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Probing the internal structure of nuclepore with hysteretic capillary condensation

M. P. Lilly* and R. B. Hallock†
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We report filling ~adsorption! and draining~desorption! measurements of superfluid4He in the porous
material nuclepore. These low-temperature measurements explore the classical hysteretic properties of the
capillary condensation of the liquid, while utilizing the propagation of third sound in the superfluid helium as
an in situ probe of the chemical potential. We present measurements of global hysteresis loops, subloops, and
reversal curves. With this data, we determine that the interconnected pore structure of the material is critical to
the draining process. In addition, we present measurements of the connectivity and pore size distributions for
nuclepore, and compare these results to calculations and earlier measurements. This work establishes the utility
of the novel working fluid superfluid4He and the applicability of the techniques used here for such studies of
porous materials.
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I. INTRODUCTION

The presence of curved surfaces in many materials
important consequences for the adsorption of liquids. Du
surface tension, adsorbed films have a thickness that dep
on surface curvature, and if the material has open voids
pores, the liquid-vapor surface tension can cause capil
condensation, which occurs when the surface tension m
the presence of bulk liquid in the pores more favorable th
a film coating on the pore surfaces. This process is usu
hysteretic and depends strongly on the size of the pores
the nature of the pore network. This sensitivity to the deta
of the interior of the porous material allows a nondestruct
technique for determining the pore sizes and connecti
using hysteresis data.

Early models of hysteretic capillary condensation trea
the pore space simply as a large group of independent po1

Each pore was regarded as a tiny two-state system; eithe
pore was filled or empty. The pores could switch betwe
these states in response to changes in the chemical pote
of the system. This independent-pore model of hystere
the Preisach model,2 originated in studies of the hysteres
shown by magnetic systems. Methods to use measurem
of the global hysteresis are available and can be use
estimate pore sizes. Such simple models neglect one o
main features of most porous systems: internal pores.3 In an
effect called pore blocking, an internal pore~i.e., one with no
access to the surface vapor! cannot drain until at least one o
its neighbors has drained, regardless of its size. In fact, h
teresis can arise from pore blocking alone~without the indi-
vidual pores being hysteretic!. For systems where por
blocking dominates the hysteresis, Mason4,5 has developed a
general recipe for using experimental data to find both
pore size distribution~PSD! and the connectivity of the
pores. Although the assumptions of the Mason model are
ideally suited to a material such as nuclepore, we will find
productive to apply the model to our data.

In this paper, we report measurements of the hyster
capillary condensation6–10 of superfluid 4He in the porous
material nuclepore11 and observe, among other things, retu
0163-1829/2001/63~17!/174503~17!/$20.00 63 1745
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point memory,6 a lack of congruence between subloops w
the same chemical-potential endpoints,6,8 and avalanches6,10

among the draining pores during withdrawal of the4He.
Nuclepore is a commercially fabricated porous thin polyc
bonate membrane material with nearly cylindrical por
completely penetrating the membrane. Ideally, pore block
would not be important. The primary filling and drainin
curves12 are determined by measurements in which
amount of fluid present in the nuclepore is measured a
function of chemical potential for filling and draining. Inte
estingly, when all of the pores are filled, slight changes in
liquid density as a function of chemical potential are o
served and can be attributed to the compressibility of liq
helium. Using chemical potential trajectories that create s
loops in the hysteretic region, we observe closed sublo
that exhibit return point memory~RPM!, a phenomenon in
which reversals of the direction of changes in the chem
potential return the system to a previous configuration. T
Preisach model correctly explains this feature, yet fails
account for differences in the shape of hysteretic sublo
that span identical chemical potential endpoints. This fail
of shape congruence indicates that interactions betw
pores are important, perhaps due to pore-pore intersect
within the material. A modified version of the Preisac
model is developed that includes a weak interaction betw
pores of a pore-blocking nature. While this modification c
qualitatively account for features such as subloop sha
quantitative determination of the pore sizes and connecti
is not possible. Since pore blocking does appear to occu
nuclepore, the analysis approach of Mason is used and
sults for the PSD and pore connectivity are presented.

In Sec. II nuclepore is described in more detail. Also d
scribed are the properties of capillary condensation in a
lindrical pore and the Preisach model. In Sec. III, the expe
mental techniques we have used for measuring hyster
curves are described. The data and interpretations are
sented in Sec. IV.

II. CAPILLARY CONDENSATION AND HYSTERESIS

Capillary condensation is an inherently hysteretic proce
A single pore of a given shape and size will fill and drain
©2001 The American Physical Society03-1
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different values of the chemical potential. While genera
complicated, the filling and draining characteristics of sim
shapes, such as cylinders, can be determined analytic
The hysteresis generated by the filling and draining of
voids in a porous material can be modeled using two q
different approaches. In the first, the Preisach model,
inherent hysteresis present for a single pore is the origin
the observed hysteresis, and in this model all pores fill
drain independently. In the second, a model attributed to M
son, when pore blocking is important, hysteresis arises du
the interconnectionsamong voids in the pore network.

A. Nuclepore

Our choice of porous material for these experiments pl
an important role in the interpretation and design of the
periments. Initially, nuclepore was chosen for its expec
relative simplicity. It is a commercially designed and fab
cated material whose primary use is a filter material in b
logical applications. Nuclepore is composed of nearly cyl
drical pores that pass completely through the material
nuclepore is not expected to have internal pores that fa
connect to the surface of the material. However, the cy
ders do intersect one another due to the high pore density
produce nuclepore a thin polycarbonate membrane is dr
across a radioactive source with a poorly collimated fl
The radiation creates damage tracks in the plastic mate
and these damaged regions are preferentially etched a
with a chemical process. The resulting pores are nearly
lindrical with a narrow spectrum of radii. Due to the coll
mation, the axis of the pores is tilted at an angleu from
normal, 0<u&34° as sketched in Fig. 1, and the in-pla
projection anglef is random, 0<f,360°. The material is
available in a range of pore sizes. It should be noted that
pores are not perfectly cylindrical; they have a slightly bar
shape. This was determined by flowing different flui
through the membranes,13 and this interpretation is consiste
with the capillary condensation results of Smith, Godsh
and Hallock.14 In this work we study material15 with nominal
pore diameters of 200 and 30 nm.

A number of previous studies of nuclepore exist. Vall
Smith and Hallock16 made pulsed third-sound measureme
for superfluid4He on nuclepore with 200-nm-diameter por
and found that the index of refraction was hysteretic due
the capillary condensation of the pores. Smith, Godsh
and Hallock14 made simultaneous capacitive and third-sou
measurements on nuclepore with 80- and 200-nm-diam

FIG. 1. Cross section of nuclepore~not to scale!. Cylindrical
pores penetrate the material up to an angleumax'34° from the
normal. The length-to-diameter ratio for the pores is 50.
17450
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pores. They studied the onset of superfluidity and determi
the pore size distribution from both the hysteretic capilla
condensation and third-sound data assuming that the p
do not interact. Godshalk and Hallock17 expanded these stud
ies to include 30- and 100-nm-diameter nuclepore and p
formed a Brunauer-Emmett-Teller~B.E.T.! analysis on the
low coverage adsorption data.

Since the material consists of long thin cylindrical-shap
pores with well-defined orientations, it seems to be a simp
pore network where the assumption that the pores act in
pendently might be justified. Pore size distribution calcu
tions attributed to Smithet al.14 were carried out presuming
independently acting pores having two characteristic ra
one for filling and one for draining. Lillyet al.6 found that
for a range of chemical-potential values the draining proc
in nuclepore occurs in discrete steps, or avalanches. With
discrete ‘‘clumping’’ of pores at a set of specific sizes~not
likely, considering the manufacturing process!, the presence
of avalanches indicates that the behavior of one pore
affect the behavior of other pores in the system; i.e.,
pores must interact with one another. This conclusion
motivated our more-detailed studies of the hysteresis beh
ior of 4He in nuclepore.

One possible interaction mechanism is pore blocking. T
relevance of pore blocking in nuclepore depends on h
well connected the pores are inside the material. With
simple computer simulation that uses the nominal parame
for the pore densityn, the cylinder radiusR, and the mem-
brane thicknesst, we calculate the number of other pores th
intersect at a given pore. To do this, an array of 20
‘‘pores’’ is created, where thei th pore is randomly assigne
a base position (xi ,yi ,zi50) and angles (u i ,f i) for pore
inclinations. From these parameters, each pore is assign
vectorv i

W aligned along the pore axis. For any two poresi and
j, the closest approach of the axes is

d5
uui j
W

•v i
W3v j

W u

uv i
W3v j

W u
, ~1!

where ui j
W is the vector between the base positions (xi ,yi)

and (xj ,yj ). If d,2R and the axes are closer than 2R within
the membrane (0,z,t), then poresi andj intersect. Finite-
size effects at the edges of the system lead to an underco
ing of the number of intersections. Histograms of the num
of pores with 0, 1, etc. intersections for 30-, 80-, and 20
nm-diameter nuclepore are shown in Figs. 2~a!, ~b!, and~c!.
For 200-nm nuclepore, the mean is 5.3 intersections for e
pore, with a wide spread~from 0–15 intersections!. Keeping
the thickness and the density fixed while decreasing the p
radius decreases the average number of intersections a g
pore experiences.

Also important is the net interconnection among the po
throughout the system. A second simulation tested for p
colation. A material is percolated when it is possible to cro
from one side to the other entirely by connected pores wit
the material. In this simulation, 100 realizations of a po
system are created for pores from 5–100 nm in diame
These systems of pore networks range from 100–1000 p
3-2
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PROBING THE INTERNAL STRUCTURE OF NUCLEPORE . . . PHYSICAL REVIEW B 63 174503
~in an effort to identify the presence of finite-size effects!. In
each such network the largest cluster of connected pore
identified and if this cluster spans the system then that
ticular realization is defined to be percolated. The probabi
of percolation is the number of percolated realizations
vided by the number of realizations. The results for this p
colation probability study are shown in Fig. 2~d!. The pores
in 200-nm nuclepore are completely percolated. Reduc
of the pore diameter to 30 nm leads to only a;50% prob-
ability of percolation. These results are consistent with th
obtained by Guyer and McCall18 where, using mean-field
arguments, they find that the percolation threshold is reac
for 40–50-nm-diameter pores.

B. Adsorption and capillary condensation

A surface exposed to the vapor of an adsorbate will
velop a liquid film on the surface provided that the adsorb
wets the material.19 The van der Waals attraction betwee
the surface and vapor allows this liquid film to coexist w
the gaseous phase, even for pressureP far below saturated
vapor pressureP0. In equilibrium, the film thickness is de
termined by equating the chemical potentials of the filmm f
and the gas phasemg.20 In this paper, the chemical potentia
m will be expressed relative to the chemical potential at
surface of the bulk liquid phasem0 ~i.e., we adopt the con
vention thatm050). For the vapor,

mg5T ln~P/P0!. ~2!

The van der Waals potential for a film on a flat surface
given by

FIG. 2. Nuclepore simulation results for the number of inters
tions per pore and the probability of percolation. Histograms of
number of intersections per pore are shown for~a! 30-nm, ~b! 80-
nm, and~c! 200-nm pore-diameter nuclepore. In~d! the percolation
probability for several simulation sizes is shown.
17450
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mvdW, f lat52
gj

d3~d1j!
. ~3!

Hered is the film thickness,g is the strength of the attractio
between the substrate and the adsorbing vapor,21 andj is a
relativistic correction22,23 important for thick films. For thin
films (d!j) we can usemvdW'2g/d3. The chemical po-
tential of a film on a curved surface will include both the v
der Waals potential due to the substrate and an additio
term for the surface tensions of the liquid-vapor interface

m f5mvdW2
sVm

r K
, ~4!

whereVm is the molar volume andr K the mean curvature o
the interface.

As we have noted, the pores of nuclepore are nomin
expected to be cylindrical. Capillary condensation has b
considered in detail for cylindrical pores by Saam a
Cole,24,25and these calculations will provide the basis for t
basic hysteresis element for the Preisach model discusse
the next section. Consider a cylindrical pore with lengthL
and radiusR, sketched in cross section in Fig. 3. At lo
chemical potentials@Fig. 3~a!#, the film thickness on the pore
walls dp is larger than on the flat surfacesd. Using the defi-
nitionsa5R2dp andy5a/R, Saam and Cole find the form
of the chemical potential in the poremp to be

mp5U~a!2sVm /a;

U~a!52
3pg

2R3
FS 3

2
,
5

2
;1,y2D , ~5!

whereU(a) is the van der Waals potential for a cylinder an
F is the hypergeometric function. Fory;1, the van der
Waals potential becomes approximately that of a thin
film U(a);2g/d3. Further increasingm leads to an insta-
bility in dp , and a sudden transition from configuration I

-
e

FIG. 3. Cross section of a cylindrical pore~not to scale!. When
empty~I!, a liquid film forms on the surfaces. On a flat surface, t
film thickness isd. Inside the pore, the thickness isdp , dp.d.
When full ~II !, a meniscus with radiusr is present at the pore
openings.L is the thickness of the nuclepore.
3-3
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M. P. LILLY AND R. B. HALLOCK PHYSICAL REVIEW B 63 174503
II ~Fig. 3! occurs at a chemical potential that we labelma .
The chemical potential for the filling instability is found u
ing

R2

R0
2

5
15

4
yc

2~12yc!P3/2
1 F11yc

2

12yc
2G , ~6!

whereR05A3pg/sVm is a scaling parameter andP3/2
1 (x) is

the associated Legendre function. Numerically solving
~6! for the film thicknessyc and then using Eq.~5! leads to
the chemical potential for fillingma . After the pore is filled,
a meniscus with radiusr forms at the ends of the cylinde
where

m52
2sVm

r
, ~7!

with the mean radius of curvaturer K52/r . Upon decreasing
the chemical potential,r decreases and eventually the fluid
the pore is unstable to draining. For large pores~such as the
pores in this study!, the pore will drain at the chemical po
tential mb when r'R

mb52
2sVm

R
. ~8!

As an example, we calculate the chemical potentials
filling ( ma) and draining (mb) using the parameters for 200
nm-diameter nuclepore. AtT51.52 K, using Eq.~6! we find
R/R0522.14 and numeric inversion results inya50.842
(dp'44 layers, 1 layer5 0.36 nm!. The chemical potentia
for filling is determined using Eq.~5! and isma520.0135
K. Draining occurs whenr'200 nm, and using Eq.~8!,
mb520.0216 K (dp'17 layers,d'13 layers!.

C. Independent pores

In a system where a collection of noninteracting two-st
hysteretic elements produces global hysteresis, the Prei
model provides a general framework for modeling the h
teresis. This model originated in studies of magnetic mat
als by Preisach2 in 1935. The two-state element in magne
systems is a single magnetic domain whose magnetiza
will be aligned or opposed to an external magnetic fie
depending on the field strength and history. A bulk magne
material is made up of many domains, and the Preis
model allows predictions of hysteresis curves based
knowledge of the individual elements. Since its original
carnation in magnetic systems, the Preisach model has
adapted to other hysteretic systems such as stress-strain
teresis in martensitic materials26 and rocks,27 and capillary
condensation in porous materials.1,28 More important than
simply predicting hysteresis curves, techniques have b
developed to invert the process. Mathematical tools for t
ing experimental hysteresis data from the global system
extracting information about the microscopic elements h
been developed by Mayergoyz and Doong29,30 and McCall
and Guyer.31 If a capillary condensation system were com
17450
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posed of noninteracting hysteretic elements, these to
would allow a nondestructive way to estimate the pore s
distribution.

An example of the basic hysteretic behavior of a sin
element~a pore in our case! is shown in Fig. 4~a!. Upon
increasing an external potentialm, the system switches from
‘‘0’’ to ‘‘1’’ at the point labeled a. When decreasingm, a
second switching point occurs when the state changes f
‘‘1’’ to ‘‘0’’ at b. This general picture is adapted to capilla
condensation in Fig. 4~b!. Now, the two states are ‘‘empty’
and ‘‘full.’’ The external potential is the chemical potentia
When empty, a film is present on the surface of the pore
the growth of film thickness with an increase in chemic
potential gives rise to a growth in the amount of fluid in t
porous material before any capillary condensation occ
Identifying f as the percentage that a pore is filled~the filling
fraction or filling factor!, there is a~nonhysteretic! increase
of f in the ‘‘empty’’ state with an increase inm due to the
presence of the film. Note thata>b since a pore must be
empty before it can fill. In the calculated example of t
200-nm cylinder given above,a520.0135 and b
520.0216 K.

To illustrate how hysteresis curves can be calculated,
will simulate a collection of noninteracting ‘‘pores’’ using
random distribution ofN pores, either full~weight 1/N) or
empty ~weight 0!. The film on the surface of the ‘‘empty’’
pores is neglected in this example. Each of the pores is c
acterized by a pair of chemical-potential values for fillin
and draining, labeled (a i ,b i) for the i th pore. A mapping
onto thea-b plane will represent each pore in the system
nonidentical pores by a unique point. Since the pore must
before it drains,a i>b i , all pores in the system are mappe
onto a triangular region indicated in Fig. 5~a!. Each pore in
the specific porous system is represented by a single s
circle in Fig. 5~a!. In Figs. 5~c! and ~e!, the hatched regions
represent the pores that are filled and we will discuss th
shortly. For clarity, the collection of pores is only shown
detail by small open circles in Fig. 5~a!, but this distribution
of small circles should be presumed to be present in eac
the Figs. 5~a!, ~c!, ~e!, and ~g!. The right column in Fig. 5
contains panels that show the evolving hysteresis loop
various stages of the evolution of the chemical potential.
the right set of panels the bottom axis is the external pot
tial and the left axis is the normalized filling fraction, whe
f 51 when all of the pores are filled. The rule for keepin
track of which pores are filled and which are empty is th

FIG. 4. Hysteresis of the independent hysteretic element in
Preisach model. In~a!, the most basic hysteresis loop is shown. T
f 50→1 transition occurs atm5a, and the f 51→0 transition
occurs atm5b. In ~b!, the ‘‘unfilled pore’’ is allowed to have a
film form on the surface, and the empty state is no longerf 50, but
becomesf 5 f (m).
3-4
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PROBING THE INTERNAL STRUCTURE OF NUCLEPORE . . . PHYSICAL REVIEW B 63 174503
increasing the chemical potential by a small amount fromm0
to m01dm causes all pores witha values betweenm0 and
m01dm @represented by one of the vertical strips in F
5~c!# to fill ~unless they are already filled, of course!. De-
creasing the chemical potential bydm causes all pores with
b values betweenm and m2dm @represented by a singl
representative horizontal strip in Fig. 5~e!# to drain ~unless
they are already empty!. The global hysteresis loop is create
by first increasingm and filling all of the pores, a proces
underway in Figs. 5~c! and ~d!. Then, once the pores hav
been filled, the chemical potential is decreased and p
drain as shown in Figs. 5~e! and~f!. In Figs. 5~g! and~h!, the
process is shown as complete~all the pores are empty! and
the global hysteresis loop that has been traced out by
system is shown. With a different initial distribution o
(a i ,b i), i.e., a different distribution of pore sizes, this glob
loop would have a different shape. More complicat

FIG. 5. Example to illustrate using the Preisach model. In~a!, a
collection of elements~pores in our case! can be mapped ontoa-b
space, each element represented by a single point. The shade
gions in~c! and~e! indicate what set of pores (a i ,b i) are capillary
condensed as the chemical potential is increased and then
creased. In~d!, ~f!, and~h! the corresponding evolution of the hys
teresis loop is traced out.ma andmb are the values of the chemica
potential at the specific example points in the evolution of the h
teresis curve.
17450
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chemical-potential changes can be used~e.g., loweringm
before it has reached its maximum value! to create subloops
within the global loop.

D. Interconnected pores

Determining the pore size distribution~PSD! of an arbi-
trary porous material is one of the motivating goals of tho
studying hysteresis due to capillary condensation. If the P
sach model correctly predicted the hysteresis behavior
capillary condensation, then it could easily be used to ca
late the PSD@i.e., the distribution (a i ,b i)] by using the
measured hysteresis loop and the relations between su
tension, pore size, and capillary condensation. Unfortunat
this simple model leaves out any detail about how the po
are connected in the interior of the porous material. As
result of connectivity,pore blockingcan occur. The Preisac
model is unable to account for this effect, and in spite of
utility in motivating an understanding of features of hyste
esis loops, the Preisach model is generally not very usefu
determining PSD’s from experimental hysteresis loop da

Pore blocking occurs when a large internal pore can
cess the external vapor only via smaller connecting po
This is shown schematically for an ordinary fluid for an e
treme example in Fig. 6 where in~I!, a large internal pore is
connected by a narrow neck to the outside of the por
material. When the chemical potential is increased, the n
row neck will fill first ~II !. Even though the neck is filled
with liquid, the film in the pore continues to thicken as if th
neck were not there. Eventually the large pore will capilla
condense~III !. Now, if the pore starts filled with liquid~III !
and the chemical potential is decreased, eventually~II !
would be possible, but only if a bubble is nucleated in t
pore ~not likely for pores larger than a few nanometers
diameter1!. In this case, only after the neck drains will th
large pore be able to drain; the large pore must haveaccess
to the external vapor in the cell. This effect only affects t
desorption process; on adsorption, the interior pores~with
‘‘bubbles’’ already present! are still in contact with the out-
side chemical potential and fill normally. The presence
pore blocking can have an influence on the dynamics of h
teretic capillary condensation. For example, for the case
very viscous fluid with low vapor pressure, interior ope
pores such as that represented by Fig. 6~II ! can have delayed

re-

de-

-

FIG. 6. Internal pores exhibit pore blocking. As the chemic
potential is increased, the pore and the neck will start empty, w
only a thin film growing on the walls~I!. The neck will capillary
condense first~II ! and then the pore~III !. Upon draining, the pore
would drain before the neck to reach~II !, but unless a bubble nucle
ates in the pore, this situation is impossible. The pore will go fr
III →I during draining.
3-5
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reactions to changes in the external chemical potential.
have chosen superfluid4He as our working fluid to reduce
this effect.

In an effort to address the problem of pore blocking
number of models that include pore-pore interconnecti
have been developed. Using Monte Carlo methods o
three-dimensional lattice of voids and necks, Wall a
Brown32 calculated results that fit some experimentally o
served hysteresis curves better than did the independent
model. Mason4,5 used similar ideas, but included a method
allow the PSD and also the pore connectivity to be de
mined using experimental data from measurements of
secondary draining. Interestingly, the hysteresis in Maso
model arisesentirely from pore blocking; the individual ele
ments are not hysteretic. Although it is clearly an oversi
plification to completely neglect single pore hysteresis fo
material such as nuclepore, which has predominantly cy
drical pores, we will apply Mason’s model in an effort
extract quantitative results of pore size distributions and c
nectivity in the last section of this paper.

III. EXPERIMENTAL DESIGN

We set out to make detailed measurements of the fil
and draining behavior that is due to capillary condensa
for 4He in the porous material nuclepore. While the ba
experiment is one of fluid behavior at a fixed temperatu
the presence ofsuperfluid liquid 4He allows novel tech-
niques to be used to measure the chemical potential in
system and enhances the temperature homogeneity o
sample. It also results in a rapid response of the pore
changes in the chemical potential.

Third sound is a surface wave excitation on a superfl
helium film,33 an excitation that can be pulsed. The thir
sound time of flightt is a function of the chemical potentia
and therefore measurements oft provide anin situ measure
of the chemical potential~described below!. This offers ad-
vantages over the more standard techniques of measurin
vapor pressure or counting~by dosing known amounts! the
number of atoms admitted to the sample cell. In order to
third sound in this way in our work, the temperature ran
studied is limited to 1.3,T,1.8 K due to our detection tech
niques.

The results reported here were obtained in a total of se
separate experiments, using two different cryostat inserts
a number of different nuclepore substrates. The first se
experiments incorporated a cryostat insert and a sam
chamber immersed in a pumped helium bath. The bath t
perature was regulated with a manostat and the use of e
tronic feedback with a heater in the4He bath. The second se
of experiments utilized a sample chamber connected to a
pot with a base temperature of about 1.3 K. In the chemi
potential range where we measure hysteresis the domi
thermal link between the 1-K pot and the sample cell is
refluxing of the superfluid film in the sample chamber’s
line. The temperature was regulated with an integrating te
perature controller and during stable operation, tempera
drifts on the order of 1 mK were typical for the duration
the measurements. Two temperature sensors were mou
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on the sample chamber: a carbon resistor used with the e
tronic feedback, and a Lakeshore calibrated Ge thermom
that provided a separate measure of the temperature.

The sample chamber contained two adsorption substra
The first substrate was a single nuclepore sheet and
amount of 4He in the pores was detected using a capacit
technique to be described shortly. The second substrate
a borosilicate glass microscope slide on which third-sou
pulses were thermally created and measured. In additio
film reservoir consisting of 200 sheets of 400-nm po
diameter nuclepore providing 4.9 m2 of surface area was
used in four of the experiments. This reservoir did not infl
ence the measurements of the hysteresis behavior, but i
stabilize the chemical potential. In all of the experimen
described,4He gas was either added or removed at a c
stant rate, equivalent to changing the adsorbed flat-sur
4He film thickness at a rate of 0.5–2 monolayers/hour. O
monolayer of4He was taken to have a thickness of 0.36 n
The adsorption results did not depend on the flow rate
these small values, and when the flow was stopped no re
ation effects were observed.

A. Nuclepore capacitor

The amount of 4He in the nuclepore was detected b
monitoring changes in capacitance. A parallel-plate capac
was made by evaporating'50 nm of Ag on each side of a
thin nuclepore sample, see Fig. 7. The Ag film does
block the pore openings at the surface.14 When 4He liquid
enters the pores, the effective dielectric constant~and there-
fore the capacitance! between the plates changes. The diele
tric constantk of 4He is related to the atomic polarizability34

by the Claussius-Mossotti equation35

a5
3Vm

4p S k21

k12D , ~9!

wherea50.1234 cm3/mole is the polarizability of4He and
Vm is the molar volume. The capacitance was measured w
an Andeen-Hagerling self-balancing capacitance bridge
erating at 1000 Hz and the data was recorded by a comp

B. Chemical potential from the third-sound time of flight

Given the large size of the pores in nuclepore, capilla
condensation occurs very close to saturated vapor pres
requiring a sensitive monitor of the chemical potential.
noted, the velocity of the third sound, a wave on superfl
4He films in which both the temperature and film thickne

FIG. 7. Cross-sectional diagram of an Ag capacitor on nuc
pore~not to scale!. The metal film does not block the pore openin
although it may modify the geometry of the opening to some exte
3-6
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PROBING THE INTERNAL STRUCTURE OF NUCLEPORE . . . PHYSICAL REVIEW B 63 174503
oscillate, provides such a monitor. We thermally generat
third-sound pulse on the flat glass microscope slide in
sample volume by driving a current pulse of durationW
through an Ag strip~18 mm30.15 mm350 nm! previously
deposited on the glass surface by vacuum evaporation.
wave propagates along the length of the slide and the a
ciated temperature fluctuation is detected with a curre
biased Al-thin film thermometer~18 mm30.15 mm330
nm!. Under typical operating conditions the thermomet
have a sensitivitydR/dT;800 V/K when operated with a
dc bias current;70 mA. The detected temperature signal f
a W5200-msec wide drive pulse is shown in Fig. 8. Th
time of flight t is readily found at the intersection of tw
lines, one fitted to the baseline before the pulse arr
~dashed line in Fig. 8! and the other fitted to the rising tem
perature signal~solid line in Fig. 8!. For this pulse,t5514
61 msec. With the measured time of flight of the pulset
and the separation of the driver and detectorDx, the velocity
is C35Dx/t. The square of the superfluid velocity36,37 is
proportional to the superfluid fraction~since only the super
fluid moves! of the film and the restoring force due to th
van der Waals interaction, and in this temperature rang
given by

C3
25 K rs

r L S 11
TS

L D 2kBgj~3g14j!

m4d3~d1j!2
, ~10!

where S is the entropy,L the latent heat,kB Boltzmann’s
constant,m4 the mass of 4He, g527 layers3/K, and j
541.7 layers.38 The effective superfluid fraction̂rs /r& is
slightly reduced from the bulk superfluid fraction since t
binding of 4He is very strong close to the substrate and
empirically given by

K rs

r L 5
rs

r S 12
a1bT~r /rs!

d D , ~11!

where the parameters for glass39 are a50.5 layers andb
51.13 layers/K. Using the measuredC3, Eq. ~10! is numeri-
cally solved for the film thickness on glassd. Finally, Eq.~3!
is used to determine the chemical potential in the sam
chamber. For the example pulse in Fig. 8,d56.0160.01

FIG. 8. Temperature signature of a 200-msec-duration third-
sound pulse atT51.45 K. From the intersection of the fitted line
the arrival time ist5514 msec. For this case the film thickness
d56.09 layers and the chemical potential ism520.1045 K.
17450
a
e

he
o-
t-

s

l

is

s

le

layers andm520.104560.0005 K. The absolute value o
the chemical potential is less critical than changes in
chemical potential, and this third-sound technique is able
measure such changes with substantial precision.

IV. RESULTS AND DISCUSSION

Our results are presented in three sections. First, the
eral features of hysteresis are presented and discussed.
we argue that pore intersections are critical to the und
standing of the behavior of the hysteresis in nuclepore.
nally, using a model for pore blocking, we calculate po
size distributions and extract information about the num
of pore intersections for nuclepore.

A. Features observed in the hysteresis curves

Completely filling and then draining the voids in a poro
material maps out the global hysteresis loop. The global lo
for nuclepore with 200-nm-diameter pores is shown in F
9~a! for T51.45 K, where squares denote the primary fillin
~adsorption! curve and circles the primary draining~desorp-
tion! curve. While 4He is continuously added or remove
we measure the capacitanceC, which provides a measure o
the filling fraction for the nuclepore, and we measure t
time of flight t of a third-sound pulse, which provides
measure of the chemical potential. At A, none of the po
have capillary condensed, and a thin film of4He is present
on all of the surface area of the nuclepore. Adding4He in-
creases the chemical potential and leads to a slowly incr
ing capacitance and to an increase int due to the thickening
film. Near t51100 msec, the slope of the primary adsor
tion curve increases as pores begin to capillary conde
Near t51500msec, all of the pores have completely fille
~point B!. Upon removing4He, pore draining does not occu
until the abrupt steep decrease in capacitance begins at
C. This is the region where close observation reveals a
lanches in the draining curve.6,10 We will report on the ava-
lanche behavior separately. With further reduction ofm, all
of the pores empty and the hysteresis ends att;800 msec.

In Fig. 9~b!, we show the hysteresis loop as a function
m where we have used the procedure described earlie

FIG. 9. Global hysteresis loop for 200-nm pore-diameter nuc
pore atT51.45 K. In~a!, the measured capacitance as a function
the third-sound time of flightt is displayed. In~b!, t has been used
to find the chemical potential~bottom axis! and reduced pressur
~top axis!.
3-7
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M. P. LILLY AND R. B. HALLOCK PHYSICAL REVIEW B 63 174503
determinem from the measured values oft. On the top axis,
values of P/P0 @calculated usingm and Eq.~2!# are also
shown for reference. IfP/P051, bulk liquid would be
present at the bottom of the sample chamber, andm50. The
nominally 200-nm-diameter nuclepore pores studied h
capillary condense very close to saturated vapor pressure
the ability of the third-sound technique to precisely tra
changes in the chemical potential allows measurements q
close to saturated vapor pressure.

In the earlier discussion of capillary condensation of4He
in a 200-nm-diameter cylindrical pore, the filling and drai
ing chemical potentials were calculated to be20.0135 and
20.0216 K, respectively. From Fig. 9~b!, the hysteretic re-
gion ranges from approximately20.008 to20.030 K. As
might be expected, due to the presence of a distribution
pore sizes, this range of chemical potentials spans that
nominal single ideal cylindrical pore.

B. Negative pressures and compressibility

The most obvious feature in the global hysteresis loop
the sharp corner at the onset of draining on the primary
sorption curve. Such a corner in hysteresis data of this t
can be suggestive of invasion percolation behavior; as
chemical potential decreases, open volume invades pl
that were once filled with fluid. Even before any pores dra
however, the capacitance begins to decrease very slig
between points B and C in Fig. 9. When plotted on a v
expanded scale as a function of the chemical poten
shown in Fig. 10 atT51.78 K, this initial decrease is linea
and it isnot hysteretic. The upper left inset shows the glob
hysteresis loop, where the data in the main figure are
expanded view of the horizontal flat-top region of the dra
ing curve well removed from the region of the precipito
drop. The initial decrease in this region is less than 0.1%

FIG. 10. Linear behavior of the primary draining curve form
.mcorner at T51.78 K. Main figure: closed triangles indicate pr
mary draining, and the solid line is fit to these points. Open symb
indicate that cyclingm down ~circles! and then up~squares! is not
hysteretic. Insets: view of the global loop and diagram of the ori
of the negative pressure felt by the fluid in a filled pore.
17450
re
but

ite

of
a

is
e-
e
e
es
,
tly
y
l,

l
n

-

f

the total change in capacitance for complete draining. O
possible reason for the slight decrease in capacitance is
there are a very few large pores in the nuclepore that
filling and draining. If so, partial draining and then refillin
should be hysteretic. The open symbols show such a pa
draining ~squares! and refilling ~circles!. Since no hysteresis
is present, this capacitance decrease is not likely to be du
capillary condensation. A second possibility is that t
chemical potential was not raised enough for the larg
pores to fill. Then, the capacitance changes could be f
changes in the film thickness present in the empty pores.
will return to this later. Finally, the capacitance decrease
result from a change in the capillary condensed density~and
therefore the effective dielectric constant!. A change in den-
sity can occur as a result of the finite isotherm
compressibility.5 We discuss this next.

Assuming the third mechanism, the slope of the line
Fig. 10 should provide information about the isotherm
compressibilityK relating changes in the molar volumedVm
to changes in the pressuredP that the fluid experiences:

dVm

Vm
52KdP. ~12!

The origin of the pressure is shown in the cross-sectio
diagram of a cylindrical pore shown as an inset in Fig. 1
Below saturated vapor pressure, a meniscus forms at the
opening and a net outward forceF52pRs cosu is exerted
at each end of the cylinder, wheres is the surface tension
and u is the angle betweens and F. These outward forces
put the liquid in the pore under negative pressureP
522s/r m , wherer m is the meniscus radius of curvatur
Using Eq.~7! to relateP to m, we find

P52
Rm

Vm
, ~13!

where hereR is the gas constant. ForKP!1, integration of
Eq. ~12! combined with the Claussius-Mossotti equation@Eq.
~9!# results in a linearly decreasing capacitance as a func
of m

C~m!5C~0!1
KRDC

Vm0
m, ~14!

whereC(0) andVm0 are the capacitance and molar volum
at m50, andDC is the total change in the capacitance fro
empty to filled pores.

For the data shown in Fig. 10,Cf5696.581 pF~extrapo-
lating the line tom50) andDC53.988 pF. The fitted line
C5696.58110.2076m leads to an isothermal compressib
ity K51.7331022 bar21. A summary our compressibility
results for measurements of draining for several runs
shown in Fig. 11. These results were collected for a num
of different experiments conducted under different con
tions and with different nuclepore samples. Measurement
K using data such as these obtained while draining nuclep
without an additional film reservoir in the apparat
~squares! are compared in Fig. 11 to compressibility resu
by Maynard40 ~diamonds! extracted from second-sound dat

ls

n
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PROBING THE INTERNAL STRUCTURE OF NUCLEPORE . . . PHYSICAL REVIEW B 63 174503
When the sample cell contains 100 sheets of nuclepore
the larger pore diameter of 400 nm, our values forK are
shifted to somewhat higher values as shown by the cross
Fig. 11.

The presence of the film reservoir does not actua
change the compressibility, rather, it makes the sec
mechanism discussed above~film effects! more likely. Since
K is calculated from the slope ofC vs m, any additional
mechanism that works to increase the slope will lead t
higher apparent compressibility. Without the film reserv
present, it was easy to add enough4He to completely fill the
pores and approachP5P0, although we sometimes did no
allow the exact conditionP5P0 to be reached. When th
additional sheets of 400-nm-nuclepore are present, a s
number of the largest pores in 200-nm nuclepore do not
in our experiments before the chemical potential is reduc
The smallest pores in 400-nm nuclepore are expected on
basis of theory to begin to capillary condense at about
the chemical potential where the smallest pores in 200
nuclepore begin to capillary condense, that is, atm400
;20.008 K. When 400-nm nuclepore sheets are pres
there is a large volume available as the smallest pore
400-nm-nuclepore begin to capillary condense. This pins
chemical potential for the low flow rates of4He that we
used. The film thickness in these few large pores chan
with chemical potential, leading to an additional decrease
the capacitance and a larger apparent value forK.

C. Subloops

The interior of the global hysteresis loop can be acces
by reversing the flow of4He when the sample is either pa
tially filled or partially empty in the hysteretic region. In Fig
12 we show two examples of subloops for 200-nm-diame
nuclepore atT51.52 K, one initiated on the primary filling
curve (BCB) and one initiated on the primary draining curv
(FGF). First consideringBCB, we begin with all of the
pores drained~with m well below point A!. Upon adding

FIG. 11. Compressibility calculated from primary drainin
curve ~solid squares, crosses! compared to previous more-direc
measurements by Maynard40 ~open diamonds! to show consistency
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4He, m increases beyond point A untilmB520.0111 K
~point B!, and the capacitance follows the primary fillin
curve to reach point B. At point B, we stop adding4He gas
and begin removing it. Filled pores begin to drain and t
4He film in empty pores thins, and both the capacitanceC
and m decrease along the upper trajectoryBC. At mC
520.0143 K ~point C!, 4He is added and the system r
sponds following the lowerCB trajectory. As the system
returns to point B, the capacitance andm return to exactly
the same value as they had initially~see inset to Fig. 12!
demonstrating a property called return point memory~RPM!.
Further increase inm results in a sharp change of slope of t
filling trajectory in theC-m plane at point B as the system
rejoins the global hysteresis loop and begins to follow
trajectoryBD.

If the initial decrease in capacitance along the traject
BC were only due to film thinning in the empty pores, n
subloop would exist, and the return pathCB would follow
the same trajectory as the initial pathBC. Since the subloop
is open, the pores have drained and refilled, but have refi
in a different order. Using the fractional change in capac
tance, the pore density for 200-nm pore-diameter nuclep
and the area of the capacitor plates, approximately
3108 pores have drained and refilled in sweeping out
subloop BCB. It is interesting to note that a significan
amount of pore draining has occurred, especially since al
the primary draining curveDE in the same chemical
potential range that is spanned byCB, no pore draining has
occurred. The second subloopFGF, initiated on the primary
draining curve, also exhibits RPM and displays a cor
sponding kink in the slope as it rejoins the primary deso
tion curve. In Fig. 13, an example of a more complicat
chemical-potential trajectory is shown with two levels
subloops (BEB being the first,CDC and FGF being the
second!. Following each subloop, the original global hyste
esis trajectory is recovered.

FIG. 12. Subloops for 200-nm pore-diameter nuclepore aT
51.52 K. The inset magnifies the connection ofBCB to the pri-
mary filling curve where we observe return point memory. Retu
point memory is also observed at point F.
3-9
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M. P. LILLY AND R. B. HALLOCK PHYSICAL REVIEW B 63 174503
Using the same diagrams introduced in Fig. 5, both
memory effect and the kink in the slope of the adsorpt
curve can be understood using the Preisach model. In
14, the left column showsa-b space with shaded region
indicating which pores are filled. The right column shows t
trajectory of the hysteresis curve. The panels show the e
lution of a subloop between chemical potentialmL and mR
~identifying the right and left endpoints! on the primary ad-
sorption curve using the Preisach model. The top row
Figs. 14~a! and ~b! shows that increasingm sweeps out par
of the global loop, i.e., asm is increased, pores characteriz
by increasinga values capillary condense. In the seco
row, reduction ofm uncovers a triangle ina-b space, as a
subset of pores drain, i.e., asm is reduced pores previousl
filled begin to drain. Those filled pores characterized by
largestb values drain first. The third row shows that exac
the same subset of pores that drained to produce the tria
in a-b space now refills in a different order, leading to
open subloop. Those empty pores characterized by the sm
esta values fill first.@The shading in Fig. 14~e! is different
for the refilled pores only to emphasize which pores are
volved in sweeping out the subloop.# Further, this subloop
closes at the same filling fraction and chemical poten
~point A!, i.e., it returns to the same point demonstrati
RPM. Finally, with a continued increase inm, the kink oc-
curs after the subloop due to the increased phase spac
empty pores that is available after the subloop is comple
@Fig. 14~g!#. A similar diagram~Fig. 15! and a similar dis-
cussion can also be used to demonstrate RPM on the prim
desorption branch of the global loop. While the experim
follows the predictions for RPM of the independent po
model here, in the next section we will uncover some imp
tant deviations that lead to the rejection of the Preis
model as an appropriate model for capillary condensatio
nuclepore. RPM is a robust feature of capillary condensa
systems and does not require independent pores.

FIG. 13. A set of nested subloops showing multiple occurren
of the return point memory effect atT51.524 K in 200-nm pore-
diameter nuclepore.
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The diagrams in Figs. 14 and 15 suggest another tes
the independent pore model. In forming two subloops on
primary filling curve and on the primary draining curve b
tween thesamechemical-potential endpoints, thesamesub-
set of pores is involved in each case. It might seem surp
ing, but this is clear with careful consideration whe
comparing Figs. 14~e! and 15~e!. The only difference be-
tween the conditions present during the creation of the
ferent subloops is the number of filled pores in the system
each case that do not drain, and these determine the fi
fraction of the left endpoint of the subloop in each ca
Therefore, up to a constant offset in filling fraction, the i
dependent pore model predicts thatany two subloops be-
tweencommon chemical-potential endpointsshould have ex-
actly the same shape in filling fraction-chemical-potent
~i.e., f-m) space, i.e., they should be congruent. Returning
Fig. 12, the subloopsBCB and FGF have common end-

s

FIG. 14. Example of the development and understanding of
turn point memory on the primary filling curve using the Preisa
model. Ina-b space, the small triangle in~c! represents pores tha
drain when trajectoryAB is followed. In all cases the vertical shad
ing lines represent filled pores. The shaded small triangle in~e!
represents the filling of those pores when the system follows
trajectoryBA. The same pores are refilled, but in a different ord
resulting in the open subloopABA. Upon completion of the sub-
loop ABA, the hysteresis trajectory returns to the primary fillin
curve at the origin point, point A.
3-10
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PROBING THE INTERNAL STRUCTURE OF NUCLEPORE . . . PHYSICAL REVIEW B 63 174503
points (20.0143 and20.0111 K!. They appear to be quite
similar in shape. To compare the subloop shapes more c
fully, the capacitance at the left endpointCle f t is subtracted
and the results shown in Fig. 16. ForBCB, Cle f t5774.540
pF and forFGF, Cle f t5775.657 pF. TheBCB subloop on
the adsorption curve~squares! is clearly larger than theFGF
subloop on the draining curve~circles!. This failure of con-
gruence suggests that additional mechanisms are impo

FIG. 15. Example of a subloop on the primary draining cur
using the Preisach model. The subloopCDC is created with the
sametriangle of points asABA in Fig. 14.

FIG. 16. Comparison of the experimentally measured sublo
shown in Fig. 12. In~a!, the left endpoint of each subloop is offs
to overlap. The loops are not congruent. In~b!, the right endpoint is
scaled so that both the left and the right endpoints overlap.
17450
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in understanding hysteresis in nuclepore, and that the P
sach model is not entirely adequate.

Thus far internal intersections between the pores in nu
pore have been ignored. Intersections are only importan
they allow additional draining pathways to the vapor. F
ideal cylindrical pores, intersections play no role. When
larger of two intersecting pores drains, the immediate reg
of intersection may or may not drain, depending on the
tailed nature of the intersection. In the case of perfect in
secting cylinders of different size, if the intersecting regi
did drain, which is likely, the internal meniscus would retre
into the smaller pore and would have essentially the sa
radius of curvature as the external opening of the small p
In nuclepore, the pores are not perfectly cylindrical, but
in fact somewhat barrel shaped, and this might allow p
blocking to become important. To illustrate the general p
nomenon that we are considering, consider the diagram
two intersecting strongly barrel-shaped pores in Fig. 17.
tially, the pores can only empty through the surface open
As 4He is removed, the pore with the largest opening w
drain first~pore I here!. Once pore I drains, pore II can eithe
drain through the surface ends or through the newly expo
internal openings. In the diagram, the internal opening
larger, and the pore drains immediately. This is an exam
where blocked access to the vapor limits draining, an eff
neglected in the Preisach model. Given the somewhat ba
shaped pores in the case of nuclepore, this type of p
blocking is likely to be present.

In an effort to qualitatively determine the effect of po
blocking, we now describe a modification to the Preisa
model.8 The feature that this model will account for is th
lack of congruence between the subloops shown in F
16~a!. The subloopFGF, measured on the draining curv
~more inactive pores filled!, has a smallerDC than BCB
measured on the filling curve~less pores filled!. That is, sub-
loops between common chemical-potential endpoints a
higher filling factor involvefewer poresthan those at a lowe
filling factor. One explanation is that for a higher filling,
fraction of the pores that would normally fill and drain in th
subloop do not participate~these pores areblocked!. To ac-
count for the inability of some pores to fill and drain at hig
filling fractions a modification to the model is made in whic
a new parameter 0<pi<1 is assigned to each pore, in add
tion to the filling and draining parametersa i andb i . Filling
is unaffected by pore blocking, so a pore fills whenm.a i .
Draining, however, requires access to the vapor, so a p
drains whenm,b i and epi f ,1, where e controls the
strength of the pore blocking. Ifpi50, no pore blocking

s

FIG. 17. Diagram of the intersection of two strongly barre
shaped pores of different diameter to illustrate how pore block
can occur in nuclepore.
3-11
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M. P. LILLY AND R. B. HALLOCK PHYSICAL REVIEW B 63 174503
occurs. Ifpi;1, this particular pore won’t drain until man
other pores in the system drain.

To illustrate the effect of the parameterp, we show the
results of two calculations. Figure 18 shows the hystere
that results for a particular sequence of changes in chem
potential for the casep50 ~i.e., Preisach model! for the
same choice ofa-b pore distribution shown in Fig. 5~a!.
Figure 19 shows results for numerical simulation using o
realization of the modified Preisach model. In the pres
modified-model calculation (a i ,b i) are again the same va

FIG. 18. Calculated subloops using the unmodified Preis
model. The values fora,b are the same as those in Fig. 5~a!.
SubloopsBCB andEFE display RPM and are congruent~see inset,
where the subloops have been shifted to bring them in proximit
more clearly show congruence!.

FIG. 19. Calculated subloops using the modified Preis
model. The values fora,b are the same as those in Fig. 5~a!. The
pore blocking parameterspi are randomly assigned between 0.
and 1, ande51.2. SubloopsBCB andEFE display RPM but are
not congruent~see inset!. If both endpoints are scaled, as shown
B8C8B8, the loops become congruent.
17450
is
al

e
t

ues used in the original demonstration of the Preisach mo
@Fig. 5~a!# i.e., the pore distribution is the same as in th
case. The blocking parameterpi is assigned a random valu
between 0.25 and 1.0, and the strength is assigned the v
e51.2. These parameters are selected so that the resu
subloops appear similar to the data and to illustrate the p
we are trying to make, but the general conclusions we d
are not affected by the exact choices for the values of
parameters. The filling curve~Fig. 19! is unaffected bypi ,
but the draining curve is both steeper and draining is dela
somewhat to lower chemical potentials. Both of these refl
features seen on the primary draining curve in the data,
example in Fig. 9. The two subloops generated within
model,BCB andEFE, are no longer congruent~inset!. The
subloop at a higher filling fraction (EFE) has a smallerD f ,
similar to the data. However, after scaling both the right a
left endpoints (B8C8B8, offset slightly fromBCB for clar-
ity!, the scaled subloops become congruent. Figure 16~b!
shows results from the data of Fig. 16~a! for the 200-nm-
nuclepore subloops after scaling both endpoints. Althou
the scaled subloops have approximately the same shape,
are still not congruent. For the model calculation the a
FGF is slightly smaller thanB8C8B8, similar to the nucle-
pore data. The qualitative agreement between the mod
Preisach model and the data indicate that pore blockin
indeed very important in the nuclepore system.

In an effort to test a system where pore intersections
less important, we used the guidance from our nuclep
simulation indicating that 30-nm nuclepore is much closer
the percolation threshold, and we did an experimental st
of 30-nm pore-diameter nuclepore. Figure 20~a! shows the
data for a sequence of subloops~symbols! and a portion of
the global loop~solid lines! for the 30-nm pore-diamete
nuclepore. The 30-nm-nuclepore global hysteresis loop
cupies a chemical potential range from;21 to 20.02 K
due to the smaller pore size. The six subloops in Fig. 20 w
obtained by creating subloops within subloops~to show all
of the trajectories would have made the figure too com
cated! so as to create a set of subloops that spanned a c
mon chemical-potential range, but for rather different valu
of the filling fraction. These subloops are clearly not cong
ent, from which we conclude that pore blocking remains
important effect. The scaled subloops are almost the s
shape, but as for the 200-nm subloops, the ones at the hig
filling fraction have smaller areas.

A drawback to using this modified Preisach model is t
qualitative and rather arbitrary nature of the parameters
nuclepore, we have pores with a distribution of sizes that
internally connected. We would like to utilize a model of th
hysteresis to extract numbers like the pore size distribu
or the number of intersections/pore. Our definitions ofpi and
e were motivated by the experimental observation of
failure of congruence~Fig. 16!, and our modification of the
Preisach model and the resulting consistency with the d
enhanced our understanding of the behavior of the hyster
and convinces us that pore blocking is a relevant issue in
case of nuclepore, butpi ande do not represent true physica
parameters of the system. In the next section, we use a
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teresis model that goes further in allowing one to find
pore size distributions and the connectivity when pore blo
ing is present.

D. Pore size distributions

With the importance of pore blocking and internal po
connections in nuclepore established, calculations of the p
size distribution can be attempted using the capillary cond
sation hysteresis model described by Mason. In the Ma
model, each pore is described as a cavity with connect
~windows! to other cavities. The structure of the cavity ne
work used within the model is a Bethe lattice. In a Bet
lattice, each pore is connected toC other pores~one parent
andC-1 child pores!, shown in Fig. 21~for C54). The child
pores do not connect to each other or to other pores ab
the parent or to other pores in different lines.41 The advan-

FIG. 20. Subloops measured between the same chem
potential endpoints for 30-nm nuclepore atT51.48 K. In ~a!, the
six loops are shown with respect to the position of the global lo
and in most cases were measured from within larger subloop
~b!, the left endpoint of each loop is offset, withD f 5 f 2 f le f t . The
larger f le f t , the smaller the subloop. In~c!, the loops are scaled s
that both endpoints overlap, whereD f max5 f right2 f le f t . The scaled
loops are almost congruent.

FIG. 21. Drawing of a Bethe tree geometry used by Mas
Disks represent pores and the lines represent internal connec
In this case each pore has four internal connections or window
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tage to this particular pore network is that no looping pa
ways ~pathways that start and end on the same pore! occur.
Clearly this is not true in most porous materials, but th
structure allows analytic results to be found while mainta
ing the interconnectedness of a real porous material.
internal volume is assumed to be dominated by the cavit
not the windows. Each cavity is characterized by a sin
size, the radius of curvaturer K , although a distribution of
cavity sizes are available. Each window is characterized b
size that must be smaller than the size of the cavity, an
distribution of windows sizes is also available. When cap
lary condensation is considered for such a system, the p
fill independently, but in order to drain they must meet
condition: at least one of the neighboring pores must
empty for draining to be allowed.

With this basic structure, the model can be used to g
erate hysteresis curves that depend on the distribution
cavity and window sizes. In particular, a great deal of info
mation is contained in a set of hysteresis curves called
ondary desorption curves. Here, beginning with all of t
pores empty, they are partially filled to a filling fractionf rev ,
and then completely drained. A set of such curves is c
lected by varyingf rev . These curves have inherent featur
very similar to experimentally measured secondary deso
tion curves. A number of features can be identified~such as
the chemical potential at the onset of draining, and a ‘‘kne
where the slope of draining increases in both the theory
experimental curves!. Since the Bethe lattice allows analyt
calculations, comparison between the experimental
theory features in the hysteresis curves allows one to e
mate cavity sizes, window sizes, and the number of p
interconnections.

For this analysis, the equations governing filling a
draining are determined. For convenience, Mason make
number of definitions. The cavities are characterized by
normalized cavity distribution functiong(r ), whereg(r )dr
is the probability of a cavity with a radius betweenr and r
1dr. The windows are described by a similar size distrib
tion function f (r ). Then, instead of using chemical pote
tials in the model, two new variables based on the size
tribution functions are introduced

p5E
0

r K
f ~r !dr, ~15!

q5E
0

r K
g~r !dr, ~16!

where in each caser K is the Kelvin radius and is related t
the chemical potential by the Kelvin equation@Eq. ~7!#. The
variable p represents the fraction of windows withr ,r K ,
andq represents the probability that a cavity is filled atr K .
For the general case for windows, these variables are rel
by pC.q, but for the constraint that the largest window si
is the size of the cavity, this becomes

pC5q, ~17!

whereC is the parameter characterizing the number of int
sections per pore. With equality, there is an exact relati
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ship betweenp and q, a constraint we will adopt for the
analysis we will carry out. The equality holds when the la
est window is the same size as the pore sizer p . Considered
independently, this single pore wouldnot be hysteretic.
However, when a network of such pores is constructed, p
blocking leads to hysteresis. While this constraint will ce
tianly not hold for a general pore space, Mason showed
it is approximately true for a random packing of equ
spheres.42 The value of this approximation is that with it, th
connectivity between pores can be determined. The vari
S is the number fraction of cavities filled, andV is the ex-
perimentally measured value of the net adsorption.

The equations governing primary adsorption and deso
tion curves are found using the probability arguments.
filling, pore blocking does not play a role, and there is
access condition. The number of pores filled follows fro
the definition ofq,

Sa5q, ~18!

where Sa is the number fraction of the pores filled on th
primary adsorption curve. For draining, pore blocking is i
portant, and a pore must first have access to the vapor be
it can drain~a neighboring pore must be empty!. v is the
probability that a window into a pore is connected to t
vapor. The equations for the primary draining curve are

Sd5~12v !C/(C21), ~19!

p5
Sd

1/C2Sd
(C21)/C

12Sd
(C21)/C . ~20!

One of the features to be extracted from the theoretic
generated curves and compared to experimental data is
position on the primary desorption curve where the drain
commences:

pcorner5~C22!/~C21!. ~21!

In capillary condensation, the number fraction of fille
pores is not enough information to predict hysteresis curv
This is because ‘‘empty’’ pores are not really empty, rath
there is a film adsorbed to the surfaces. In order to acco
for surface adsorption and make direct comparison betw
experiment and theory, Mason uses a normalized variable
both. For a given number filling fractionF, there is an asso
ciated measureVF5NFc1N(12F)x, whereN is the total
number of pores,c is the average amount of liquid in th
capillary filled pores, andx is the average amount of surfac
adsorption in the empty pores. Herec andx are assumed to
be independent of cavity size. The normalized variablef F is
the fraction

f F5
Vmax2VF

Vmax2Va
5

N~12F !~c2x!

N~12Sa!~c2x!
5

12F

12Sa
, ~22!

whereVmax is the maximum amount adsorbed when all
the pores are full. The surface adsorption is canceled.
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now have a normalized variable that can relate the num
fraction filled directly to the experimental measure of a
sorption.

Using the above relations, values off F as a function ofq
~related tom) can be calculated for the secondary desorpt
curves. Details of the derivation can be found in Maso
paper.5 For the turning pointqi , the two equations are

p5
qi

1/C@~12u!1/(C21)2qi~12u!#

12qi~12u!
, ~23!

f F5
12qi~12u!C/(C21)

12pC , ~24!

whereu is the probability that an initially filled window to a
cavity empties atp. Giving q, qi , and C, and the relation
betweenp andq @Eq. ~17!#, Eq. ~23! can be solved~numeri-
cally! for u and all of these relations can be used in Eq.~22!
to find f F .

The experimental data required are a thorough set of
ondary draining curves.43 The secondary filling curve is
found by partial draining followed by complete filling; th
secondary draining curve is found by partial filling followe
by complete draining. The measurements for 200-nm nu
pore used in this analysis are displayed in Fig. 22. Fig
22~a! contains the secondary draining curves atT51.52 K
and Fig. 22~b! contains secondary filling curves atT51.45
K. Arrows indicate the direction of changes inm for the
various subsections of the curves. Since pore blocking o
affects the draining behavior, there is not much informat
in the primary filling curves@Fig. 22~b!#, but we show them
for completeness. The following analysis will use the p
mary desorption curves in@Fig. 22~a!#. The first step in the
analysis is to convert the raw capacitance measuremen
the normalized filling fraction variable. In Eq.~22!, Cmax,
the maximum capacitance, andCa , the capacitance of the
primary filling curve for a given value ofm, must be deter-
mined. Extrapolating the filled region of the hysteresis tom
50 results inCmax5235.0573 pF. A valueCa(m) was in-
terpolated for any value ofm needed. The normalized resul

FIG. 22. Reversal curves for nominal 200-nm pore-diame
nuclepore. In~a!, secondary draining data is shown atT51.52 K. In
~b!, secondary filling data is shown atT51.45 K. These data are
from two separate experiments that utilized capacitors of differ
surface area. This explains the different capacitance values. Su
ure ~a! is used in the data analysis; subfigure~b! is not used in the
analysis and is included for completeness to illustrate the case
3-14
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for the Mason variablef F for 200-nm nuclepore atT
51.453 K are shown in Fig. 23. The dashed line marks
onset of drainingmcorner520.0151 K@this is also shown as
a dashed line in Fig. 22~a!#. Notice that two distinct values o
f F for each curve can easily be found: the minimum (f F,min)
and the value wheref F intersects the dashed line (f F,corner).
These values may be calculated theoretically in the mo
and the calculations compared to the data. It is from t
comparison that information about the pore size distribut
is determined.

First, givenqi , the beginning of the secondary desorpti
curve in the model, andC, we can use Eqs.~23! and~24! to
calculate one curve off F vs q, where q is the integrated
cavity size distribution~what we are seeking!. This curve
will look very similar to one of the curves in Fig. 23, with
clearly defined minimum. From this one curve, we pick o
the theoretical valuef F,min for the givenqi . Repeating this
for 80 differentqi , 0.2,qi,1, allows a single curve with
80 f F,min vs qi values to be plotted. Three such curves a
shown as solid lines in Fig. 24~a! for C52.5, 5, and 10. The
three theoretical curves are close together, and unfortuna
are very insensitive to the choice forC. For reasons to be
clarified shortly, we will assume~and show later! that the
experimental values off F,min should reasonably fall on th
theoretical curve forC510. For each value ofm i we can
then associate the corresponding value ofqi from the theo-
retical line. Sincem i is related to the pore size via the Kelv
equation, andm i is related toqi by the procedure discusse
above, we now have extracted information about the ca
sizes. Before reporting this cavity size information, we w
first show why we associated the experimental data with
C510 curve.

In addition to finding theoretical values forf F,min , using
the same equations@Eqs.~23! and ~24!#, we can also calcu-
late f F,corner for each valueqi . For a range ofqi values, we
can make a plot off F,corner vs f F,min to produce the curves
shown in Fig. 24~b!. Here we show theoretical lines forC
52.5, 5, and 10 along with the values from the experimen
data. Comparing the data to the theory, we see that the
best fit the theoretical line forC510. Unfortunately, the
trend of the theoretical lines to get closer together make
difficult to determine the exact value ofC when C is large.
We also notice that at either end (f F,min;0.2 and f F,min

FIG. 23. Secondary desorption data converted into the norm
ized variablef F . The dotted line marks the position of the corn
where draining begins sharply.
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;0.9) the data deviate from the theoretical curve. From th
three curves, the most reasonable conclusion is that
model predicts more than 5 intersections/pore. Our previ
calculations in Sec. II A indicated a lower limit on the ave
age connectivity of 5.3 intersections/pore. This model is c
sistent with more than 5 intersections/pore.

We now return to the values forq determined in Fig.
24~a!. Using the Kelvin equation,r K522sVm /m, we cal-
culate r K for each valuem i where a secondary desorptio
curve began. In Fig. 24~c! the cavity size distributiong(r ) is
plotted. The Kelvin radius is the mean radius 2/r K51/r 1

l-

FIG. 24. ~a! Determination of the integrated cavity size distr
bution, ~b! pore connectivity, and~c! the normalized cavity size
distribution function using the Mason analysis. The solid lines in~a!
and ~b! are theory calculations forC52.5, 5, and 10.
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11/r 2. Even for our barrel-shaped pores,r 2@r 1 since the
thickness of the material is;50 times the pore size. W
calculate the pore size in Fig. 24~b! asr pore5r K /2. The size
distribution function is sharply peaked atr pore5140 nm,
with no pores smaller than 140 nm. The probability of larg
pores quickly decreases, and in the range 155 nm,r pore
,200 nm the probability for finding a pore of any of the
sizes is about equal. Ideally, within the Mason model
window size distribution can also be determined. Unfor
nately, the large and inaccurate determination ofC prevented
the calculation off (r ).

As in previous measurements that utilized the nomi
200-nm diameter-pore nuclepore system,14,17 the pore sizes
were found to be clustered in a narrow spectrum of ra
centered atr pore5140 nm with a small and flat tail of large
pores up to;r pore5200 nm. In addition, we can estima
about 10 interconnections for each pore. Previous B.E.T.
sorption calculations of pore sizes by Godshalk a
Hallock17 found r pore;155 nm for the first layer and;220
nm for the second layer of4He film. Their calculations base
on the hysteresis curves found a peak atr pore5130 nm.
While the model used here~a single parameter for filling and
draining with pore blocking causing the hysteresis! is much
different than the independent pore assumptions made in
lier calculations, the results for the calculated pore sizes
surprisingly similar.

V. CONCLUSIONS

We have presented hysteresis results for4He liquid in
nuclepore. Using the third-sound velocity as anin situ moni-
tor of the chemical potential and capacitance technique
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determine the filling fraction, detailed studies of 200-nm
diameter pores that capillary condense close to saturated
por pressure are possible. Qualitative observation of pro
ties of the hysteresis curves reveals information about
adsorbate and the porous material. When all of the po
were filled, a slight decrease in the density of4He liquid as
the chemical potential was reduced is shown to be due to
isothermal compressibility of the liquid. Hysteresis subloo
demonstrate the property of return point memory, but s
loops between the same chemical-potential endpoints are
congruent. This indicates that the Preisach model, a mo
for independent pore elements, is not adequate for un
standing the hysteresis observed. Modifying the Preis
model to account for the inherent connectivity in nuclepo
shows qualitatively that pore blocking is present. Final
using a model for capillary condensation that relies only
pore blocking, we have some success in the determinatio
pore size distributions and pore connectivity information
200-nm pore-diameter nuclepore. More broadly, this wo
demonstrates the suitability of a novel working fluid, sup
fluid 4He, for such measurements. Given the rapid equilib
tion times for superfluid4He, the approach may be of gen
eral value in the study of other porous materials.
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