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Film growth of 4He adsorbed in mesopores
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The film growth of 4He adsorbed in mesoporous substrates was investigated by accurate vapor pressure
measurements for various pore sizes between 18 Å and 47 Å. The4He film adsorbed on the pore wall forms
a cylindrical tube, but does not show the capillary condensation. Completion of the first layer and the full pore
coverage could be identified for all pore sizes studied. In the first layer, no pore size dependence of the film
growth was found, indicating that the growth of this layer was dominated primarily by the van der Waals force
from the substrate. Film growth after the first layer completion, however, has a strong pore size dependence.
The ratio of the first layer completion and the full pore coverage agrees well with that expected from the pore
dimensions.
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One of the central themes of condensed-matter physic
the quantum fluid in reduced dimensionality. Helium 4 and
in one-dimensional~1D! or quasi-one-dimensional system
have recently received much attention since the realizatio
such systems has become possible in the laboratory. He
film adsorbed within mesoporous materials1–3 or carbon
nanotubes4,5 is a good candidate to realize these systems.
previous experiments showed that the second layer of
4He film adsorbed in 18-Å mesoporous substrate, wh
forms a cylindrical fluid tube on the pore wall, has a te
perature linear heat capacity below 0.3 K.1,6 This heat capac-
ity is explained by the 1D phonon excitation with a wa
vector parallel to the pore axis.

4He film adsorbed in pores with a diameterd larger than
50 Å, in contrast, shows a superfluid transition through
system size dependent Kosterlitz-Thouless~KT! transition.7

In such pore sizes, the unbinding of a vortex pair separa
less thanpd/2 destroys the phase coherence and determ
the transition temperature.8 However, this vortex mechanism
will break down for pores with a diameter comparable to
vortex core size, which is experimentally estimated to
25612 Å.7 Therefore, the pore size is crucial in the sup
fluid transition. Between 18 Å and 50 Å the nature of t
4He film is expected to show the crossover from 2D to 1

The mesoporous substrate FSM~Refs. 9,10! is a suitable
material for study of the crossover from 1D to 2D. FSM is
family of highly ordered mesoporous silica crystals with
regular arrangement of uniform hexagonal channels.
pore size is uniform and can be precisely controlled betw
10 Å and 50 Å using alkyltrimethylammonium ion
@CnH2n11N1(CH3)3# of different alkylchain length in the
synthesizing process of this material. These features ma
possible for us to investigate the influence of pore size
4He film, yet little is known about the behavior of the film
adsorbed in this substrate.

In this paper, we report the film growth of4He adsorbed
in mesoporous substrates with a pore diameter ranging f
18 to 47 Å investigated by precise vapor pressure meas
0163-1829/2003/68~9!/092501~4!/$20.00 68 0925
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ments. This measurement is an excellent means of stud
film growth, because from it can be deduced the chem
potential ma of the adsorbed phase and, in principle, t
complete thermodynamic properties can be understood.

The FSM substrates used in this work have pores 18,
28, and 47 Å in diameter. The three smaller pores corresp
to n510, 14, and 16, respectively, and the 47-Å pore
enlarged one fromn516 by the addition of mesitylene.11

These substrates are in powder form with a particle size
about 0.3mm. They were mixed with 60mm of silver pow-
der in a 2:1 weight ratio and pressed onto the body o
copper or silver sample cell for good thermal contact. Af
being dehydrated in a vacuum at 200 °C, the cell was se
in a 4He atmosphere. Surface areaS was determined by the
Brunauer-Emmett-Teller~BET! fitting of an N2 adsorption
isotherm at 77 K. The obtained surface areas are summar
in Table I. The area of FSM grains, as estimated from
powder size, is less than 1% of the total surface area.
vapor pressureP was measured using a capacitive stra
gauge with a 125-mm-thick Kapton sheet as a diaphragm. O
one side of the sheet a thin film of 100-nm-thick Au w
sputtered, which constitutes one electrode of the capac
Another fixed electrode was placed 50mm away from the
diaphragm; the capacitance between them was about 4
The pressure was calibrated against the4He saturated vapo
pressure. Its sensitivity was 231023 mbar. The diaphragm

TABLE I. Surface area obtained by the BET fitting of an N2

adsorption isotherm at 77 K and the pressure range for fittingn1

determined from the compressibility minimum is also summariz

18 Å 22 Å 28 Å 47 Å

Surface area (m2) 195 141 146 103
BET fitting region
(P/P0)

0.05–0.15 0.05–0.15 0.05–0.22 0.05–0.2

n1 ~mmol! 2.4 2.2 2.5 1.8
©2003 The American Physical Society01-1
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moved linearly with pressure below 4 mbar. The gauge
the cell were linked together through a capillary a
mounted on the same stage of a3He refrigerator to avoid the
thermomolecular effect. The4He sample was introduced an
annealed at a temperature where the vapor pressure
around 1 mbar to ensure a uniform film.

The typical vapor pressure isotherms are shown in Fig
~a! as a function of4He adsorbed amountn, with the results
of the 47-Å substrate shown as representative. At low-n re-
gion the vapor pressure is small compared to the satur
vapor pressureP0 at corresponding temperature. With in
creasingn, P monotonically increases, finally reachingP0 at
the corresponding temperature. Note that no plateau as
ated with the capillary condensation was observed in the
therms.

To understand how the film grows, we calculated the tw
dimensional compressibility defined by

FIG. 1. ~a! Typical vapor pressure isotherm for the4He films
adsorbed in 47-Å pores. Solid lines represent the saturated v
pressure at corresponding temperature. The surface area is 102,
determined by the BET fitting of an N2 vapor pressure isotherm.~b!
Two-dimensional compressibility.~c! Isosteric heat of adsorption.
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whereS is the surface area,kB is the Boltzmann constant
andT is the temperature. The second part of Eq.~1! applies
if the gas is treated as ideal. The obtainedkT is shown in Fig.
1~b!. With increasingn, kT evolves in a very interesting way
Below 1.8 mmol it decreases with increase ofn, indicating
that the film becomes hard due to the increase in areal d
sity. Then it shows a minimum atn1. This minimum is be-
lieved to be a second-layer promotion similar to the case
4He adsorbed on graphite.12,13After the second-layer promo
tion, kT gradually increases and shows a small but reprod
ible substep atnon . Our preliminary studies with a torsiona
oscillator found thatnon is an onset coverage of the supe
fluid transition.14 With further increasingn, kT shows an-
other large minimum atnf .

The temperature dependence ofP gives us another ther
modynamic information about the film. As seen in Fig. 2, t
isosteric heat of adsorptionqST defined by qST5
2] ln P/](1/T) is independent of temperature in the press
range between 1023 mbar and 1 mbar.qST obtained by fit-
ting is summarized in Fig. 1~c!. Note thatqST is not for a
fixed temperature, since the fittings were performed betw
1023 mbar and 1 mbar, and thus the temperature ra
changes greatly with coverage. It is typically 2.5–4.0 K atn1
and 0.90–1.4 K atnf .

At n1 , qST shows a small substep and is about 40 K
value similar to that of4He adsorbed on graphite.15 In addi-
tion, the areal density atn1 deduced from the surface are
obtained by the N2 vapor pressure isotherm is 10.7 nm22;
this value is also consistent with the density of the seco
layer promotion in the case of graphite substrate.15 These
facts strongly support the conclusion that the minimum inkT
at n1 corresponds to the second layer promotion.

Just afternf , qST shows a constant value of 10 K, a valu
which exactly corresponds to that of the bulk4He liquid.16

This fact implies that4He atoms fill the pores completel

or
m

FIG. 2. Typical temperature dependence of4He vapor pressure
adsorbed in 47-Å pores.
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abovenf . To more clearly see the behavior aroundnf , we
calculated the thicknessd of the film adsorbedon the surface
of the FSM grainsfrom the experimental data using th
Frenkel-Halsey-Hill~FHH! model.17 ~Note thatd is not the
thickness of the film inside the pore.! In this model, struc-
tureless4He fluid film formed on a flat surface with a chem
cal potential of2g/d3 measured from bulk liquid is as
sumed to coexist with4He vapor, whereg is the adsorption
coefficient. Consequently, the film thickness is given byd
5@T/g ln(P0 /P)#21/3. In our case, the introduced4He atoms
are mainly adsorbed inside pores, but a small amount is
sorbed on the surface of the grains. While the film on
grains has the same chemical potential as that inside
pore, the thickness of the both films is not same. Because
size of the FSM grain is about 0.3mm, the surface of the
grain is considered as an approximately planar surfa
Therefore,d obtained by the FHH model can be regarded
the thickness of the film on the grains. The obtainedd for the
47-Å pore is shown in Fig. 3~a!, where we usedg
51100 K Å3, the value for a glass substrate.17 d increases in
proportion to n below nf , thereafter showing a steep in
crease. This behavior can be understood as follows. Atnf the
pores are completely filled with4He, resulting in sudden
reduction of the surface area for adsorption. Afternf , the
introduced4He atoms are mainly adsorbed on the grain s
face. This causes the steep increase ind after nf . The slope
of d after nf is eight times steeper than beforenf . This
indicates that, assuming that the surface area of the grai
1% of the total surface area,4He atoms are adsorbed into th
pores and onto the surface of the grains in a 12:1 ratio,
sulting in the gradual compression of4He in the pores.

4He vapor pressure results with other diameter substr
have similar features to those with the 47-Å substrate. In F
4 the compressibility obtained with all substrates are sho
as a function ofn/n1. For all substrates we found two dis
tinct minima, which are considered to be the second-la
promotion (n1) and the full pore (nf), for the same reason
as described for the 47-Å substrate. On the other han
small substepnon is found only with the 28-Å and 47-Å
substrates.

It is important to mention that any signatures of the ca
illary condensation are not observed for any substrates.

FIG. 3. Film thickness of4He adsorbed on the surface of th
FSM grains obtained using the Frenkel-Halsey-Hill model@~a! 47
Å, ~b! 18 Å#.
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absence of the capillary condensation may be related to s
facts; the small size of pores, large zero-point motion,
strong substrate potential, and heterogeneity of the subst
Though some theoretical investigations for pores with s
eral angstroms of diameter exit,18–20 none of them can be
directly applied for our system. Further studies, such as p
integral Monte Carlo calculations with parameters of o
system, are eagerly desired.

Below n1 , kT andqST ~not shown! of all substrates show
the samen/n1 dependence, indicating that4He film growth
is dominated primarily by the potential from the substra
and the pore size difference has little effect. On the ot
hand, a clear difference is observed aboven1. For smaller
pores, a smaller amount of4He is enough to fill the pore
completely. The rationf /n1 for all pore sizes is summarize
in Table II. Here we also show the ratio of the cross-sect
area (Sf /S1) obtained with a simple calculation thatSf
5p(d/2)2 is the cross section area of a pore with a diame
d and S15Sf2p(d/223.58 Å)2 is that of the cylindrical
shell of the first layer with a thickness of 3.58 Å, the val
which is a monolayer thickness of the bulk liquid density
saturated vapor pressure.Sf /S1 is about 10% larger than
nf /n1, which is reasonable because the density of the fi
few layers is expected to be larger than that of the b
liquid.

The film thickness with the 18-Å pore obtained within th
FHH model is shown in Fig. 3~b!. At nf , d abruptly begins
to increase due to the sudden reduction of the surface
for adsorption, which is caused by complete4He filling of
the pores. The slope ofd after nf is 37 times steeper tha
beforenf . This suggests that, compared with the 47-Å por

FIG. 4. Compressibility of various pore sizes as a function
n/n1. Arrows indicate the full pore coveragenf .

TABLE II. Pore size dependence ofnon /n1 and nf /n1 deter-
mined by the vapor pressure results. Calculated cross-section
ratio Sf /S1 is also shown~see text!.

18 Å 22 Å 28 Å 47 Å

non /n1 1.4 1.5
nf /n1 1.4 1.7 2.0 2.9
Sf /S1 1.57 1.83 2.24 3.55
1-3
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the proportion of the4He atoms entering the pores is sma
This is reasonable since for a larger pore,4He in the pore is
more compressed, and thus a great number of4He atoms can
enter the pores.

Betweenn1 and nf , d increases almost linearly and th
rate of increase is consistent with that expected from
surface area inside the pores, suggesting that the4He film is
formed on the pore wall. In this region, in the 18-Å pore, t
heat capacity of the second-layer film is proportional to
temperature below 0.3 K.1 This heat capacity is explained b
the 1D phonon excitation with a wave vector parallel to t
pore axis. The phonon velocity obtained from the he
capacity data agrees well with that obtained from our pre
ous vapor pressure measurement,6 and the agreemen
strongly suggests that the cylindrical4He tube on the pore
wall has a 1D property.

Inside the 47-Å pore, on the other hand, the superfl
was observed abovenon by the torsional oscillator.14 In this
experiment a large superfluid decoupling of 7.2% was fou
indicating that the film in the pore is certainly superflu
since the decoupling due to the film adsorbed on the F
grains is 1% at most. The temperature dependence of
superfluid density below the transition temperature is no
sharp as expected by the KT transition. This is explained
the system size dependent KT theory, where the vo
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system. The crossover from 2D to 1D is expected betw
18-Å and 47-Å pore size. Our results on film growth will b
helpful in interpreting further torsional oscillator and hea
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In conclusion, we investigated the film growth of4He
adsorbed in mesoporous substrates by accurate vapor
sure measurements for various pore sizes between 18 Å
47 Å. The 4He film adsorbed on the pore wall forms a c
lindrical tube, but does not display the capillary conden
tion. The first-layer completion and the full pore covera
could be identified for all pore sizes studied. In the first lay
no pore size dependence of the film growth was found, in
cating that the growth of this layer was mainly dominated
the van der Waals force from the substrate. The film grow
after the first-layer completion, however, had a strong p
size dependence. The pore size dependence ofnf /n1 showed
good agreement with that expected from the pore dim
sions. These data provide us with helpful information f
future study of the nature of the Bose fluid and the superfl
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