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Spatially Extended Avalanches in a Hysteretic Capillary Condensation System:
Superfluid 4He in Nuclepore
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Capacitive studies of hysteretic capillary condensation of superfluid4He in Nuclepore have shown
that the initial draining of the pores occurs over a small range of the chemical potential with avalanch
present as groups of pores drain. In the work reported here, the avalanches in this system are sh
to be nonlocal events which involve pores distributed at low density across the entire sample. T
nonlocal avalanche behavior is shown to be enabled by the presence of a superfluid film connec
among the pores. [S0031-9007(96)01606-7]

PACS numbers: 67.70.+n, 47.55.Mh, 67.40.Hf, 68.45.Da
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Avalanche events have been observed in Marten
transformations [1], mercury injection [2], and magne
phenomena, including Barkhausen noise [3], and vo
motion [4] in superconducting cylinders and thin sup
conducting films, etc. Theoretical studies of interact
hysteretic magnetic systems find that interactions am
magnetic domains give rise to avalanches, and that
avalanche characteristics are predicted to depend on
strength of the interactions among the domains relativ
the strength of the disorder [5]. Hysteresis models for c
illary condensation includelocal pore-to-pore interaction
[6,7] via interconnections. Capillary condensation stud
of ordinary adsorptive fluids in porous systems [8,9] ha
not shown avalanche behavior.

Studies of superfluid4He in Nuclepore [10] show tha
the adsorption isotherms are hysteretic [11–14] due
the metastability of the configuration of the helium in t
pores [15] and that avalanches occur during pore drain
[11,16]. Here we report measurements of the spatial ex
of these avalanches, and find that the avalanche ev
in this system arenot local events,but involve a low
density of pores widely distributed over the macrosco
sample [17], a result contrary to expectations based
local interaction models. We use4He as the working fluid
due to its purity, the ability to utilize its behavior for a
in situ monitor of the chemical potential, and the presen
of a superfluid density, which allows us to change
dynamical behavior of the working fluid. Our experimen
show that the avalanches and their nonlocal behavior
enabled by the superfluid characteristics of the4He.

Nuclepore is a10 mm thick polycarbonate membran
which has a random spatial distribution of nearly cyl
drical pores of nominal diameter 200 nm. A pore de
sity, c ø 3 3 108 poresycm2, and a random tilt angle
u, of the axis of each pore from the normal to the s
face,0± # u & 34±, lead to a large number of intersectio
among the pores in the sample. Computer simulations
these parameters indicate an average of five intersec
per pore [11] and a percolated network of pores; the c
ter size is macroscopic. This material, with controlled p
0031-9007y96y77(20)y4222(4)$10.00
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sizes, access to the macroscopic sample surface forevery
pore, and relatively uniform pore shapes, gives us the o
portunity to study events associated with capillary con
densation in a relatively simple (but not trivial) porou
material.

The amount of4He in the Nuclepore is measured with
a capacitance technique. Ag capacitor plates of thic
ness 50 nm are thermally evaporated on either side of
Nuclepore membrane. Scanning electron microscope p
tographs show that the Ag does not close or significan
modify the pore openings. Because4He is a dielectric, the
capacitance,C, shifts as atoms enter the pores. Assumin
cylindrical pores of radiusR, the change in capacitance
associated with a fraction,f, of the pores capillary con-
densed isDC ø e0Af f 1 2s1 2 fddpyRg s1 2 fN d 3

skHe 2 1dyt whereA is the area of each capacitor plate
dp is the helium film thickness in an unfilled pore,t is
the thickness of the Nuclepore,fN is the fraction of the
volume between the capacitor plates filled with polyca
bonate (i.e., excluding the pores), andkHe  1.055 is
the dielectric constant of liquid helium. The capacitanc
is measured with a self-balancing bridge with resolutio
dCyC , 5 3 1028.

A Nuclepore sample (200 nm diam pores) and a borosi
cate glass third sound substrate are sealed in a78 cm3 Cu
sample chamber along with a superfluid film reservoir co
sisting of ,200 sheets of Nuclepore with 400 nm diam
pores which provides a surface areaAr , 4.9 m2. The
sample chamber is attached by a weak thermal link to
continuously pumped4He refrigerator maintained at a tem-
peratureT0. For the data discussed here, the sample cha
ber temperature is regulated atTr ø T0 1 0.045 K, with
Tr , Tl  2.17 K, by using a heater and an integrating
temperature controller. This allows temperature regulati
for up to 6 days with long-term stabilitydT , 250 mK,
which is adequate for our experiments. To change t
chemical potential at fixedTr , we slowly and continuously
add or remove4He gas through a room temperature mete
ing valve with flow rates selected so as to avoid relaxatio
and thermal effects.
© 1996 The American Physical Society
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The chemical potential is determinedin situ by measur-
ing the velocity of third sound on the borosilicate gla
slide in the sample chamber, a technique used previou
[13,14]. Third sound is a temperature and thickness wa
on a superfluid4He film with a velocity that is a sensitive
function of the chemical potential near the saturated va
pressure. The third sound velocity is parametrized by [1

C2
3 

ø
rs

r

¿ ∑
1 1

TS
L

∏2 abs4d 1 3bd
d3sd 1 bd2 , (1)

wherea is the van der Waals constant,b a retardation
parameter,d the film thickness,S the entropy,L the latent
heat, andkrsyrl the effective superfluid fraction. To carry
out these velocity measurements, we repetitively ap
a zero-offset square voltage pulse to a 30 nm thick
thermal driver and digitize and signal average the result
voltage signal from a superconducting transition-edge
bolometer. The measured time of flight of the third sou
pulse and the known distance between the driver a
detector give the velocity. We numerically invert Eq. (1
to find d, and thus monitor the chemical potential by th
use ofmf 2 m0  2abyfd3sd 1 bdg, wherem0 is the
chemical potential of bulk liquid.

The measured capacitance as a function of chem
potential yields a global hysteresis loop for a typic
isotherm as shown in Fig. 1(a). The lower (upper) cur
are data for adding (removing)4He to (from) the sample

FIG. 1. (a) Hysteresis for filling (squares) and draining (c
cles) 4He in Nuclepore. Avalanches are only observed du
ing draining. (b) and (c) Steps in the capacitance a
observed during slow removal of4He (≠my≠t  21.6 3
1027 Kysec) while monitoring the capacitance at a rate
,1 measurementysec for Tr  1.476 K. (d) The avalanche
size as a function of the amount of4He in the pores. (e)N
is the total number of avalanches of size larger thans. Data
represented by circles (triangles, top) are data for the ini
(later) part of the draining.N vs s for the entire data set re-
sembles the triangles. The solid line isN , s21.
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chamber. For both adding and removing4He, rates were
low enough to avoid relaxation effects. The total change
capacitance from empty (691.157 pF) to full (695.190 p
is 4.033 pF. On4He removal, pores drain rapidly over
very narrow range of the chemical potential form 2 m0 &

20.013 K. One possible explanation of this drop is th
the pores have a narrow distribution of pore diameters,
therefore will drain at nearly the same chemical potent
This behavior is expected in a system where the po
act independently (Preisach model). Observations w
hysteresis subloops [11,19] indicate that this simple mo
is inadequate, and that interactions are present am
the pores. One interaction mechanism, often invoked
porous studies, is pore blocking [9], a situation in whi
internal pores have no direct access to the vapor ph
due to the presence of intervening filled pores. In t
case of Nuclepore, pore blocking was not expected
occur sinceeachpore has access to the surface and
chemical potential of the vapor. The pores, however,
slightly barrel shaped [12–14,20]. Because of the multi
intersections among the pores in the interior of the mater
it is possible to have large intersection openings in
interior blocked by smaller openings at the surface, wh
will limit draining until such internal pore openings hav
access to the surface [19].

To document the details of pore draining, we monit
the capacitance as a function of time while very slow
removing 4He. An example of draining is shown in
Fig. 1(b), where we measure,1.9 3 104 capacitance
values in,16 hours. The capacitance drops in a ser
of steps [11,16] indicating that the pores are draini
in groups (i.e., avalanches) rather than one pore a
time. In this example, 218 avalanches which exce
our sensitivity limit are recorded as the pores drain.
expanded view of a small number of these avalanc
is shown in Fig. 1(c). Although4He is removed from
the pores in a short time during an avalanche, there
helium atoms in the vapor and the film reservoir whi
serve to limit the size of chemical potential changes in
cell caused by the avalanches. In Fig. 1(d), the size
the capacitance steps (avalanches) is plotted as a func
of the capacitance value where each step begins.
beginning capacitance of a step is directly related to
fraction of pores filled with4He. We calculate the numbe
of pores in an avalanche,Na, from the fractional change
in capacitance,Na  cADCysCfull 2 Cemptyd whereDC
is the size of the capacitance step, andCfull 2 Cempty
is the total change in the capacitance associated w
complete filling of the pores. For Fig. 1,NayDC  2.6 3

108 poresypF. This estimate forNa neglects the small
effect on the capacitance due to the presence of hel
film on the cylindrical surface of the uncondensed pore

The size distribution function,Dssd, whereDssdds is the
probability of an avalanche occurring in the size ranges to
s 1 ds, can be used to characterize a set of avalanches
Fig. 1(e),N is the total number of avalanches larger th
sizes. An advantage to usingN is that the plot does no
4223
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depend on the specifics of an arbitrary binning proced
to get Dssd; no binning is used here.N is related to
Dssd by N  Nt

R`
s Dssd ds, whereNt is the total number

of avalanches. For cases where the withdrawal of4He
from the cell proceeds very slowly, and the temperat
is stable, we observe two regions of approximate po
law behavior. In other cases,N vs s shows less distinc
behavior. In the example of Fig. 1(d), forC . 694.90 pF,
N , s20.54, and forC , 694.90 pF,N , s20.95. In each
case, forN , s2m the size distribution isDssd , s2sm11d.

Avalanche behavior on the draining part of the h
teresis loop is dramatically reduced when the system
brought to Tr  2.06 K, and it can be eliminated b
the addition of substantial3He to the4He working fluid.
Given the present design of the cryostat, it is not po
ble to achieve adequate temperature stability for meas
ments aboveTl. In the case of mixtures, the withdraw
of helium from the cell by pumping necessarily mea
that the3He concentration in the cell is not maintain
constant during a series of avalanches. In spite of th
difficulties, it is clear that the avalanche structure is tu
able by adjustment of the temperature or the3He concen-
tration, and that the presence of superfluidity is relev
to the existence of the prompt multiple-pore avalanche
this system. Such tunability has been elusive in previ
studies of avalanches in other systems.

Measurement of the sizes of the avalanches provide
formation about the total number of pores that drain
tween the capacitor plates in avalanche events, but
not indicate the spatial extent of the pores involved in
avalanche. To study the spatial extent of the avalanc
we created a second sample [17] which utilized two rec
gular capacitors4.8 mm 3 20.2 mm separated by 3.2 mm
on a single Nuclepore membrane (Fig. 2, inset). For c
venience, the capacitance bridge sequentially sampled
capacitor using a fast switch. We have confirmed that
switch has no effect on the measurements by conduc
simultaneous measurements with two independent brid
with different operating characteristics without switchin
The results for a typical set of avalanches as measure

FIG. 2. Avalanche behavior for a pair of equal-sized capa
tors, C1 (diamonds, bottom) and C2 (squares, top), located
single piece of Nuclepore (inset) forTr  1.451 K. Avalanche
events are highly correlated in size and in time.
4224
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the two separate capacitors are shown in Fig. 2. This p
tion of the capacitance vs time is representative of the
tire set of data and shows that avalanche events reco
by one capacitor are highly correlated in both size and ti
with avalanche events recorded by the other capacitor.

One conclusion from the observation of highly corr
lated avalanches is that draining events donot involve
localized regions of high pore density. That is, th
avalanches do not involve single clusters of high dens
which are isolated from the rest of the sample. In Fig.
the largest avalanches are about,0.01 pF which corre-
sponds to,2.6 3 106 pores. If all of these pores were
adjacent, they would occupy a substrate surface area g
by Nayc  0.83 mm2. Since the separation betwee
the capacitors is 3.2 mm, such a localized avalanc
would typically be recorded by only one capacitor, n
both. In general, the spatial scale of an avalanche
be characterized by a radiusR. For R ø 3.2 mm (ca-
pacitor separation), we would expect to measure so
correlated avalanche events on both capacitors. ForR ¿
3.2 mm, the steps in capacitance recorded on the t
capacitors would be expected to be strongly correlated
size. We observe strong correlations, with avalanches
similar size seen at the same time on each capacitor.
measure of this is the average of the ratio of the avalan
size for each member of the avalanche pairs,DC1yDC2 
1.08 6 0.33. Thus, we conclude that these avalanc
events are not localized events, but involve pores in dil
distribution across the entire sample. This conclusi
is not anticipated by theories of percolated behavior
porous systems.

How do the interconnected but dispersed pores int
act with one another and cause avalanche behavior?
possibility is interaction via the superfluid film on th
Nuclepore surface which can support film thickness flu
tuations large enough to stimulate pore draining. Anoth
possibility is interaction via fourth sound (a superfluid de
sity fluctuation) through the superfluid helium in the por

FIG. 3. Avalanche behavior for a pair of equal-sized capa
tors, C3 (squares, bottom) and C4 (circles), located on sepa
Nuclepore samples (inset), connected by a nonporous bri
for Tr  1.424 K shows correlated behavior. As noted in th
text, the correlations disappear in the absence of the nonpo
bridge.



VOLUME 77, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 11 NOVEMBER 1996

d
ed
u
n
h

po
e
ity
a
e
tr
ra
a
p
id
n
e
th
o
flu
w
n
o
u

o
ib
h
u
a

ur

ci
s
y
c
tr
F
n
re
tio
a

tr
es
n

th
d

ve
c
-
n

i
a
t

hes
re
n
er
ture
a-

id

-

to
ot

r
ia

.

.

t.

t.

.

s.

e

themselves. Either of these possibilities might serve to
turb the stability of the fluid-vapor interface of those fill
pores which are near to their stability limit [15] and th
cause them to drain. A third possibility might be draini
via connectivity within the pore structure itself in whic
interconnected pores drain by means of the internal
openings, leaving nearby pores filled. To examine the r
vance of pore structure vs superfluid film connectiv
we created a third sample which consisted of four cap
tors, two on each of twoseparateNuclepore (200 nm por
diam) substrates (Fig. 3, inset). These separate subs
were joined to each other with a polycarbonate memb
(6 mm, no pores) which served as a bridge. The polyc
bonate membrane was smoothly attached to the Nucle
samples as a splice of width 2.54 mm with a 7.62 mm w
polycarbonate overlayer cemented in place with Apiezo
vacuum grease (which becomes glasslike at low temp
tures). Thus, we were able to study (in the context of
labels on Fig. 3) regions of the sample connected by p
(e.g., C4 vs C6), and regions connected only by super
film (e.g., C3 vs C4). The results for C3 and C4, sho
in Fig. 3, clearly show that the strong correlations see
the experiment with two capacitors on a single Nuclep
sample (Fig. 2), and confirmed for this sample by meas
ments of C4 vs C6, persist when the capacitors are ondif-
ferentpieces of Nuclepore connected only by a nonpor
bridge. In order to establish the irrelevance of poss
external perturbations to the presence of correlated be
ior, we removed the nonporous bridge and made meas
ments with the entirely separate and disconnected C3
C4. Avalanches of similar size to the previous meas
ments were again observed on C3 and C4, but they w
completely uncorrelated. Thus, these double-capa
experiments unambiguously show that the correlation
avalanche behavior among the pores are enabled b
presence of the mobile superfluid film which conne
the pores, and not by the presence of the porous s
ture itself nor by external disturbances to the system.
such a film connection, the draining of pores appare
launches a film fluctuation which stimulates other po
which are then included in the avalanche. This stimula
can extend beyond the edge of the porous structure
induce avalanches on an attached neighboring subs
A phenomenological theory which models this proc
and successfully displays some of the features seen i
avalanche data has recently been proposed [21].

The draining of superfluid4He from Nuclepore is the
first observed example of avalanches occurring in
draining of an adsorbing fluid from a porous material. A
sorptionydraining experiments with ordinary fluids ha
not shown such behavior. For our geometry, avalan
events involve up to,2 3 107 pores. In an effort to char
acterize the avalanches, we have reported the avala
size as a function of the amount of4He in the pores and
the size distribution functions, and find that the size d
tribution function can exhibit power law behavior over
modest range in avalanche size. Measurements with
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capacitors on the same sample indicate that the avalanc
occur as dilute collections of pores which span the enti
sample, a result which is inconsistent with simple invasio
percolation models of avalanche events. A test of wheth
such correlated avalanches are due to the porous struc
itself or instead are caused by a long range coupling mech
nism due to the superfluid shows that it is the superflu
film rather than the porous structureper sewhich provides
the coupling. By modifying the properties of this super
fluid connection, by changing the3He-4He concentration,
or the temperature, for example, it should be possible
control the strength of the interaction, an advantage n
present in most other systems.
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and J. Machta. This work was supported by NSF v
DMR 94-22208.
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