring this ratio
cisely follow the temperature dependence of the vaporather than individual capacitances directly, we are able to
density in this region. As the liquid level drops further and minimize the error due to temperature drift rates that varied
further inside the cell, the liquid layer adsorbed onto theslightly from run to run. Between different runs, when we
electrodes progressively thins, so that the measured densitiisconnect and reconnect the circuits, we observed shifts in
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: AL AL coexistence curve, between poiltsndc in the figure, the
N 1 E effective density shown in Fig.(8) deviates much more sig-
nificantly from the expected density due to the vapor. This
more pronounced deviation is because the liquid film ad-
sorbed on the electrodes makes a greater contribution to the
capacitance of the small gap capacitor. In Fig)3we also
note that the calculated effective density of some of the
curves shows a peaklike anomaly where the calculated effec-
tive density actually exceeds the bulk liquid density. This
anomaly is mostly likely caused by the presence of a meta-
stable liquid droplet on top of electrode C, whose weight
would cause the kapton diaphragm to sag, reducing the size
of the gap, and giving a peaklike anomaly in the capacitance.
The apparent peak in the effective density in Fig) 3 then

an artifact due to our assumption that the gap did not change
when we calculate the effective density. The most interesting
difference between Figs.(® and 2b) is in the region just
above the vapor side of coexistence curve, e.g., between
pointsc andd for the bottom curves in the two figures. In
these regions, the data of Figh2typically show a dip in the
effective density, due to gravitationally induced decrease in
the vapor density, but the data of FigcBdo not. This dif-
ference, we think, is due to critical adsorption onto the ca-
pacitor surfaces, which in the case of capacitor BC compen-
sates almost exactly for the effect of gravity-induced
gradients in the cell.

4.85 F
4.84 F

483 F

Cap.BC/ Cap.AC

482 F

19.2 |

191 By 4

19.0 F

Cap. BC [pF]

18.9 F

095 [

VI. ANALYSIS

126.30 126.31 126.32 126.33 126.34 126.35
Temp. [K] In our analysis, we make use of data in the region below
T., between 125.9 K and 126.2 K, to determine the locus of
FIG. 3. (a) Ratio of the capacitance between electrodes B and Ghe critical temperature and critical density, but, our main
to the capacitance between electrodes A and C measured by Oj{terest is the region abovEe,, where no liquid is present
bridge circuit. (b) Capacitance between electrodes B and C as aanywhere in the cell. While Eq€1) and (2) should apply
function of temperature, detgrmingd by multiplying the daFa of Figs'both above and below,, too many unknowns exist in our
2(b) _a21nd @. The uncertainty in the vertical scale i 2.7 experiment just below . to allow for a quantitative test. For
*10° pF. () Density calculated from data of pané). The solid example, belowl ; we expect critical adsorption at both the
curve corresponds to the same bulk coexistence curve shown in Fi%’apor—liqhid andcthe liquid-substrate interfaces, but we do
2(b). not have a way of separating the two effects. We also do not
the measured ratio, which correspond to shifts as much dsave a way of determining the density of the liquid film
2.7X10 2 pF in Cgc. These shifts may be due to stray ca- adsorbed on the electrodes and we do not know the precise
pacitances in our circuit and possible small irreproducibili-position of the bulk liquid level in the cell as a function Bf
ties in the adjustment of the phase in the lock-in amplifierwhich ultimately determines the thickness of the adsorbed
used in the ac ratio bridge. To correct for these shifts, sincéilm. Finally, belowT_. we notice that sometimes liquid drop-
the dielectric constant dat@and therefore the ratiomust lets appear to linger on electrode C, causing an anomaly in
collapse forT<T, we adjusted all the data so that they col- some of the curves in Fig.(§. By contrast, abovd . we

lapse in this region. expect no such spurious effects and there are no problems
In Fig. 3(b), we showCg, which we obtain by multiply- due to liquid being formed at the bottom of the cell.
ing togetherC,c from Fig. 2b) and Cgc/Cac from Fig. Above T, Eg.(3) assumes there is no gravity present so

3(a). In Fig. 3c), we show the effective density in capacitor that the density of the bulk fluid at the same height as the
BC calculated from the data of Fig(l® using Eq.(5) and  capacitor is constant, an increase in the capacitance occur-
C,=16.382 pF. This value o€, is obtained by requiring ring due to only critical adsorption @s-0. However, in our
that the dielectric constant at temperatures far belgw experiment the density of the bulk fluid at the position of
matches that of the bulk liquid. The solid line in the figure capacitor BC also increases due to gravity. In particular, we
indicates the same bulk coexistence region which we indinote that in both Figs. 2 and 3, the effective density increases
cated in Fig. 2b). asT—T,. even whenT>T.. For capacitor AC, the increase
There are several significant differences between the daia the density is almost completely due to gravity, the in-
of Figs. 3c) and 2b). These differences are especially strik- crease due to critical adsorption being less than 0.01%. For
ing below T.. For example, along the vapor side of the capacitor BC, which has a much smaller gap, the increase
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constant, is due to critical adsorption.
1.04 P We can relate the effective dielectric constanyf a par-
3 allel plate capacitor td'; [Eq.(2)] in a simple way. From the
Q law for adding capacitances in series,we have for a gap of
< e dimensionL,
8
S 1.00 L
e i L/SZJ' dz/e(z). W)
< 0
O- -
0.98
Substituting fore(Ap/p.) in Eq. (7) and in performing a
1,162 Maclaurin series expansion, where we retain terms linear
3 Aplp., gives
Q 1.160 F
& 1158 [ ) ¥ 0.9507pclel( 1 1) o
5 L ¢ 2(e.—1) \e. &)’ ®
w 1.156 Py %
1154 | where, as before; .= 1.155 336 is the dielectric constant at
critical density. Even though the density of the bulk fluid
1.152

126 P 330 may reach the solid density near the WA_Ib/pC~2, we find _
Temp. [k] ' for the temperature range of_our experiment that the various
approximations used to obtain E®) introduce at most 5%
FIG. 4. (a) A blowup of the effective density of capacitor AC in error in the integral’.. Note that in Eq(8) ¢ refers to the
the region just abov&.=126.3182 K in Fig. &). (b) The effective  effective dielectric constant due to the fluid inside the capaci-
dielectric constant for capacitor BEg, calculated from the data tor with small gapL, which is not the same asg:. From
of Fig. 3(b). Each curve in pandb) corresponds to a curve in panel Fig. 1, we see that capacitor BC is comprised of a large gap
(a) taken under identical conditions with the same average densityjapacitor in parallel with a small gap capacitor. When the
inside the experimental cell. The thick solid line in paf@lcorre- el is empty, the field due to the large gap contributes 1.60
sponds to the critical density. Where this line intersects a data CUrvgf in parallel with 14.782 pF due to the small gap. Knowing

in Fig. 4(a) corresponds to a point where the average density of th?his, from the law of adding capacitances in parallel, we ob-
bulk fluid in capacitor AC is constant and equal gp. Each of tain

these points corresponds to a point on a data curve in glanel.g.,
denoted by a dark circle. The increase dgc, even while the

density in capacitor AC is constant, is due to critical adsorption. . 1.60
e=¢gpgcT mz(ssc_sAc),

due to gravity and critical adsorption are comparable in mag-

nitude. Because capacitor BC is located close to the center afheree 5¢ is the effective dielectric constant of the large gap

gravity of capacitor AC, the density deduced fr@p: gives  capacitor capacitor AC anggc=Cpg/16.382 pF.

the density of the bulk fluid at the same height at capacitor In Fig. 5@ we show the total excess adsorptibg ob-

BC, at least fot>10"°. As a result, by using both th@,.  tained from our data as a function of reduced temperature

andCpg data, we can separate out the effects due to gravitfgach curve in Fig. &) corresponds to a different fixed ef-

and critical adsorption. fective density in capacitor AC and hence a different hori-
Figure 4 shows a blowup of the data in the region abovezontal path in Fig. ). In Fig. 5a) the various curves do not

T.. Figure 4a) shows the density calculated froB),c (the  collapse along the vertical because in the definitionl’gf

large gap capacitdand Fig. 4b) shows the effective dielec- [Eq. (3)] we substracp. not py, k. As can be seen in Fig.

tric constant forCgc (the small gap capacitpr For each  5(b), if we plot instead the corresponding Gibbs absorption

curve in Fig. 4a) there is a corresponding curve in Figb%

taken under identical conditions with the same average den- 1L 1 (L

sity inside the experimental cell. The thick horizontal line in FGibbszzf (p—ppuwdz=T + Ef (pe= Poudz,

Fig. 4@a) represents a constant density cutmfp.. The 0 0

point where this line intersects a particular data curve in Fig.

4(a) corresponds to the temperature on that curve where thall the data collapse on each other within the scatter.

average density of the bulk fluid in capacitor AC is equal to In the Introduction, we noted two factors that potentially

pc. For each point in Fig. @) intersectingp=p., thereisa would be expected to make the data in Fifh)5ot collapse

point on a corresponding data curve in Figb)denoted by ast—0: large gravity-induced density gradients that develop

a dark circle. In Fig. &), the increase in the dielectric con- inside capacitor AC and the temperature dependeintEq.

stant of the small gap capacitor BC &ss reduced towards (3) due to nonzerdw. The effects due to both these factors

T, even while the density in the large gap capacitor AC isdepend on the magnitude pf. The remarkably good col-
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— D ' FIG. 6. Tgipps, from Fig. Hb) corrected by adding
% o L 0.133 mmol/m as discussed in the text. The solid line is a least-
g | squares fit to the data above 10 ® also shown in Fig. &). The
% ook vertical error bars reflect an experimental uncertainty of
£ | +0.08 mmol/m. The horizontal error bars correspond to an uncer-
a1 tainty in T, of =£0.2 mK. The thin solid line is the theoretical
| prediction for critical adsorption.
0'0 | I - 1 PR P ) 1 1
-5 -4 -4 R
0.0 .0x0™ - 1.0x10 15510 dence that the cell must be tilted to some degree.

The main result of Fig. 5 is that there is no hint of critical

FIG. 5. (a) Total excess adsorptioR, calculated using the di- desorption anywhere in the datlg;,,s Showing only a
electric constant data of Fig(l$ together with the data of Fig(8). monotonic increase ds-0. The solid curve in Fig.®) is a
Each curve corresponds to a different constant effective density iteast-squares fit of the data to the power law expression
capacitor AC, where—0.038<Ap/p.<0.007. For clarity, only T'g;...=AMEtP~7+B. The data fot<10 ° are shown in
about one out of four data curves are shows).Total Gibbs ad-  the various plots. However, because the uncertainty i
sorptiquGibbS galculated from the data of pgné&). While the  +2% 1076 (due to an uncertainty iff, of =0.2 mK), and
scatter inl'gjpps IS only £0.05 mmol/n_{ there is an absolute un- phacause of uncertainties due to gravitational rounding within
certainty of+0.16 mmol/nf in the vertical sca(lse due to the uncer- capacitor AC, we have excluded the data fer10-5 from
IZ:EEV :2 ?Bg]; I%ezur?]‘;’(erta'my It is 210" due to an uncer- o 3 ntitative analysis. We have also fixed the exponent at the

ynte ot =9 ' theoretical value—v=-0.305. The fit yieldsAM¢,
=1.39(+0.03)x10 ° mol/m? and B=-0.133(x0.07)

I f th in Fig. iall he | . .
apse of the data in Fig.(B), especially over the large range mmol/n?. (Due to the scatter in the data, an attempt to si-

of densities(p*) studied indicates that either the two it v obtainAM o dB f least
sources of noncollapse are individually negligible within theMultaneously obtal S0, B—v, an rom a feast
scatter of our data or that they compensate each other. paduares fit gives errors as large or larger than the fitted val-

cause there is no estimate in the literature of the effect Opes) T{]e gegatlve vawe foB is unph_ys[?a:] b?cal:jse |W ©
nonzeroh, we cannot distinguish these two effects with cer-SXPECtl —0 ast=cc. We are not certain If the fitted value
tainty. of B has any physical significance. However, we note that its

It is possible that the noncollapse due to gravity—induced’alue IS compgrab_le to the gncertamtyﬁndue to th? shifts
gradients would be negligible if the cell were slightly tilted W€ noted earlier iin the rati€gc/Cac between different
and it is unlikely that our experimental cell is perfectly level. runs. The resulyr;g uncertainty in the d'eleCt_”C cqnstant
If by accident, the cell were perfectly level, then capacitor®€sc ~1.6X10°° translates to an uncertainty i’

BC would be 130um higher than the center of capacitor AC ~0.1028 mol/mx A& =0.16 mmol/nf. A power law plot is

as shown in Fig. (). Fort<10"° gravity would then cause SMOWn in Fig. 6, where we have added 0.133
a lower density in capacitor BC and therefore an apparent dip~ 0-07) mmol/nf to the data from Fig. &) so that the ad-

in the measured’g;,ps. The magnitude of this dip would SCTPUion extrapolates to zero fof-. For comparison, the
increase ag* 0. For t=2x108, the gravity-induced thin solid line in Fig. 6_|§ the theoretical prediction, where
gradient forp* = —0.026 would produce an apparent dip in AM&=5.45(+1.3)x 10 mol/m?, - v=-0.305, andB
I'sibps Of 0.015 mmol/m while for p* =—0.0075 the dip

would be 1.5 mmol/i However, if the cell is tilted by

~2°, this would place capacitor BC very close to the center VII. DISCUSSION

of gravity of capacitor AC, substantially reducing the error

due to gravitational gradients in capacitor AC. Apart from a Whereas in previous experiments critical desorption of
possible effect due to nonzetp then, the fact that in Fig. SF; was seen fot<10"2 in porous medi47], we do not see
5(b) we do not observe* -dependent dip il gi,ps is €vi-  any hint of critical desorption in any of our data. Instead, the
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results are consistent with the Fisher—de Gennes prediction As discussed in the Introduction, the presence of gravity
for strong critical adsorptionfEg. (3)] in the range 3 complicates the analys[41], but we corrected for gravity-

X 10 ®<t<4x 10 “. As seen in Fig. 5, the theoretical value induced density gradient, using the data of capacitor AC to
of the critical exponent describing the adsorption is consisdetermine when the density next to capacitor BC is approxi-
tent with our data, but the magnitude of the adsorption is 1.5nately constant. The collapse By, in Figs. 5b) and 6
times higher than expected. Based on previous experiender p* between—0.04 and 0.007, with no systematic trend
with polished metal surfaces, this higher than expected magn the scatter, would seem to imply that the correction ap-
nitude may be due to an enhancement of the surface area pfied is adequate. As we have noted, this collapse tfor
the electrodes due to roughnésee, for example, Reff17]). <10 ° may be a somewhat fortunate result due to a slight
While roughness would increase the total adsorption insidélt in the cell. The effect of a temperature dependéim Eq.

the capacitor gap, it is predicted not to affect the temperaturé3) has not been determined. Another possibility is that the
dependenc@4]. Another possible explanation is that the ex- flattening out below=3x10"% is due to& becoming com-
tra adsorption is due to the long-ranged van der Waals forcgsarable tod [5] or related in some other way to the confine-
that extend into the fluid from the substrate. However,tfor ment of critical fluctuation$7,8]. This is supported by the
=1x10"® we estimate an increase iMgy,,s Of  observation that, fot=10"% ¢=1.6x10 2% °%6~1 um,
0.02 mmol/d and for t=1x10"° an increase of which is only three times smaller thah-3 um.

0.11 mmol/n3, on the basis of a crude model taking into

account the diverging compressibility of the bulk fluid near VIIl. CONCLUSIONS

its critical point [11] and using the DLP formula for the
dispersion forces between substrate and fltid. These in-
creases are comparable to the noise in our data. Although
principle electrostriction would lead to an overestimate of
the truel'g;pps, We have already noted that it is of negligible . : . : .
magnitude compared to critical adsorption. Other errors in—down tot~10"°. As we pomted out In _the Intr_oduct|on, It
herent in our experimental method cannot explain the highe'|:ﬂay be that the desorption observed in previous measure-

than expected adsorption because they lead to an underedfients of critical adsorption in porous glasses and exfoliated

mate of['g e, Such as the fringe field contribution tgsc ?lra?hltt? is a[s%sg]c%ed with thet conflﬂementthof CFItIC?l density

and the error due to the slightly higher position of the ca- ucluda 'otrr‘].s ’ 'I u:. pre}ser;h rel.su 3 neither cct)n |rmT hor

pacitor BC relative to the center of capacitor AC. exciuge this explanation for the fiquid-vapor system. 10 re-
solve this issue, further measurements are desirable that can

One curious feature of the critical adsorption data in Fig.” . .
6 is that the adsorption is observed to saturate below %2;22:; :Eiesse two effects. Work is presently underway to do

X 10" . We are not sure whether this flattening out is physi
cally meaningful because the deviation from the power law

behavior is comparable to the uncertainty in the reduced tem-
perature due to the uncertainty in the determinatio of We thank M. Krech, M. Cole, and especially A. Maciolek

However, if meaningful, this feature can be blamed in part toand R. Evans for informative discussions. This work was
at least three distinct causes: gravitational roundirid, the  supported by NASAs Office of Biological and Physical Re-

effect of nonzerd [5], or saturation of" due toé=L. search under Grant No. NAG8-1761.

Our measurements of critical adsorption of nitrogen in-
sjde a capacitor gap with a simple geometry appear consis-
tent with the Fisher—de Gennes prediction for a strongly ad-
sorbing boundary2]. We do not see any critical desorption
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