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We report small-angle neutron scattering studies of liquid helium mixtures confined in Mobil
Crystalline Material-41 (MCM-41), a porous silica glass with narrow cylindrical nanopores (d =
3.4 nm). MCM-41 is an ideal model adsorbent for fundamental studies of gas sorption in porous media
because its monodisperse pores are arranged in a 2D triangular lattice. The small-angle scattering consists
of a series of diffraction peaks whose intensities are determined by how the imbibed liquid fills the pores.
Pure “He adsorbed in the pores show classic, layer-by-layer film growth as a function of pore filling,
leaving the long range symmetry of the system intact. In contrast, the adsorption of *He-*He mixtures
produces a structure incommensurate with the pore lattice. Neither capillary condensation nor preferential
adsorption of one helium isotope to the pore walls can provide the symmetry-breaking mechanism. The
scattering is consistent with the formation of randomly distributed liquid-liquid microdomains ~2.3 nm
in size, providing evidence that confinement in a nanometer scale capillary can drive local phase
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separation in quantum liquid mixtures.
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Contemporary scientific interest in the behavior of
binary liquid mixtures in confinement is stimulated by
novel phase separation phenomena shown by these systems
which do not occur in bulk systems [1]. In confinement,
classical liquid mixtures do not undergo global phase
separation on experimentally accessible time scales; in-
stead, phase separation occurs by the formation of micro-
domains whose characteristic length depends upon both
temperature and pore diameter. The helium liquids have
long been studied as model systems due to their extreme
quantum nature [2]. In large pore materials like aerogel
[3-5] or Vycor [6], the phase diagram of liquid *He-*He
mixtures shows relatively modest changes from the bulk:
the unstable region breaks away from the superfluid tran-
sition line and the tricritical point disappears. The behavior
of liquid helium mixtures in small pores, where confine-
ment and interaction with the adsorbent are expected to
dominate, remains largely unexplored.

We report in this Letter the results of a small-angle
neutron scattering (SANS) study of liquid helium mixtures
confined within Mobil Crystalline Material-41 (MCM-41),
a porous silica glass with narrow cylindrical nanopores
d = 3.4 nm. The pores are arranged in a 2D triangular
lattice, giving the system long range translational order.
The small-angle scattering consists of diffraction peaks
whose intensities are determined by how the imbibed
liquid fills the pores. The well-defined pore geometry,
together with its regular pore array, makes MCM-41 an
ideal model adsorbent for fundamental studies of gas sorp-
tion in porous media.

Adsorption of “He proceeds by layer-by-layer film
growth, demonstrated in the SANS data by no change in
the underlying triangular symmetry of the scattering
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system. In contrast, when 3He-*He mixtures are studied,
a structure incommensurate with the pore lattice is ob-
served. This implies that symmetry along the pore axis
has been broken and that the adsorbed liquid no longer
forms uniform layers. The formation of randomly distrib-
uted liquid-vapor or liquid-liquid microdomains within the
pore volume would explain such an incommensurate struc-
ture, and this type of phase separation has been observed
for lutidine-water mixtures in Vycor [7-9]. In the two-
phase region of the bulk lutidine-water mixtures, the con-
fined system shows slow phase separation in which the
phases are segregated into domains [1], whereas, for
3He-*He mixtures infused within MCM-41, the formation
of microdomains takes place well above (by nearly a factor
of 5 in temperature) the two-phase region.

MCM-41, a templated silica glass [10—12], provided the
porous matrix for these studies. An MCM-41 sample syn-
thesized in our laboratory was characterized by small-
angle x-ray scattering and nitrogen adsorption isotherms
[13,14]. The small-angle x-ray scattering measurements
show (10) and (11) Bragg reflections at wave vector trans-
fers of 0.17 and 0.29 A™!, indicating a triangular lattice
with a spacing of a = 4.25 nm. The N, isotherm is type IV
[15] and shows a steep capillary condensation branch,
an indication of a narrow pore size distribution. The
Brunauver-Emmett-Teller surface area is 740 mz/ g, and
total pore volume is 0.63 cc/g. The Barrett-Joyner-
Halenda pore diameter is 3.4 nm, which is consistent
with the Brunauer-Emmett-Teller surface-to-volume ratio
d=4V/A = 3.4 nm.

SANS measurements were carried out using the High-
Flux Isotope Reactor at Oak Ridge National Laboratory
with neutron wavelength A = 4.7 A and 8A/A = 0.13.
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The sample, dark current, and beam transmission were
measured. The raw data were converted to I(Q) using
data reduction routines standard at the High-Flux Isotope
Reactor. The low temperatures were achieved using an
orange cryostat, and gas loadings were performed in situ.
“He was measured in the normal phase at 7 = 3 K and in
the (presumed) superfluid state at 7 = 1.6 K. Mixtures
with 3He molar concentrations of 12% and 25% were
studied at 7 = 3.0 K. The bulk phase separation tempera-
tures for these mixtures are approximately 0.29 and 0.54 K,
respectively. Based on gas sorption isotherms [16,17] and
neutron scattering measurements [16,18,19], it is likely
that the first layer or two of helium adsorbed on the pore
walls form a solid. These amorphous solid layers are
approximately 0.5 nm thick, confining the core liquid to
a thin tube about 2.4 nm in diameter.

The small-angle scattering intensity I(Q) from parallel,
cylindrical nanopores is given by [20-24]

1(Q) = [F(Q)I’S(Q) + G(0), )

where F(Q) is the form factor for the pores and adsorbed
helium and S(Q) is the structure factor of the porous
matrix. S(Q) is determined by the long range symmetry
of the porous matrix, while F(Q) is determined by the
arrangement of material within each unit cell. For the 2D
triangular lattice of pores, the (hk) Bragg peak location is

Oy = 4mVh? + k> + hk/a/3 and the delta functions
6(Q — Q) in S(Q) are weighted by multiplicity factors
and 1/Q%. G(Q) is the contribution of the scattering from
the MCM-41 granules (approximate size of 10 pwm), which
forms a sloping “background” in the Q range of interest
here. This contribution was removed by fitting the ob-
served scattering of the empty matrix to a Harris function
outside the peak regions and subtracting this from the data.

Previous measurements of “He adsorbed in nanopores
have suggested layer-by-layer film growth with no capil-
lary condensation [17]. In this case, the form factor [21]

F(Q)is
1(QrRVT=T)
ORVT =7
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where R is the pore radius, f is the volume filling fraction,
and @ = p;,/p,, is the contrast between the helium scat-
tering length density p, and that of the matrix p,. J,
denotes the nth Bessel function of the first kind. We note
that, in the case of empty pores (f = 0), SANS provides a
direct measure of the pore radius R. Comparing the inten-
sity of the (10) and (11) peaks yields a pore diameter in
good agreement with the x-ray and isotherm results.

The “He scattering as a function of f at 3.0 K is shown in
Fig. 1. Nearly identical results are obtained at 7 = 1.6 K.
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FIG. 1 (color online). The modulation of the (hk) peak inten-
sity when MCM-41 is dosed with “He at T = 3.0 K. The open
symbols have been scaled by a factor of 10 for clarity and use the
right-hand vertical axis.

Adsorption of “He results in a change in the intensity of the
(10) and (11) peaks with no change in either their location
or shape. The (10) and (11) peaks at f = 0 are each well fit
by a sum of two Gaussians. The solid lines in the figure
represent this fit, scaled by a factor s, to match the area of
the peaks with “He present. The excellent agreement be-
tween the shape and position of these scaled peaks is an
unambiguous indication that “He is adsorbing in layers
along the pore surface and that these layers do not alter
the underlying long range symmetry of the pore structure.
This is illustrated schematically in the inset of Fig. 1. The
variation of the scaling factor s with pore filling is shown
in Fig. 2. Equation (2) was fit to the data by varying the
density of the adsorbed liquid and «, which depends
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FIG. 2 (color online). The measured values of s = |F(f =
0, Q)I?/|F(f, Q)|* with filling f, for the (10) and (11) peaks.
The lines are the predictions of Eq. (2).
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strongly on —OH groups and other impurities from the
synthesis process. The agreement is excellent, supporting
layer-by-layer film growth.

The behavior upon adsorption of helium mixtures,
shown in Figs. 3 and 4, is strikingly different from the
pure “He case. At low fillings, the peaks appear to have the
same position and shape as for the empty porous matrix but
with intensities that are not predicted by the uniform film
behavior used in Eq. (2). At higher fillings, the scattering
cannot be described by simply scaling the peaks that are
observed for the empty pores. New scattering, not present
in the pure “He case, is clearly present between the (10)
and (11) peaks. This represents a clear breakdown of the
assumption used to derive Eq. (1) that the film retains the
same symmetry as the pores. To reinforce this point, the
solid lines in Figs. 3 and 4 show the predication of Eq. (2)
accounting for the different molar volume and neutron
scattering length density of the mixtures. The scattering
that appears at high filling is not consistent with the 2D
symmetry of the matrix.

It should be emphasized that preferential adsorption of
one isotope of helium to the pore walls does not break
symmetry along the pore axis. Previous studies have sug-
gested that *He is preferentially adsorbed on the pore walls,
leaving *He-rich liquid in the core volume of the pores [5].
However, such preferential adsorption would not break the
underlying symmetry and Eq. (1) would still remain valid,
although a more sophisticated F(Q) reflecting the density
variation of the film would be required. The breakdown of
Eq. (1) is a clear indication of the formation of a structure
incommensurate with the pore lattice.

It might be thought that capillary condensation provides
the symmetry-breaking mechanism. There are two reasons
to doubt this explanation of the symmetry breaking. First,
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FIG. 3 (color online). The modulation of the (hk) peak inten-
sity when MCM-41 is dosed with an x = 0.12 helium mixture at
T = 3.0 K. The open symbols have been scaled by a factor of 10
for clarity and use the right-hand vertical axis. The solid lines are
expected behavior based on a film growth model. The deviations
from the model predictions are clearly evident.

the additional broad feature between the (10) and (11)
Bragg peaks will disappear at high fillings as the under-
lying symmetry of the lattice is restored. Instead, we find
that it continues to grow in intensity as further mixture is
adsorbed. Second, capillary condensation will be visible in
the scattering only if it occurs on the length scales acces-
sible to the spectrometer. Thus, the capillary will only
affect the symmetry when it is in the 1-100 nm range and
would be seen as a feature moving to lower Q as the necks
grow and disappearing into the low Q background. This is
inconsistent with the observed behavior. Other mecha-
nisms beside capillary condensation are required to de-
scribe the appearance of an incommensurate structure.

The formation of randomly distributed liquid-vapor or
liquid-liquid microdomains within the pore volume would
explain the symmetry breaking. This is illustrated by the
inset cartoon in Fig. 3. The peak maximum, which occurs
around 0.27 A™!, corresponds to a characteristic length
scale of roughly 2.3 nm. There is sufficient contrast in
scattering length density to observe the formation of
SHe-rich droplets within the core volume of the pores.
The coherent scattering length density of bulk liquid *He
is 32% greater than bulk liquid “He. Local phase separation
or domain formation of this kind has been observed for
classical liquids in other porous media [1,7], the difference
here being that the separation is occurring significantly
above the bulk critical temperature 7 > T'... For the helium
mixtures we studied, phase separation occurs for bulk
mixtures below 0.6 K, whereas we observe these effects
at 3 K.

This behavior seems inconsistent with the theoretical
treatments of confined binary mixtures in the literature
[8,9,25-29]. These models do not, to our knowledge,
predict the formation of these kinds of structures at

MCM-41 dosed with x = 25% Mixture at T = 3 K
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FIG. 4 (color online). The modulation of the (hk) peak inten-
sity when MCM-41 is dosed with an x = 0.25 helium mixture at
T = 3.0 K. The open symbols have been scaled by a factor of 10
for clarity and use the right-hand vertical axis. The solid lines are
expected behavior based on a film growth model. The deviations
from the model predictions are pronounced.
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T > T,. Liu et al. claim that it is possible for bubbles of
vapor to become trapped in liquid during capillary con-
densation [8]. Imre points out that applying even a small
negative pressure to a *He-*He mixture brings the liquid
close to the spinodal point of *He. This will cause mixtures
in nanopores to undergo phase separation at temperatures
where the bulk mixture is homogenous [30]. Gelb et al.
emphasize that true thermodynamic phase transitions can-
not occur in one dimension and that this complicates the
analysis of phase separation in cylindrical pores [1]. They
point out that no real critical behavior is observed in
cylindrical pore systems because correlations can grow
large only in one direction. For the core liquid in our
system, the ratio of atomic diameter to pore diameter is
dye/dsore = 0.11.1t is conceivable that dimensional reduc-
tion plays an important role in the anomalous structure
reported here. New ideas are needed to understand the
novel formation of microdomains at temperatures much
higher than 7, in quantum liquid systems.

In this Letter, we reported the results of a SANS study of
liquid helium mixtures infused within a porous silica glass,
MCM-41, which has cylindrical nanopores with a diameter
of 3.4 nm. The adsorption of *He occurs by layer-by-layer
film growth along the pore walls. Because the helium film
does not change the underlying long range symmetry of the
pore structure, this results in changes to the intensity of the
(hk) diffraction peaks with no change in either their loca-
tion or shape. When isotopic mixtures are adsorbed within
the porous host, an incommensurate structure is observed
in the scattering data, which implies that symmetry along
the pore axis has been broken. This is evidence that con-
finement induces phase separation in quantum liquid
mixtures.
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