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Low dimensional quantum fluids, where one can probe the effects of enhanced thermal and quan-
tum fluctuations on macroscopic quantum wavefunctions, can be experimentally realized through
transverse physical confinement of superfluid helium on scales smaller than the coherence length.
Reaching this scale is difficult, requiring confinement in single or multiple pores with nanometer
radii. Porous silicates such as MCM-41 have a pore radius larger than the coherence length of 4He,
and in this work we systematically explore the possibility of pre-plating pores with different elements
to reduce the pore size without localizing the confined superfluid. Through a direct solution of the
few-body Schrodinger equation combined with quantum Monte Carlo simulations, we explore the
behavior of helium confined inside cylindrical nanopores for a range of pre-plating elements, includ-
ing rare gases and alkali metals. For rare gases, we find that helium remains strongly attracted to
the pore walls and any atoms in the core form an incompressible liquid. For alkali metals such as Cs,
weak interactions between helium and the pre-plating material prevent localization near the walls
and enable delocalization in the pore center. Our results extend previous results for helium wetting
on flat two dimensional coated substrates to the curved geometry inside nanopores, and demonstrate
that alkali pre-plated nanopores may enable a tunable one-dimensional confined quantum liquid of
helium.

I. INTRODUCTION

Realisation of Tomonaga-Luttinger liquid behaviour
[1–5] in physical systems requires transverse spatial con-
finement on a scale smaller than the coherence length of
their quantum many-body wavefunction. This has been
achieved in spin chains [6], quantum nanowires [7], ul-
tracold atoms [8] and confined superluids [9] with signa-
ture features of quantum hydrodynamics in one dimen-
sion (1D), such as spin charge separation, being exper-
imentally reported. A persistent goal has been the en-
gineering of high density 1D quantum liquids with tun-
able strong interaction effects. A promising platform in
this regard is the quantum liquid helium-4 confined in-
side single engineered nanopores [10–15] or in ordered
porous media [9, 16–30]. The bulk superfluid transition
temperature of 4He is Tλ ≃ 2.17K and below this tem-
perature, the superfluid coherence length drops rapidly
to a length scale ξ ∼ 1 nm fixed by the microscopic de-
tails of a vortex core [31, 32]. Numerical simulations
of confined helium inside cylindrical pores [33–43] have
identified a microscopic structure of nested cylindrical
shells driven by the interplay between helium-helium and
helium-substrate interactions. When the radii of the con-
fining media enters the nanoscale regime, a central 1D
core of atoms can arise with low energy behavior de-
scribed by the Luttinger liquid (LL) framework with a
LL parameter K that is tunable through the density of
the quantum liquid [37, 44]. Reaching this scale through
physical confinement in porous silicates such as MCM-41
[45, 46] and FSM-16 [19, 47] has been challenging due to
their “as synthesized” radii of ≳ 2 nm. This is still too
large to directly probe the 1D limit and only quantitative

deviations from 3D bulk superfluid behavior have been
observed [22, 26].

Recently, it was theoretically proposed [48] that a re-
duction in pore radius could be achieved through pre-
plating of porous media with an adsorbed noble gas. This
was subsequently explored experimentally by adsorbing
a single layer of Ar into MCM-41 [9], reducing the effec-
tive pore radius to ∼ 1.5 nm. Inelastic neutron scatter-
ing measurements of helium confined inside Ar pre-plated
MCM-41 demonstrated signatures of LL behavior; how-
ever, the density of the 1D liquid of 4He formed at the
center of the nanopores was found to be mostly insen-
sitive to the external vapor pressure of helium gas sur-
rounding the sample. This behavior has been confirmed
by subsequent measurements in the same system and is
hypothesized to be a result of disorder in the pores com-
bined with the strong van der Waals interactions between
He and the pre-plating material Ar [48].

It is thus natural to consider the effects of different
pre-plating materials on helium adsorbed inside ordered
porous materials. In this paper, we move beyond the no-
ble gases and theoretically consider a range of pre-plating
elements including alkali, alkaline earth, and transition
metals. Our intuition is guided by a large body of re-
search on helium wetting of two dimensional solid sur-
faces [49–57] including the well-known experimental re-
sult that helium fails to wet the surface of cesium, instead
forming a phase-separated state of discrete 4He droplets
at the interface [50, 58–60]. This result, and the wetting
properties of 4He on other alkali metals has been fur-
ther explored via numerical simulations [51, 61–63]. The
ability to manipulate both the radii and strength of the
confinement potential for different pre-plating materials
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FIG. 1. The radial confinement potential (in units of kB) of
a helium atom inside a bare MCM-41 nanopore, and those
pre-plated with Ar and Cs. The inset shows a snapshot of Ar
atoms (red) adsorbed inside a single pore (grey) computed
with molecular dynamics. The potentials were computed via
the method reported in Ref. [48] and demonstrate the ability
of tuning both the magnitude and effective scale of confine-
ment via pre-plating.

can be seen in Fig 1.
We proceed by first solving the Schrödinger equation

via an efficient relaxation method [64] for two interacting
helium atoms confined within idealized cylindrical cav-
ities of varying radii carved inside an infinite medium
composed of different materials. Our results show clear
differences in 4He localization behavior as the material
of the surrounding medium is modified, which we quan-
tify through an analysis of the two-particle wavefunction
inside the pore. We find that for the alkali metals Cs, K,
and Rb, the density of helium atoms in the center of the
core remains appreciable while for Au and the rare gases
Ne and Ar, it is vanishingly small. In these cases, the
He atoms remain localized near the walls of the cylindri-
cal pore. Mg represents an intermediate case, exhibiting
both types of behavior. As the number of 4He atoms
inside the pore is increased beyond two, we study the
system with finite temperature grand canonical path in-
tegral quantum Monte Carlo [62, 65, 66] exploring the
density and compressibility of an emergent 1D core of
atoms as a function of external pressure below Tλ.
The main finding of this study is that in the many-

particle limit relevant for experiments, alkali metal pre-
plated pores support a compressible quasi-1D core for a
range of core radii opening up the possibility of pressure
tuning the interaction strength in confined quantum liq-
uids of helium. The results for all pre-plating materials
considered are summarized in a phase diagram that ex-
tends previous results for 4He wetting on 2D flat surfaces
[53] to atoms confined inside a cylindrical geometry.

The remainder of the paper is organized as follows.
We begin with a definition of the microscopic confine-
ment model for helium inside pre-plated nanopores and
then briefly describe the numerical relaxation method we
use to exactly solve the two-particle Schrödinger equa-

Preplating element σ(Å) ε (K) n (Å
−3

) Reference

Argon (Ar) 3.0225 36.136 0.0265 [9, 69]

Cesium (Cs) 5.44 1.359 0.0091 [53, 69]

Gold (Au) 3.305 19.59 0.0595 [54, 69]

Magnesium (Mg) 3.885 5.661 0.0437 [53, 69]

Neon (Ne) 2.695 19.75 0.0440 [9, 70, 71]

Potassium (K) 5.14 1.512 0.0139 [53, 69]

Rubidium (Rb) 5.417 1.251 0.0114 [53, 69]

TABLE I. The simulation parameters used. The first or first
two references are for the L-J parameters while the last is for
the density. The parameters given here are for those of He-
material interaction calculated by Berthelot mixing from the
individual parameters [72].

tion. An analysis of the resulting ground state densities
of confined helium yields our proposed phase diagram as
a function of pore radius for different plating materials.
We then study the many-body limit and report on the
structure and properties of helium inside the pore. We
conclude with a discussion on the near-term experimental
implications of our findings. Appendices include informa-
tion on the accuracy and performance of our numerical
methods.

II. HELIUM-4 INSIDE PRE-PLATED
CYLINDRICAL NANOPORES

We consider a model system of N 4He atoms of mass
m and positions ri = (xi, yi, zi) interacting through a po-
tential V [67, 68] confined inside a single smooth cylindri-
cal pore Upore with periodic boundary conditions along
the long z-axis described by the Hamiltonian

H = − ℏ2

2m

N∑
i=1

∇2
i +

N∑
i=1

Upore(ri, R) +
1

2

∑
i,j

V (ri − rj).

(1)
For 4He inside pre-plated MCM-41, the potential Upore

was computed in Ref. [48] incorporating a single layer of
pre-plating material inside a cylindrical cavity of radius
R and length L. In this work, we exploit the fact that
porous materials synthesized via a surfactant templating
admit variable radii with length:radius aspect ratios of
∼ 1000 : 1 and can admit multiple layers of adsorbent.
The layers act to screen the silicate potential and we can
instead consider an idealized system of a cavity inside an
infinite medium of the pre-plating material where Upore

is taken to be of Lennard-Jones type [73, 74]:

Upore(r,R) =
πnεσ3

3

[( σ
R

)9

u9
(
r
R

)
−
( σ
R

)3

u3
(
r
R

)]
(2)
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FIG. 2. Accuracy of the effective potential in Eq. (2) (in
units of kB) corresponding to a cylindrical cavity in an infinite
medium of Cs compared to a superposition of MCM-41 and
two layers of Cs. The maximum absolute deviation between
the two models is ∼ 1 K near the pore wall.

with

u9(x) =
1

240(1− x2)9
[

(1091 + 11156x2 + 16434x4 + 4052x6 + 35x8)E(x)

− 8(1− x2)(1 + 7x2)(97 + 134x2 + 25x4)K(x)
]

u3(x) =
2

(1− x2)3
[
(7 + x2)E(x)− 4(1− x2)K(x)

]
where r is the distance of an atom from the axis of the
cylinder. The density of the media n, the strength of the
interaction ε and the hard-core distance σ are detailed
in Table I for different pre-plating materials. K(x) and
E(x) are the complete elliptic integrals of the first and
second kind. The accuracy of this simplified model can
be seen in Fig. 2 where only small quantitative devia-
tions are observed for multiple layers of the weakest pre-
plating materials. While real nanopores may not have
smooth walls and a constant radius, inhomogeneities in
the potential will be screened by multiple layers of the
pre-plating material. Furthermore, additional layers of
the 4He adsorbed near the wall further restore the sym-
metry of the confinement potential. The microscopic ac-
curacy of Eq. (2) was explored in Ref. [48].

III. SIMULATION DETAILS

Our approach to model a system governed by Eq. (1) is
to first solve the Schrödinger equation for N = 2 helium
atoms subject to confinement by different pre-plating ma-
terials before extending to the many-body limit via quan-
tum Monte Carlo simulations.

A. N = 2: Relaxation Method

For N = 2 particles, we can exactly determine the
ground state wavefunction ψ(r1, r2) of Eq. (1) via an
accelerated relaxation method, which iteratively solves
the Schrödinger equation beginning from a trial wave-
function. To improve the convergence rate, we use a
pre-conditioner P̂−1 to damp higher Fourier modes, com-
bined with explicit slow-mode elimination at each itera-
tion step [75] resulting in fast relaxation to the ground
state. For the particular system under consideration,
we found that even a non-accelerated relaxation method
is faster than a direct implementation of the Lanczos
method. Defining ψn as the normalized value of the wave-
function at iteration step n, the next value is given by
the following algorithm:

ψ̃n+1 = ψn − δt In (3)

where:

In = P̂−1L̂0ψn −

1− s

δt

〈
ϕn

∣∣∣P̂ ϕn〉〈
ϕn

∣∣∣L̂0ϕn

〉

〈
ϕn

∣∣∣L̂0ψn

〉
〈
ϕn

∣∣∣P̂ ϕn〉 ϕn ,
(4)

L̂0ψn ≡ H̄ψn −

〈
H̄ψn

∣∣∣P̂−1ψn

〉
〈
ψn

∣∣∣P̂−1ψn

〉 ψn , (5)

ϕn = ψn − ψn−1 ; (6)

and then

ψn+1 = ψ̃n+1/

√〈
ψ̃n+1

∣∣∣ψ̃n+1

〉
. (7)

Above, the pre-conditioner is

P̂−1 =
1

Ēcut − r2m∇2
(8)

with Ēcut = Ecut/E0, where Ecut is an energy cutoff [64]

chosen to optimize the acceleration provided by P̂ . We
work with dimensionless quantities by picking the 4He in-
teraction minimum, rm = 2.9673 Å as our characteristic
length scale and E0 = ℏ2/(2mr2m) ≃ 0.7K as our char-
acteristic energy scale (i.e. H̄ = H/E0). In Eq. (5), the
fraction on the r.h.s. is the estimate of the energy, Ēn,
at the nth iteration; so for the exact wavefunction ψ one
would have L̂0ψ = 0. When implementing H̄ in Eq. (5),
we cut off both the confinement U and interaction V po-
tentials in Eq. (1): maxr1,r2

U, V = Ecut, with Ecut being
sufficiently high to not significantly change the physics of
the system and yet significantly low to not impede con-
vergence of the iterations; we found Ecut = 300K to
be suitable. In Eq. (8), the operator is implemented in
momentum space using the Fast Fourier Transform (see
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Appendix A). δt controls the magnitude of the differ-
ence in the wavefunction between successive iterations
while s controls the relative fraction of slow models elim-
inated during relaxation. They are both chosen empiri-
cally to ensure an optimum convergence rate, ideally, as
large a possible while maintaining numerical stability of
the algorithm. For potentials with shallow well depths
(ε/E0 ≤ 15) we use δt = 1.2 while for deeper poten-
tials (ε/E0 > 15) a smaller δt = 0.8 is required. As in
[64], we also found that s = 0.1 yields the fastest conver-
gence (attributed to the interaction having a hard-core).
Further details on convergence and accuracy are given
in Appendix A. The results obtained by this method for
all pre-plating materials studied are provided in the next
section.

B. N > 2: Path Integral Quantum Monte Carlo

The relaxation method above allows us to deter-
mine the exact ground state ψ(r1, . . . , rN ) on a (M3N )-
dimensional spatial grid (where M is the number of
grid points), but becomes computationally prohibitive
for N > 2. In this many-body regime, we instead use
path integral quantum Monte Carlo [62, 66, 76, 77] which
provides stochastically exact results for ground state ex-
pectation values ⟨O⟩0 as well as finite temperature ob-
servables in the grand canonical ensemble

⟨O⟩ = 1

Z
Tr

[
O e−β(H−µN)

]
. (9)

Here β = 1/T (we work in units where kB = 1), µ is the
chemical potential, Z = Tr e−β(H−µN), and N is the par-
ticle number operator. This method has been extensively
used to study the behavior of 4He quantum liquids under
confinement at low temperatures [37, 39, 43, 48] and can
provide efficient access to detailed structural and emer-
gent properties for the geometry under consideration.

IV. SIMULATION RESULTS

A. 2-Particle Densities in Pre-Plated Nanopores

For N = 2, we determined the ground state wavefunc-
tion for 4He atoms confined inside cylindrical nanopores
of varying radii from R = 4 Å to 12 Å for all pre-plating
materials listed in Table I. Utilizing translational sym-
metry in the z-direction, we define a relative coordinate
z = z2 − z1 and compute the particle number density in
Cartesian coordinates as:

ρ(x, y, z) =

∫
dx2

∫
dy2 |ψ(x,y, x2, y2, z)|2 . (10)

It is more natural to work in cylindrical coordinates
(r, θ, z) where r is defined to be the distance from the
axis of the cylinder. This needs to be done with some

care as a direct coordinate conversion can become nu-
merically unstable. Instead, we construct the Cartesian
density in radial coordinates as a histogram by setting a
radius of influence, before averaging over the azimuthal
angle θ and z to obtain:

ϱ(r) =
1

2πL

∫ L

0

dz

∫ 2π

0

dθ |ρ(r, θ, z)|2 (11)

such that

2πL

∫ R

0

r dr ϱ(r) = 2 (= N). (12)

Figure 3 shows the radial density of two helium atoms
confined inside pores pre-plated with Ar, Mg, and Cs, for
different radii. For argon, 4He atoms are strongly bound
to the pore wall and as the radius of the pore is increased,
they are pulled away from the pore center. Cesium repre-
sents the opposite behavior, with atoms instead delocal-
izing near the pore axis in order to minimize their kinetic
energy while maintaining ρ(r → 0) ̸= 0. Magnesium pre-
plating appears to be more Cs-like for small radii, but
eventually behaves similar to Ar as R ≥ 8 Å. The full
data set (for all radii and pre-plating materials) is shown
in Fig. 4 where we have included a “hard wall” for com-
parison where the confinement potential is set to be zero
for r < R and to Ecut for r ≥ R.

B. Wetting inside Nanopores

To characterize and quantify the adsorption/wetting
behavior observed for different pre-plating materials, we
identify two different wetting order parameters:〈 r

R

〉
=

2πL

NR

∫ R

0

r2 dr ϱ(r) (13)

fwell =
2πL

N

∫ R

r0−2rHe

r dr ϱ(r) , (14)

where r0 is the location of the minimum of Upore, and

rHe = 1.4 Å ≈ rm/2 is the van der Waals radius of He.
As can be seen schematically in Fig. 5, Eq. (13) cap-

tures the average radial position of 4He atoms inside the
nanopore. For non-wetting materials ⟨r⟩ should be closer
to the center of the pore (r = 0) than to the wall (r = R)
and thus we would expect ⟨r/R⟩ to be small for weak
adsorbers like Cs and Rb and closer to unity for strong
adsorbers like Ar and Ne. This works for larger radii
nanopores, but fails to strongly discriminate between pre-
plating materials for small R where all 4He atoms are
close to the center as can be seen in Fig. 6(a). The frac-
tion of particles fwell in the potential well Upore is shown
in Fig. 6(b) where we again see clear separation with non-
wetting behavior (characterized by vanishing density in
the well) for R ≥ 8 Å for the alkali metals Cs, Rb, and
K, and strong well localization and wetting for Ne, Au
and Ar. Again, Mg displays intermediate behavior.
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0.0
2.5

5.0
7.5

10.0
r [Å] 4
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FIG. 3. The two body radial density ρ(r) of N = 2 4He atoms confined inside nanopores of different radii for three different
pre-plating elements: (a) Ar, (b) Mg, and (c) Cs. The shaded triangular region on the base of the plots indicates excluded
volume due to the pore wall; the pore center is at r = 0. The data as r → 0 has been clipped for comparison due to the radial
normalization condition on the density (Eq. (12)).
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FIG. 4. The radial density distribution of two helium atoms
confined inside nanopores with different pre-plating materials
and different radii. “Hard wall” indicates a confinement po-
tential with U(r < R) = 0 and U(r ≥ R) = Ecut.

In analogy to the wetting phase diagram for helium
on flat 2D surfaces in Ref. [53] we can construct a sim-
ilar phase diagram for quantum wetting using fwell as
the discriminator with the results shown in Fig. 7. This

0 〈r〉Cs 〈r〉Arr0 − 2rHe r0 R

%(r)|Cs

%(r)|Ar

Upore

FIG. 5. The radial density of 4He inside a nanopore with
R = 8 Å (scale is arbitrary) for two different pre-plating ma-
terials Ar and Cs demonstrating the effect of the two wetting
parameters defined in Eqs. (13) and (14).

figure represents a major result of our paper. We find
that (for N = 2 4He atoms), there is a minimal radius
(R ≈ 5 Å) and minimal pre-plating adsorption strength
(Upore,min/Vmin ≈ 2, with the helium-helium interaction
energy minimum being Vmin ≃ 10K) where a finite den-
sity of helium atoms remains in the nanopore center, de-
localized from the pore wall. The general trend is that
a large van der Waals radius for a pre-plating material
pushes the adsorption minimum away from the pore wall,
and this combined with a weak potential minimum can
inhibit wetting.

While we have constructed this schematic phase dia-
gram based on the exact wavefunction for N = 2, there
is precedent for using results on few-body systems to ex-
plore the competition between interaction and confine-
ment energy scales [78]. Thus, based on our results, using
an alkali metal (e.g. Cs) as the pre-plating material is the
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and rare gases can be seen, with the former displaying non-
wetting behavior. r0 = R for the hard wall.

most promising candidate for a tunable low-dimensional
quantum liquid of 4He.

C. Quantum Monte Carlo: Filling the Nanopores

To examine the validity of this prediction in the many-
body regime and at finite temperature we have performed
extensive quantum Monte Carlo simulations focusing on
two pre-plating materials which are representative of the
dominant wetting behaviors observed in Fig. 7: Ar and
Cs.

We focus on two estimators: the average number of
particles inside the pore ⟨N⟩ and the radial density:

ϱ(r) =

〈
N∑
i

δ

(√
x2i + y2i − r

)〉
.

Figure 8 shows the radial density as we fill up the
nanopores by increasing the chemical potential µ for
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0

2

4

6

8

10

U
p

o
re
,m

in
/
V

m
in

wetting

intermediate

non-wetting

fwell = 0.40
fwell = 0.60

Cs

Rb

K

Mg

Ne

Au

Ar

FIG. 7. A schematic wetting phase diagram for 4He inside
pre-plated nanopores as a function of adsorption potential
well depth (in units of the well depth of the helium-helium
interaction) and the pore radius. The decision boundaries for
non-wetting and wetting are shown as contour labels. The
phase boundaries were determined by linear interpolation of
the sparse data.

R = 6.8 Å below the superfluid transition at T = 2.0K
for L = 25 Å. Following Ref. [48] we choose an imaginary
time step of τ = 0.004K−1 to ensure that any systematic
imaginary time discretization error is smaller than the
stochastic uncertainty in our results. For Ar, shown in
panels (a-b), the average number of particles is zero for
the lowest chemical potentials considered, and is over 100
for R = 8 Å and µ = −0.5K. The behavior of 4He in-
side the pore is analogous to the N = 2 case, with atoms
first becoming localized near the pore wall. As the chem-
ical potential is increased and additional atoms enter the
pore, helium-helium interactions stabilize a transition to
a state with a single core of atoms at the axis of the
cylinder surrounded by a cylindrical shell (as in panel
(a)) or two shells (as in panel (b)) depending on com-
mensuration effects between rHe and R (i.e. interactions
set the radial separation between the integer number of
core plus shells). This behavior is fully consistent with
previous simulation studies for strongly attractive pore
walls [43, 48].
For the Cs plated nanopores in panels (c-d), we see

very different behavior. For both R = 6 Å and R = 8 Å,
a finite density of 4He atoms remains in the center of the
cylinder. For R = 8 Å the central core is surrounded by
a shell which remains separated from the pore wall. This
configuration allows for a smooth change in the number
of particles in the central core as indicated by the density
of curves for different values of µ. Thus, our many-body
findings are consistent with the phase diagram presented
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integer. Quantum Monte Carlo error bars very small due to
the self-averaging and are not included in this figure.

in Fig. 7.
To quantitatively confirm that for Cs coated nanpores

the central core of atoms remains compressible and thus
tunable by external pressure, we define the 1D core den-
sity (see Ref. [48] for more details) as:

ρ1D = 2π

∫ R
(1)
min

0

r dr ϱ(r) (15)

where R
(1)
min is the radius of the first minimum in ϱ(r) for

the completely filled pore (corresponding to µmax). Us-

ing the data in Fig. 8 we extract R
(1)
min ≃ 1.68 Å for Ar

and R = 6.0 Å and R
(1)
min ≃ 1.72 Å for Cs and R = 8.0 Å.

These combinations of element and radius were chosen
as they include both a core and surrounding shell. The
resulting 1D core densities are shown in Fig. 9(a). Here
we have rescaled the x-axis to enable direct comparison
of the two pre-plating materials. As previously reported
for Ar pre-plating [48], we observe a single well-defined
step from the empty to fully filled core, which remains at
constant density over a wide range of chemical potentials.
For Cs pre-plating, the behavior is qualitatively different,
with a smoother step in density followed by an extended
region of continuous growth in filing which finally satu-

rates at a density of ρ1D ≃ 0.25 Å
−1

for µmax = 2.8K.
This is slightly below the saturation density for Ar pre-
plating which occurs at µmax = −0.5K. This maximal

0.00

0.05

0.10

0.15

0.20

0.25

0.30

ρ
1
D

[Å
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FIG. 9. Details of the 1D core in pre-plated nanopores.
(a) ρ1D as a function of rescaled chemical potential where
µmin/max are given in Fig. 8. Error bars are smaller than the
symbol size. (b) The 1D compressibility obtained as a dis-
crete derivative of the density data in (a) utilizing a Guassian
filter with σ = 2 to smooth the data.

1D density has been observed in previous simulations of
confined 4He [38, 48, 79] and is mostly independent of
the details of Upore, arising instead from the interaction
potential between 4He atoms in the 1D core. It can be

sensitive to L on the order of 0.02 Å
−1

for short pores due
to finite size effects in the central core [48]. A numerical
derivative of ρ1D yields the compressibility of the 1D core
as shown in Fig. 9(b). While both pre-plating materials
are compressible during initial filling, signified by broad
peaks, only the Cs coated pore remains compressible over
a range of µ.

V. DISCUSSION

Our results provide a systematic framework for under-
standing how pre-plating with different elements mod-
ifies the microscopic structure of MCM-41 porous sili-
cate and may lead to emergent quantum phases of he-
lium confined within cylindrical nanopores. By combin-
ing an exact two-body solution with many-body quantum
Monte Carlo simulations, we have demonstrated that the
interplay between helium–substrate interactions and ge-
ometric confinement leads to sharply contrasting wetting
regimes. Rare gases and noble metals such as Ar, Ne,
and Au act as strong adsorbers, attracting helium to the
pore walls and suppressing the formation of a compress-
ible one-dimensional (1D) core. In contrast, alkali met-
als (Cs, Rb, K) generate weakly attractive or even non-
wetting coatings, stabilizing a finite central density of
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helium and opening the possibility of a tunable Tomon-
aga–Luttinger liquid via external pressure.

The emergence of a compressible 1D helium core in
Cs-plated nanopores is potentially significant. While Ar
pre-plating had previously been shown to reduce the ef-
fective pore radius and reveal features of Luttinger liq-
uid physics [9, 48], the resulting core density remained
largely insensitive to external pressure. Our findings sug-
gest that replacing Ar with Cs addresses this situation:
the non-wetting boundary condition allows for a contin-
uous tuning of the 1D density with chemical potential,
enabling control over the Luttinger parameter K. This
finding underscores the role of surface chemistry in re-
alizing low-dimensional quantum fluids through physical
confinement and offers a direct pathway to engineer in-
teraction strength via pressure, rather than relying solely
on geometry.

The wetting phase diagram we construct extends prior
flat two-dimensional surface studies into the cylindrical
geometry relevant for nanopores. The existence of a
threshold in both pore radius and adsorption strength
highlights the competition between minimizing either the
kinetic energy through delocalization in the pore center,
or the potential energy by freezing near the wall. This
balance explains the intermediate behavior observed for
Mg, which exhibits a crossover from Cs-like to Ar-like
confinement depending on pore radius. The framework
developed here provides a predictive tool for selecting
candidate pre-plating materials for experiments seeking
realizations of 1D quantum liquids.

Experimentally, our predictions are immediately
testable. High-resolution inelastic neutron scattering
of Cs-coated MCM-41 nanopores could probe the den-
sity profile and dynamic structure factor of confined he-
lium, directly testing the predicted compressible 1D core
through the excitation spectrum. Moreover, transport
measurements—such as pressure-driven flow or torsional
oscillator studies—could reveal nontrivial scaling of the
superfluid response with density, offering a direct win-
dow into Luttinger liquid behavior. The pressure-tunable
density we identify may also allow experimentalists to
explore the crossover between weak and strong interac-
tion regimes in low dimensional superfluids. While we
have included results for the 1D density as a function
of chemical potential (the external control knob in our
quantum Monte Carlo simulations), we can estimate the
experimentally accessible pressure regime by exploiting
the virial equation of state up to second order using the
known temperature dependence of the second coefficient
B2(T ) for bulk

4He at saturated vapor pressure [80]. The
conversion yields a relevant pressure range between 0.01
and 30 atm.

Looking forward, several open questions remain. It has
been previously shown that the self-binding of 4He for
small clusters is stronger on a 2D cesium surface than in
3D [81]. For the confinement potential considered here,
this effect could be enhanced, especially in the presence of
disorder. More generally, the role of disorder, present in

real porous silicates, is likely to interplay with the non-
wetting conditions enabled by coating with alkali met-
als. Whether Cs pre-plating can smooth wall roughness
in longer pores to suppress localization is an important
avenue for future theoretical and experimental studies.
Furthermore, our phase diagram was computed for only
N = 2 atoms and while the many-body results we present
are fully consistent with its predictions, it would be useful
to perform the extensive quantum Monte Carlo calcula-
tions that would be needed to extend it to the thermo-
dynamic limit. The effects of temperature were also not
explored in this study, although we expect them to be
relatively weak when T ≪ Tλ where the bulk superfluid
fraction is constant.

In summary, our study demonstrates that alkali-metal
pre-plated nanopores provide a promising, tunable en-
vironment for realizing compressible one-dimensional
quantum liquids, extending the paradigm of surface wet-
ting into the cylindrical geometry of nanoconfinement.
This establishes a pathway toward experimental explo-
ration of strongly correlated quantum hydrodynamics in
a platform where geometry and interaction strength can
be independently controlled.

VI. DATA AND CODE AVAILABILITY

All code [66, 82, 83] and data [84] needed to reproduce
the results of this study are available online.
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Appendix A: Implementation details of the
relaxation method in Sec. II

While the external potential Upore experienced by 4He
atoms has cylindrical symmetry, their interactions cap-
tured by V do not. Thus we solve the N = 2 Schrödinger
equation on a Cartesian grid which also allows us to
efficiently compute the Laplacian operator using Fast
Fourier Transform. We employ periodic boundary condi-
tions in all three dimensions (for simplicity), although the
helium atoms do not “feel” the box’s (x, y)-boundaries
due to the hard wall of the confinement potential. Due
to translational invariance along the z-axis, the six coor-
dinates (xi, yi, zi), i = 1, 2 of the two helium atoms can
be replaced with five: two explicit pairs (x1, y1, x2, y2)
and one relative coordinate z = z2 − z1 corresponding to
the inter-atomic separation along z. In these coordinates,
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FIG. 10. The radial density for N = 2 4He atoms confined
inside a Cs pre-plated nanopore with R = 8.0 Å and L = 25 Å
computed via the relaxation at T = 0 on a 724 × 12 grid
with the radial density computed via path integral quantum
Monte Carlo at decreasing temperature. As the temperature
decreases, we observe coincidence with the exact ground state
solution within error bars which are smaller than symbol size.
Dashed lines are included as guides to the eye.

the Laplacian operator becomes:

2∑
i=1

∇2
i =

2∑
i=1

(
∂2

∂x2i
+

∂2

∂y2i

)
+ 2

∂2

∂z2
. (A1)

In our calculations, we solve for the wavefunction on a
Cartesian grid (x1, y1, x2, y2, z) with 724×12 points. The
coarser resolution along z is adequate due to (1) trans-
lational invariance, (2) the hardcore of the interaction
(suppressing density at short z) and (3) the smooth be-
havior of V for r > rm. We have checked that discretiza-
tion error is negligible by confirming convergence with
additional calculations on a 964 × 16 grid.

We consider that the iteration method described in

Sec. II is converged when

√
⟨L̂0ψn|L̂0ψn⟩ decreases to

10−4, where L̂0ψn is defined in Eq. (5). As a bench-
mark and test of the validity of our relaxation method
we compare it to a N = 2 canonical quantum Monte
Carlo simulation at decreasing temperatures as shown in
Fig. 10 and find exact agreement (within error bars) at
low temperature T ≤ 0.5K.
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[41] L. V. Markić, H. Vrcan, Z. Zuhrianda, and H. R. Glyde,
Superfluidity, Bose-Einstein condensation, and structure
in one-dimensional Luttinger liquids, Phys. Rev. B 97,
014513 (2018).
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