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Dimensional reduction of helium-4 inside argon-plated MCM-41 nanopores
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The angstrom-scale coherence length describing the superfluid wave function of “He at low temperatures
has prevented its preparation in a truly one-dimensional geometry. Mesoporous ordered silica-based structures,
such as the molecular sieve MCM-41, offer a promising avenue towards physical confinement, but the minimal
pore diameters that can be chemically synthesized have proven to be too large to reach the quasi-one-dimensional
limit. We present an active nano-engineering approach to this problem by preplating MCM-41 with a single, well
controlled layer of Ar gas before filling the pores with helium. The structure inside the pore is investigated via
experimental adsorption isotherms and neutron scattering measurements that are in agreement with large scale
quantum Monte Carlo simulations. The results demonstrate angstrom and Kelvin scale tunability of the effective
confinement potential experienced by “He atoms inside the MCM-41, with the Ar layer reducing the diameter of
the confining media into a regime where a number of solid layers surround a one-dimensional quantum liquid.
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I. INTRODUCTION

The spatial dimension of a quantum many-body system
can be systematically controlled by applying confinement on
a scale smaller than the length characterizing coherence of
the wave function. In this manner, one-dimensional (1D) phe-
nomena have been explored in carbon nanotubes [1-3], and
low-density electronic quantum wires [4—7], where electron-
beam lithography can achieve transverse confinement in the
10-100 nm range required to be smaller than the inverse
Fermi wave vector. In ultracold atomic systems, laser trap-
ping can produce confinement on the scale of the thermal
de Broglie wavelength [8—14]. At higher densities, coherent
quantum phenomena in the elemental superfluid “He is char-
acterized by a length scale £(T') =~ 1 nm below the superfluid
transition temperature 7 < T; ~ 2.12 K and engineering 1D
confinement at this subnanometer scale has turned out to be a
challenging task.

Current approaches to the physical confinement of su-
perfluid helium fall into two categories: nanofabrication and
chemical synthesis. In the first, electron beams have been
employed to carve single short (L < 50 nm) cylindrical pores
with radii R = 3-100 nm [15-17] while heavy-ion bombard-
ment of polymer foils can create longer (L = 1-100 pwm) and
wider (R = 15-200 nm) channels [18-20]. In both cases, the
measured hydrodynamics of the confined superfluid indicates
deviations from bulk three-dimensional pressure-driven flow,
providing evidence for a crossover towards the 1D limit. The
second approach invokes chemistry to synthesize silicates
such as MCM-41 (Mobil composition of matter No. 41) [21]
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and FSM-16 (folded sheet material) [22] that consist of reg-
ular networks of hexagonal or cylindrical pores. When filled
with helium, they are amenable to bulk probes at low tempera-
ture and have provided a large body of evidence on the effects
of enhanced thermal and quantum fluctuations on the super-
fluid state [23-38]. However, the radii of the pores in these
materials is ultimately set by the specific reaction route and is
not continuously tunable, with the smallest possible diameter
being on the order of 2 nm. Quantum Monte Carlo simula-
tions of confined “*He have indicated that subnanometer radii
might be required to observe truly 1D behavior [39-44] and
thus a systematic approach to reducing the size of nanopores
is desirable to test these predictions.

In this paper, we introduce a proposed solution which em-
ploys preplating MCM-41 nanopores with a single adsorbed
layer of argon gas [45,46], thereby allowing tunability of
both the effective pore radius seen by helium atoms and the
strength of the confinement potential. We combine experi-
mental results employing N, and “He adsorption isotherms
with large scale quantum Monte Carlo simulations to explore
the atomic-scale structure within the pores and identify a
promising region where the density of a central core of helium
atoms may be manipulated upon filling.

A single nanopore of Ar preplated MCM-41 is modelled
by constructing an effective confinement potential consisting
of a superposition of Lennard-Jones terms for He interacting
with atoms in the porous material and a single cylindrical
shell of argon. The resulting potential is tunable, both in terms
of the location and depth of its wall-proximate minima. Its
specific form can be matched to the microscopic geometry
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by extracting the width and density of the argon layer via a
Brunauer-Emmett-Teller (BET) analysis [47] of experimental
adsorption isotherms. Once fixed, this potential is employed
in a grand canonical quantum simulation of helium inside
the nanopore where the density can be tuned by modifying
the chemical potential (corresponding to the pressure of an
external reservoir). As the pressure is increased, a series of
concentric cylindrical layers form with the outer-most shells
near the Ar exhibiting solidlike behavior. As the pressure ap-
proaches that of saturated vapor, the pores become fully filled
and exhibit a central column of helium which may realize
the desired 1D behavior. The existence of a central column
is not a generic effect, but is instead a result of the ratio of
the pore radius and the location of the mimima of the He-He
interaction potential being close to an integer value. Careful
analysis of simulation data allows for the determination of the
relation between the linear density (number of atoms) in the
pore center and the external pressure showing a narrow win-
dow, 0.0718-1.635 Pa at T = 1.6 K, where a compressible
1D liquid can be expected inside the preplated nanopores.

The remainder of this paper is organized as follows. We
first describe the experimental synthesis of MCM-41 and our
preplating procedure followed by a characterization of the
nanoporous materials via adsorption isotherms, elastic neu-
tron scattering, and inelastic neutron scattering. The results
allow us to extract material parameters that are essential in
the construction of the model preplated MCM-41 confine-
ment potential that is employed in a quantum Monte Carlo
methodology based on path integrals. We next present the
results of numerical simulations detailing the structure inside
the pore as the external pressure is increased. We conclude
with an analysis of the resulting layer formation and discuss
implications for the discovery of a tunable 1D liquid in this
geometry.

II. EXPERIMENTAL RESULTS

A. Sample characterization

MCM-41 is a mesoporous material with a hierarchical
structure produced using a surfactant templating technique.
The surfactants used form rodlike micelles that order in a
hexagonal array. The pores of this material, after removal of
the surfactant template, are monodisperse, unidirectional, and
have a regular 2D hexagonal structure. The typical aspect ratio
of the pores is ~1000:1.

Our sample was obtained from Sigma-Aldrich [48] and
was characterized using x-ray powder diffraction and N, gas
adsorption isotherm measurements. The x-ray diffraction data
indicated that the sample consisted of a single phase with
pores arranged on a hexagonal lattice with a lattice constant
of 4.7 nm. A Brunauer-Emmett-Teller (BET) analysis [49]
of the N, isotherm gave a surface area of 915 m?/g. The
pore diameter size distribution was calculated using the Kruk-
Jaroniec-Sayari method [50] and was found to be Gaussian
with a mean value of 3.0 nm and a full width at half maximum
of 0.3 nm.

Adsorption isotherms were also carried out with research
grade Ar gas to determine the monolayer coverage for the
pores at 90 K. The results are shown in Fig. 1. A BET
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FIG. 1. Experimental adsorption isotherms of our MCM-41 sam-
ple collected under two different conditions. The purple circles
indicate the amount of argon adsorbed on the untreated material as
a function of pressure at a fixed temperature of 90 K. Green squares
illustrate the adsorption behavior of “He at 4.2 K on to MCM-41
already preplated with a monolayer of Ar gas. Here P, is the bulk
equilibrium vapor pressure of Ar (*He) for the purple circles (green
squares).

analysis of the isotherm yielded a monolayer coverage of
8.994 mmol/g. This monolayer coverage, when combined
with the measured surface area, yields an aerial coverage
of 0.59 A2 and, using the van der Waals radius for Ar, a
monolayer density of na, = 0.017 A=3.

B. “He isotherms

We also carried out *He isotherms on MCM-41 preplated
with a single monolayer of Ar. The Ar preplating was carried
out at 90 K and then the sample was slowly cooled to 4.2 K
over the course of several hours. *He isotherms were then
carried out at 4.2 K using standard volumetric techniques.
The results are shown in Fig. 1. The “He initially adsorbed
is strongly bound to the surface resulting in zero pressure rise
until ~7.5 mmol/g has been adsorbed. There is a small region
between ~7.5 mmol/g and 13 mmol/g where the pressure
increases. Once a filling of 13 mmol/g has been reached no
additional helium is adsorbed into the pores until the pressure
is close to the bulk vapor pressure. Once P/Py is greater than
~0.9, *He capillary condenses between the MCM-41 grains.

C. Neutron scattering

Neutron scattering studies of “He in Ar preplated MCM-41
were performed to identify the phase (mobile versus im-
mobile) of the adsorbed helium. These measurements were
carried out using the disk chopper spectrometer (DCS) at the
NIST Center for Neutron Research [51]. This instrument is
a direct geometry time-of-flight chopper spectrometer which
views a cold moderator. An incident wavelength of 2.5 A~
was used for these measurements. A top-loading liquid helium
cryostat with aluminum tails, commonly referred to as an
“orange” cryostat, was used to obtain the low temperatures
examined in this study. The sample cell was a cylindrical
aluminum can of outer diameter 1.5 cm, a height of 6 cm,
and a wall thickness of 1 mm. The cell contained 6.13 g of

144505-2



DIMENSIONAL REDUCTION OF HELIUM-4 INSIDE ...

PHYSICAL REVIEW B 102, 144505 (2020)

Intensity (arb. unit)
0 20 40

4.0 mmol/g

=
o

Energy E [meV]
o
ot

<
o

|
e
=) ot
t

1.0 1.5 2.0
Wavevector |Q| [A™1]

FIG. 2. The dynamic structure factor S(Q, E) of *He inside
MCM-41 that has been preplated with a single layer of Ar at 1.6 K.
The scattering from the cell, MCM-41, and the Ar layer have been
subtracted. The panels from top to bottom show results for pore
fillings 4.0, 6.8, and 12.1 mmol/g and correspond to a single
layer, double layer, and a completely filled pore. The mostly elastic
scattering in the top and middle panel demonstrate the quasi-two-
dimensional solid-like behavior of the adsorbed helium near the
argon layer, while the dispersing inelastic intensity emerging from
|Q] ~ 2 A supports the existence of a liquid supporting density-wave
excitations at the center of the pore.

MCM-41 in the form of cylindrical pellets 1 cm thick sepa-
rated by cadmium spacers to reduce multiple scattering. Gas
was loaded to the sample in situ from an external gas handling
system. Measurements were carried out at a temperature of
1.6 K. Standard data reduction routines [52] were used to
convert the observed scattering to the dynamic structure factor
S(Q,E).

The sample was preplated with a monolayer of Ar prior to
the adsorbing 4He. The scattering from the cell, MCM-41, and
Ar monolayer were treated as background and subtracted from
the results shown in Fig. 2. The three panels show scattering
at three different fillings corresponding to (top) monolayer,

(middle) bilayer, and (bottom) full pore. For the purposes of
this discussion, we are only interested in the information the
scattering provides on the mobility of the adsobed helium. A
more complete analysis of the scattering will be presented
elsewhere. For the monolayer and bilayer, only elastic scat-
tering (E = 0) is observed. The strong scattering at ~2.5 A~
represents the first peak in the static structure factor S(Q) for
the adsorbed helium. The full pore measurement, in contrast,
exhibits inelastic scattering consistent with mobile “He atoms.

The lack of inelastic scattering for the monolayer and bi-
layer indicate that when *He is initially adsorbed on the Ar
plated MCM-41 pores it is strongly bound and immobile. This
is consistent with the predictions of the simulations (discussed
below) which predict high density solid like layer formation
for the first few layers of “He adsorbed in the pores. The
appearance of both elastic scattering and inelastic scattering
for the nearly full pores is consistent with the simulation
results that predict mobile (low density) helium at the center
of the pores surrounded by multiple solid layers.

III. MODEL AND SIMULATION DETAILS

The data obtained from the above experimental charac-
terization of the Ar preplated MCM-41 nanopores can now
be used to construct a theoretical model of the confinement
geometry. We begin by simplifying the analysis to a single
pore, as their center-to-center separation of 4.7 nm means
that atoms in different pores are essentially noninteracting.
The one-pore system can then be described by the N-body
Hamiltonian:

P, o 1
H:—E;Vi+;U(ri)+§izjv(ri_rj)’ )

where m is the mass of a “He atom located at position
r; = (x;, i, z;) confined inside a preplated nanopore by a sin-
gle particle potential energy U and interacting with other
He atoms through V. Both potential energy terms arise from
induced dipole-dipole interactions, with the helium-helium
interaction potential being known to high precision [53-55].
U is more difficult to obtain and its estimation now proceeds
by generalizing previous results for the confinement of he-
lium inside a cylinder carved out of an infinite homogeneous
medium [56-59].

A. Preplated confinement potential

We begin by considering the potential environment for a
“He atom inside a single pore. Figure 3 shows a bird’s-eye
view of the structure of MCM-41 (z-axis points out of the
page) obtained via density functional theory [60]. The atomic
coordinates have been shifted such that the origin (0,0,0) is
defined to be at the center of a pore (as indicated by the
cross). The black circle describes a perfect cylinder with ra-
dius R = 15.51 A constructed to fit within the quasihexagonal
pores. This value is in agreement with the average pore radii
of MCM-41 extracted from a BET analysis of experimen-
tal data. The resulting confinement potential for a helium
atom at position r; is then formed from the usual sum over
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FIG. 3. A projection of a MCM-41 supercell into the xy plane
showing the nearly cylindrical pores and positions of H, O, and Si
atoms obtained from a density functional theory optimized structure
employing the B3LYP/6-31G(d,p) basis set [60]. The star indicates
the origin of the coordinate system while the circle is plotted at the
determined pore radius R = 15.51 A.

Lennard-Jones pairwise contributions:

Umcma1 (r;) =4 Z €ij<
J

12
O’ij Uij

6
>, @)

where ¢;; and o;; are estimated with Lorenz-Bertholot mixing
rules [61] for two atomic species i and j:

r,-—rj ri—rj

Eij = \/€i€j,
oi+o
Oij = 3 ! (3)

The brute-force sum over j can be extended to a large number
of unit cells to obtain convergence to some fixed numerical
precision with details, including all Lennard-Jones parame-
ters, described in Appendix A. The result for a single slice
at z=0.0 A is shown in Fig. 4 where the potential has only
been plotted in the range —200 K < Upmcmar (1, y, 2 =0)/
kg < 200 K. In the deep pockets near the pore walls indi-
cated in the figure, the depth of the well can drop to nearly
—800 K for some values of z. We expect that upon preplating
the MCM-41 with a light rare gas such as argon, these re-
cesses will be completely filled via adsorption effects. Thus
the resulting potential seen by helium will be considerably
smoother. Motivated by this, we model the confinement po-
tential felt by a helium atom at radius » from the center of
a pore using a radially symmetric effective potential inside a
long uniform cylinder of radius R carved inside a continuous
media [58]. The resulting potential is now a scalar function

-100 0
Unmcmar / kg [K]

FIG. 4. The effective many-body potential in units of kg plotted
at a single slice of the xy plane at z = 0.0 A in the range —200 K
to 200 K. Features of the pore roughness can be seen here, with
potential well depths approaching —500 K for this slice. Preplating
material is expected to fill in the nooks and crannies of the pore wall.

of r:
Ui(rin, €,0,R)
3 9 3
-2 (R) #(7)- () = (7)] @
with
_ 1 2 4
ug(x) = —240(1 2y [(1091 4 11156x~ + 16434x
+4052x% 4+ 35x*)E(x) — 8(1 — x*)(1 + 7x%)
X (97 + 134x% 4+ 25xHK (x)]
and
u3(x) = [(7 + x)E(x) — 4(1 — x)K (x)],

where 7 is the density of the media, ¢ is the strength of the
interaction, o is the hard core distance, R is the pore radius,
and K(x) and E(x) are the complete elliptic integrals of the
first and second kind.

The values of o, ne, and R in Eq. (4) can be extracted
through a nonlinear least squares fitting procedure of Uyicmai
to Uy as described in Appendix A. There is considerable
uncertainty in this approach and here we have extracted the
values in Table I for helium inside MCM-41. We leave a more
microscopic approach to the evaluation of this potential for
future work.
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TABLE 1. The effective Lennard-Jones parameters used in a
cylindrical model of MCM-41 described by Eq. (4) with details in
provided Appendix A.

R (A) o (A) ne/ky (KA=3)

15.51 3.44 1.59

With an effective potential described by Eq. (4) for helium
inside MCM-41, we can now model the rare gas preplating
by superimposing a continuous cylindrical shell with of width
w = Roy — Ry, that yields additional confinement

Ushen (r) = Ucyl(r; NArs EAr—Hes OAr—He» Rin)
- cyl(r; NAr, EAr—Hes> OAr—He> Rout)a (5)

where Ry = 15.51 A is the outer radius computed from Ugy;
and R;, = 11.75 A is the inner radius using the van der Waals
diameter of Ar. The mixed *He-Ar Lennard-Jones parameters
can be computed from the values in Table II.

The full interaction potential U () = Uey1(r) + Ugpen (1) for
helium inside the Ar preplated MCM-41 system is shown
in Fig. 5(a) for three different densities of the argon layer
corresponding to n4; = 0.017 A~3 determined from the exper-
imental BET analysis of an Ar/MCM-41 isotherm in Sec. II B,
nar = 0.021 A3 for Ar liquid at boiling point, and na, =
0.024 A=3 for solid Ar at its triple point [63]. The bare in-
teraction potential for helium with MCM-41, Uy, is shown
for comparison. We observe that the density of the plated
layer affects both the depth of the well and the location of
the minimum, with this relationship quantified in Fig. 5(b).
Modifications of the density of the preplating layer provide
substantial tuneability of the scale of the confinement poten-
tial seen by helium atoms while only producing a subangstrom
modification of its effective radius. This indicates that sub-
stantially different levels of confinement can be produced
by modifying the species of rare gas when preplating. With
an estimate of the environment inside a single Ar preplated
MCM-41 nanopore experienced by a single *He atom, we now
briefly describe the technical details of a quantum simulation
of confined liquid helium at low temperature.

B. Quantum Monte Carlo

A system of N helium atoms described by Eq. (1) inside
the pore can be simulated using a Monte Carlo technique that
exploits the path integral representation to map the quantum
system in D = 3 spatial dimensions to an effective classi-
cal one in D 4 1 =4 that can be efficiently sampled using
the Metropolis-Hastings algorithm [64]. A grand canonical
worm algorithm suitable for bosons in the spatial contin-
uum introduced by Boninsegni, Prokof’ev, and Svistunov

TABLE II. Lennard-Jones parameters [62] used in the evaluation
of the preplating layer potential defined in Eq. (5).

Atom o (A) e/ks (K)
He 2.640 10.9
Ar 3.405 119.8
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FIG. 5. (a) shows helium interacting with a shell of argon at
various densities and the mesoporous silica, MCM-41. The potentials
can be calculated using the parameters shown in Tables II and I
with Egs. (4) and (5). (b) shows how varying the density affects the
minimum location (left axis) and potential well depth (right axis).

[65,66] provides access to finite temperature observables:
(O) o Tr O e H/%T where kg is the Boltzmann constant, for
systems composed of a few thousand *He atoms.

All results presented herein utilized our open source path
integral quantum Monte Carlo code in the grand canonical
ensemble (access details in Ref. [67]) and all code, scripts, and
data used in analysis and plotting are available online [68].

We considered pores of lengths L = 25-100 A in order to
understand any finite size effects (Appendix B 1) and focused
on chemical potentials in the range w/kg = —100-0 K at
two experimentally studied temperatures: 7 = 4.2 and 1.6 K.
The imaginary time step was fixed at kg7 = 0.004 K~! after
comparing systematic Trotter and statistical errors for this
value (see Appendix B 2).

In order to make connections between simulations and
experiment, we can convert the chemical potential (simulation
tuning parameter) to pressure (experimental control knob).
This was achieved by employing the virial equation of state
up to second order using the known temperature dependence
of the second coefficient B, (T ) for bulk “He at saturated vapor
pressure [69], which yields

ke T e/t
P~ ——etRT |1 — By(T)——nr |, 6
NN [ 2 )A3<TJ ©

where A(T) = h/«/2nmkgT is the thermal de Broglie wave-
length. Equation (6) is shown in Fig. 6 in units of the saturated
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FIG. 6. Pressure as a function of chemical potential for bulk “He.
The relationship is computed via the second-order virial expansion
[Eq. (6)] using the tabulated temperature dependence of the thermo-
dynamic properties of helium at low temperature [69].

vapor pressure of bulk helium, Py, and is used throughout
this work to convert between chemical potential and pressure.
The pure exponential dependence holds over nearly the entire
range of chemical potentials with deviations appearing when
P ~ Py. A more accurate ab initio estimation of the pressure
inside the pore can be obtained via quantum Monte Carlo [64].
However, the effective phase separation inside the pore (see
Sec. IV) makes statistical convergence of results difficult to
obtain and we thus use the bulk relationship here. This simpli-
fication could introduce uncertainties when comparing with
experimental results manifested as a pressure offset that can
be overcome by fixing either the onset (initial) or saturation
(maximal) filling of the pores.

IV. SIMULATION RESULTS

All results presented in this section for “He inside Ar plated
MCM-41 have a fixed pore length of L = 50 A, pore radius
R = 15.51 A, and employ U (r) described in Sec. Il A in the
grand canonical ensemble yielding N = 600 helium atoms for
the largest chemical potentials studied.

A separate simulation was performed for each chemical
potential p/kg in the range —100 to —7 K at T =1.6 K
and —100 to 0 K at T = 4.2 K in steps of 1 K. The num-
ber density p = N/V where V = wR’L is the volume of the
pore, was computed with the results shown in Fig. 7. The
adsorption isotherms demonstrate that the pore remains empty
until a temperature-dependent critical chemical potential is
reached and atoms start to enter the pore. The density in-
creases with increasing p with steplike features indicative of
layer formation consistent with previous simulation studies
[39-42,70-72]. We note that even as u — 0 K the density
inside the pore, pfjed, remains smaller than that of bulk he-
lium at saturated vapor pressure 0.019 A=3 for T = 4.2 K and
0.022A 3 forT =1.6K [69]. The origin of this behavior can
be investigated through a closer examination of the structure
inside the pore as measured by a radial density:

N
Praa(r) = <Z 8(ri — r)>, )
i=1

0.015 | - 1
T onlS
<. 0.010 |- o k2 T=42K ;
= 106 104 102 1020000 8
= PP
2 0.005 | M
<]
- S8 4 T=42K
' —$- T=16K
0.000 | | |
=80 —60 _40 20 )

Chemical Potential u/kp [K]

FIG. 7. Adsorption isotherms showing the number density p in-
side a MCM-41 nanopore as a function of the chemical potential
. Steplike features indicate the onset of layer formation. The inset
shows a comparison between quantum Monte Carlo (filled circles)
simulations and experimental results (open squares) at 7 = 4.2 K
where the vertical scale has been normalized to a density correspond-
ing to a completely filled pore. Differences between the numerical
and experimental isotherm can be attributed the use of a smooth
effective potential U (r) in the quantum Monte Carlo.

where r; are the locations of the “He atoms and {(...) indi-
cates a Monte Carlo average where it is noted that N is an
instantaneous (configuration-dependent) quantity in the grand
canonical simulation.

The resulting radial density is plotted as a function of
radial position (distance from the center of the pore) in Fig. 8
for u/kg > —50 K, where the chemical potential has been
converted to pressure via Eq. (6). The onset of well-defined
peaks in the radial density correspond to the steps in Fig. 7. At
low pressure, a quasisolid layer of helium forms near the hard
wall created by the preplated argon shell. As the pressure is
increased, a sequence of concentric quasi-2D shells form with
near vacuum between them. The magnitude of the number
density of the shells places them all within the quasisolid
regime for *He.

When P is increased beyond 1073Py (1u/kg > —17 K), “He
atoms begin to fill an inner core. The insets of Fig. 8 show the
density at the location of the first minimum normalized by
the radial density at the center of the pore. While there is an
intermediate range of pressures where atoms can move freely
between the center of the pore and first shell, the density at
the minima begins to drop precipitously at higher pressures.
For P > 1072, the density between the inner core and first
shell is vanishingly small and particle exchanges are strongly
suppressed indicating that the core region is acting as a quasi-
1D system.

We note that the existence of this central core is not a
generic effect and represents the fact that in the geometry
considered here, the ratio of the effective pore radius (set
by the MCM-41 and Ar preplating geometry) to the distance
between shells (set by the helium interaction potential) is
approaching an integer. In nanopores where the effective radii
is different, the density of the central core can be vanishingly
small [39,40].

We now focus on the details of the central core and shells
which can be characterized by one- and two-dimensional
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FIG. 8. The radial density inside the Ar preplated MCM-41 for
two temperatures computed via quantum Monte Carlo simulations.
The curves in the main panels correspond to different chemical po-
tentials between w/kg = —50 K to 0 K, which have been converted
to pressures using Eq. (6) to calibrate the displayed colorbar. The
peaks show the buildup of concentric quasi-2D layers of helium
and the existence of a quasi-1D core at pressures P > 0.01P, cor-
responding to w/kg > —17 K. The insets detail the relative density
pmd(Rf;i)n)/ Praa(0) at r = Rf;i)n corresponding to the position of the
first minima as a function of pressure. The location of the minima
are independent of pressure for P > 1072P.

densities defined by
RO,
pib = 27 / rdr pra(r), ®)
1 } R
P2D = 1@ Rg)ﬂ rdr prad(r)’ (9)

where to avoid ambiguity, we have determined the locations
of the jth minima (Rfr{i)n) and jth maxima (REQX) at fixed u =
—7 K with values given in Table III. Temperature dependence
of the minima/maxima locations only appear in the second
digit not included in this table. The width of the central core
~3.4 A is only slightly larger than the van der Waals diameter
of a helium atom (2.8 A) with over 95% of atoms falling
within this diameter when p/kg > —17 K at both tempera-
tures studied. Moreover, the final column of the table reports

TABLE III. The locations of minima and maxima computed
from the radial density in Fig. 8 at u/kg = —7 K. The final column
shows the vanishing density at the minima for the fully filled pore.
These values are used in the computation of the linear density and
coverage defined in Eqgs. (8) and (9). The effects of temperature are
negligible at the accuracy reported here.

j RD (&) RO (A) Praa(RY))/ praa (0)
0 — 0.0 —

1 1.7 3.2 0.0065

2 4.6 6.2 0.012

3 7.5 9.0 0.0049

the radial density at the location of the first minima and shows
it 100x smaller than that in the center of the pore. These
combined results represents strong evidence for the quasi-1D
nature of the central core.

Evaluating Eqgs. (8) and (9) inside the pore we observe
a strong pressure and temperature dependence of both the
1D linear and 2D coverage densities of the inner core and
surrounding shells as seen in Fig. 9. AtT = 1.6 K, the inner
core begins to fill at lower pressures (P ~ 107>Py) and we
first observe an increase in linear density which is due to
the leakage of particles from the first shell as seen in the
lower panel of Fig. 8. As the pressure is further increased,
the density between the inner core and first shell begins to
reduce and the quasi-1D nature of the central core becomes
more apparent. It is in this regime that we find a decade of
pressures (1073Py < P < 1072Py) where the inner core has a
density equivalent to liquid “He as indicated by the shaded
bar in Fig. 9. Further increasing the pressure appears to quasi-
solidify the core which is consistent with the expectation that
atoms in 1D at high densities will seek to fix the distance
between them to minimize their interaction potential V (r). Re-
sults are similar at 7" = 4.2 K with the steps being smoothed
out and the onset of the inner core being pushed to higher
pressures due to the pressure dependence in Eq. (6). In the
lower three panels, the areal coverage or 2D density of the
surrounding cylinders is shown. Here the onset is considerably
sharper in pressure, with there being more tunability of the
shell densities at higher temperature.

V. DISCUSSION

The combination of experimental isotherms, neutron scat-
tering, and x-ray scattering with large scale quantum Monte
Carlo simulations provides unprecedented information on the
structure of *He inside small constrictions. A BET analysis
of experimental adsorption isotherms was used to deter-
mine the average pore radii of the grown MCM-41 (~3 nm)
and the density of a single layer of adsorbed Ar gas
(0.017 A3). These values were employed to build an ef-
fective model of the preplated adsorption potential which
describes an infinite cylindrical cavity carved inside a contin-
uous Lennard-Jones medium. While it is clear from the crystal
structure and resulting full confinement potential shown in
Figs. 3 and 4 that the atomic structure of bare MCM-41
produces a rough potential landscape, it is assumed that the
preplating Ar gas will be first adsorbed into the deep potential
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FIG. 9. (Top) The linear density p;p inside the central core as
computed via Eq. (8) for two temperatures. The shaded bar indicates
the range of pressures over which the quasi-1D helium has the same
density as liquid “He in the bulk. A discussion of the steplike features
is provided in the text. The inset shows a quantum Monte Carlo
configuration of helium atoms inside the Ar-plated MCM-41 pore
with distinct layers colored for emphasis. (Bottom) The 2D area
density or coverage p,p computed with Eq. (9) for the first, second,
and third shell (as seen in the top panel inset) which are filled from
outer-to-inner as the pressure is increased.

pockets and resulting in a considerably smoothed environ-
ment. This is justified by the agreement between experimental
and theoretical adsorption isotherms seen in Fig. 7. One of
the main sources of uncertainty in this work is the conver-
sion between the chemical potential (tuned in simulations)
and the measurement of the partial pressure (controlled in
the experiments). It is expected that improvements could be
made by implementing a direct Monte Carlo estimator for the
pressure inside the nanopores combined with more sensitive
determination of the pressure in the adsorption cell.

As discussed in the introduction and validated in Secs. II
and IV, in this low-pressure regime, “He atoms are strongly at-
tracted to the preplated walls of the MCM-41 constriction and
a quasi-2d solid layer adsorbs on the surface, consistent with
the scattering measurements at 4.0 mmol/g and 6.8 mmol/g
in Fig. 2. The Ar layer has two main effects: (1) its weaker
interaction with helium as compared to the MCM-41 reduces
the potential well depth (this can be controlled via the density
of the Ar layer); (2) the hard-cores of the Ar atoms decrease
the effective radius of the constriction from 15.5 to ~11.75 A.
We note that this is the exact reduction predicted from nu-

merical simulations to ensure a cross-over from a quasi-3D
to quasi-1D superfluid [39,41,44]. Different confinement radii
and potential environments could be obtained by changing
the type of preplating rare gas, and these techniques could be
utilized with other porous materials providing the opportunity
to engineer a targeted confinement potential.

As the partial pressure of helium is further increased, a
series of concentric shells form separated by r,, ~ 3A, the
distance at which two helium atoms in free space would like
to be situated to minimize their interaction energy. Shells near
the Ar layer contain immobile helium, while those nearer the
center of the pore may exhibit liquidlike behavior, consis-
tent with the scattering results presented here. The existence
of finite density at the center of the pore is not guaranteed
for a generic nanoporous system, even at large pressures
[40,44], and requires that the preplated pore radii is nearly
commensurate with r,,. Again, numerical simulations have
demonstrated that this central core can exhibit superfluid be-
havior [41,43,44] at temperatures lower than those considered
here.

In conclusion, we have shown that theoretical simulations
of *He inside Ar preplated MCM-41 nanopores are in agree-
ment with experimental adsorption and scattering results, and
demonstrate the ability to stabilize a quasi-one-dimensional
quantum liquid at low temperature with a tunable density
at the center of the pores. It is expected that such a 1D
liquid should lack long-range order, instead displaying al-
gebraically decaying density and phase correlations, even at
zero temperature. This behavior could be confirmed in future
work by further analyzing the results of experimental neutron
scattering measurements along with quantum Monte Carlo
calculations of the dynamical structure factor within the con-
text of Tomonaga-Luttinger liquid theory.
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TABLE IV. Lennard-Jones potential parameters for interactions
between helium and each atom within the MCM-41 crystal structure
[62,88]. Values were determined via standard Lorenz-Bertholot mix-
ing rules [61], Eq. (3).

Atom pair 0 (A) &ij/ks (K)
Si-He 3.60 14.84
O-He 2.93 35.44
H-He 2.70 12.13

APPENDIX A: DETERMINATION OF PARAMETERS
FOR EFFECTIVE MCM-41 POTENTIAL

Equation (2) in Sec. IIT A describes the full many-body
potential experienced by a single *He atom confined inside
the MCM-41 matrix as a superposition of standard 6-12
Lennard-Jones interactions. Here we have used the optimized
atomic coordinates available in Ref. [60] and the potential was
computed on a 40 A x40 A pore-centered grid in the xy plane
at 101 different z values from z = —6.1A to z = 6.1 A. At
each of the grid points, we considered a semi-infinite crystal
by summing over repeated unit cells until convergence was
achieved at double floating point precision.

We performed an extensive search for the optimal Lennard-
Jones parameters ¢;; and o;; to use in Uncwmas (r;) and found
that a large range has been previously reported with minimal
consensus in the literature. This included parameters based on
Drieding force field calculations applied to silica, both with
and without the effects of interacting hydrogen atoms [76-81],
and including a large variation of the interaction strength
(75 K < ¢/kg < 230 K) of both oxygen and silicon in the
MCM-41 [82-87]. We have chosen to employ an alternative
set of parameters that derived from consistent valence force
field calculations [88,89] that have been designed specifically
for silicates and have been able to reproduce experimentally
observed crystal structures. The appropriately mixed parame-
ters used in the simulations are reported in Table IV.

With the full potential calculated, we next obtained the
effective potential Uy in Eq. (4) to be employed in grand
canonical quantum Monte Carlo simulations via a nonlinear
least squares fitting procedure at each value of z. This is made
difficult by the infinitely repulsive pore walls and the prox-
imate deep attractive minima. To overcome these extremal
values two alternative methods were employed to obtain a
well-behaved dataset over which to fit: a potential cutoff
selected spatial grid-points inside the MCM-41 pore where
Umcmar /ks < 0.0 K, and a spatial cutoff where all points
within a fixed radius set by the closest point to the center
with Umemat /ks = 0.0 K were chosen. The resulting spatial
regions over which fits were performed at z = 0.0 A are com-
pared in Fig. 10. The potential cutoff method more accurately
captures the pore roughness as seen in the figure, while the
radial cutoff method provides an improved description of the
region of the pore (r < 12.4 A) where the helium atoms will
reside after the preplating has occurred.

The fitting procedure from Umcmar to Ueyi then proceeds
by determining the optimal set of parameters o, ne, and R in
Eq. (4) at each of the 101 z slices between z = —6.1-6.1 A.
The resulting smooth symmetric confinement potentials for

20 0
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FIG. 10. The confinement potential data at z =0.0A with
Umcwmar /ks < 0.0 K over which a fit was performed to U,y in Eq. (4).
The potential cutoff method uses all the data displayed, while the
radial cutoff uses only those data within the red circle of radius
12.4A. A minimum cutoff value for the potential of —200 K has
been used here for display purposes.

both methods are shown in Fig. 11. Upon comparison, it is
clear that the raw potential cutoff does not provide a reason-
able effective potential as it predicts a confinement radius that
is inconsistent with experimental adsorption isotherms. This
is due to the fact that it is overfitting to the large potential well
depths within the rough areas of the pore and neglecting the
smoother lower potential region closer to the center where the
“He will be confined. As mentioned above, upon preplating
we expect these volumes to be filled by Ar and result in a con-
siderably smoother potential with a smaller effective radius.
This is better captured by the radial cutoff method which also
produces an effective confinement radius that is in excellent

z[A]
-6 -3 0 3 6
[
ok radial cutoff
. potential cutoff
=)
£ =200
=
= c=344 A
—400 ne/ky =1.59 K/A®
R=1551 A
! ! 1 L L ! !
0 5 10 15 20 25 30

o

r[A]

FIG. 11. Comparison of two different methods for fitting Eq. (4)
to Eq. (2) with different lines corresponding to potential slices within
the xy plane from z = —6.1 to 6.1 A along the pore. The thick red line
corresponds to the displayed parameters used for this study.
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agreement with the experimentally determined pore diameter.
We thus focus on the results of the radial cutoff approach
and determine the final set of parameters by performing a
weighted average over the z slices and choosing a value of
ne that incorporates the expected added density of argon due
to its filling the extremal regions causing a deeper potential
well. The resulting effective potential Uy is shown as a red
solid line in Fig. 10 along with the parameters, which are
also reported in Table I. We note that there is considerable
ambiguity in this procedure and appeal to the reasonable
agreement found between theoretical and experimental results
reported in Sec. IV. A more microscopic characterization
of the helium—-MCM-41 interaction combing classical grand
canonical Monte Carlo with molecular dynamics simulations
is ongoing, but is beyond the scope of this study.

APPENDIX B: SIMULATION SCALING
1. Finite size effects

To understand the effects of finite pore length, we per-
formed grand canonical quantum path integral Monte Carlo
simulations for helium confined within argon preplated
MCM-41 with L = 25.0-100 A. Maximal effects were ob-
served when the pore was completely filled with w/kg =
—13.0K at T = 1.6 K. Figure 12 shows that there is little
structural change, as captured by the radial density with only
minimal shifts of the peak densities and minima between
layers. As we are most interested in the “He confined at
the very center of the pore, we can quantify these effects
by studying the length dependence of pyq(r = 0) as well as
the integrated linear density p;p defined in Eq. (8) as seen
in Fig. 13 for the same set of simulation parameters. On
this reduced scale, the finite size effects are more striking

+ L=250A + L=400A + L=750A
+ L=300A + L=50.0A + L=100.0 A
+ L=350A

— &

[ael

i
°<,0.15 |

w/ky=—13.0K, T=1.6 K

o
—_
o

0.05

Rad. Density praq(r)

0.00

Distance From Center [A]

FIG. 12. Structural finite size effects in the radial volume density
of different pore lengths L in grand canonical quantum Monte Carlo
simulations of “He confined inside Ar preplated MCM-41 at fixed
temperature and chemical potential. For L > 50 A, the location of
adsorbed shells (peaks) and the minima between layers are mostly
unaffected by the finite pore length.

o 30.270 —
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FIG. 13. The volume [pnq(r = 0), circles] and linear (po;p,
squares) density of the 1D core inside a Ar plated MCM-41 nanopore
shows strong finite size effects at fixed temperature and chemical
potential. The nonmonotonic behavior is consistent with decaying
oscillations arising for the interplay between pore length and the
average separation between particles in the core.

and exhibit nonmonotonic oscillatory behavior. This can be
understood as the confluence of different but related finite size
effects. For L = 25 A, the aspect ratio of the pore is ~1:1 and
its length can accommodate approximately 6 helium atoms at
its center. Such a small system can not be expected to capture
the physics in the thermodynamic limit. As L is increased,
there are oscillations caused by the interplay between the
length and the optimal inter-particle separation r,, ~ 3 A set
by the He-He interaction as only an integer number of atoms
can fit in the center of the pore. This effect becomes less
important for longer pores leading to a decay in the observed
density oscillations. Finally, the total density of the *He atoms
inside the pore comes with its own finite size errors due to
the 1/N scaling of the chemical potential i (see Ref. [90])
which has not been considered here. Correcting for this would
require the comparison of simulations performed at different
length-dependent chemical potentials.

0.005 0.010 0.015 0.020

Imaginary Time Step kg7 [K 1]

0.000

FIG. 14. The effects of the finite imaginary time step 7 on the en-
ergy per particle of “He confined inside Ar preplated MCM-41 pores.
Data points are from quantum Monte Carlo (QMC) simulations at
T =16K,L=2.5nm,and u/kg = —50 K. The solid line is a fit to
E/N = E/N|,0 + Ct? and the dotted vertical line shows the value
kgt = 0.004 K~ that was used in all production simulations.
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2. Trotter error

Path integral quantum Monte Carlo is stochastically ex-
act at finite temperature, up to a systematic finite-time step
(Trotter) error that can be controlled through an appropri-
ate implementation of a composite factorization scheme for
the density matrix [91]. Here we use a O(t*) approach for
the He-He interaction, but are limited to a primitive O(t?)
approximation for the confinement potential. The resulting

effect on simulation results can be seen in Fig. 14, which
shows the energy per particle of *He inside Ar preplated
MCM-41 as a function of imaginary time stept at 7 = 1.6 K.
The simulation data are well fit by a quadratic polynomial
in T as shown by the solid line. The extrapolation of T — 0
is within 1% of the value at T = 1/250 K~ (vertical dotted
line) that we have utilized for all reported results to balance
accuracy with simulation efficiency.
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