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Abstract Wave functions of quantum helium in narrow slit pores are strongly
restricted; as such, quantum helium condensed in narrow slit pores displays differ-
ent behaviors from that in bulk. Herein, we report the densities of helium adsorbed on
carbon surfaces and in carbon slit pores with average pore widths of 0.7, 0.9, and 1.1
nm at 2–5 K. The density of adsorbed quantum helium in the 0.7-nm slit pores was
significantly higher than those in the larger slit pores and bulk. The average layer den-
sity of helium in the 0.7-nm pores was also significantly higher than those in the larger
slit pores, suggesting solid-like structure formation even under helium vapor condi-
tion. The highly dense state of helium in narrow slit pores is due to strong attractive
potential effects in such slit pores.

Keywords Quantum helium · Solid-like condensation · Adsorption ·
Carbon slit pores

1 Introduction

Helium is the most studied quantum fluid, characterized by its weak interatomic
interaction and light mass, and exhibits unique quantum behaviors at low temper-
atures such as superfluidity and λ-transition at 2.2 K. The quantum behavior of
a molecule can be evaluated using the thermal de Broglie wavelength, defined as
λd B = (h2/2πmkB T )1/2, where h, m, kB , and T are the Planck constant, mass of
the atom, Boltzmann constant, and temperature, respectively. The λd B of helium is
0.05 nm at 300 K. Considering that the molecular size of helium is ≈0.29 nm, the
interatomic distances are significantly greater than the λd B at 300 K. Quantum effects
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are therefore trivial at room temperature. However, at 4.2 K, when helium-4 becomes
a liquid at an ambient pressure, the λd B (0.43 nm) is larger than the molecular size
(0.29 nm). Thus, evaluating quantum effects is essential to understanding molecular
behaviors at very low temperatures.

Pores provide microscopic space limitation for quantum molecules [1–6]. Hence,
typical condensate wave functions are likely to be inappropriate for slit pores. The
superfluidity of helium in slit pores was reviewed by Reppy [7]. Helium in relatively
large slit pores behaved similarly to bulk helium. However, the temperature of the
superfluid transition was lower because the coverage of a helium “film” was smaller.
In addition, the density of adsorbed helium, which is defined as the amount of adsorbed
helium per unit pore volume, in the large slit pores was significantly reduced. Wada
et al. reported low-dimensional helium behaviors in various pore systems [8,9]. The
temperature of superfluid transition for sub-monolayer films decreased with increas-
ing pore widths [8]. Superfluid transition in different dimensional 3-nm pores was
strongly dependent on the pore connectivity [9], highlighting the strong influence
of narrow slit pores on quantum behaviors. Therefore, quantum helium confined in
narrow slit pores should show unique behaviors relative to those observed in bulk
helium and large pores. Herein, we investigate helium quantum effects in extremely
narrow slit pores of activated carbon fibers (ACFs) at 2–5 K and on carbon surfaces
of Grafoil via helium adsorption measurements and path-integral Monte Carlo simu-
lations.

2 Experimental and Simulation Procedures

The ACFs (Adall Co.) studied herein have relatively large slit pore volumes and uni-
form slit pores, as evaluated by αS-analysis of the N2 adsorption isotherms measured
at 77 K. The nanospaces between the graphitic units are termed as slit pores. We
used three types of ACFs with different slit pore widths of 0.7, 0.9, and 1.1 nm,
referred as ACF07, ACF09, and ACF11, respectively. Helium adsorption isotherms
were measured on an in-house built volumetric adsorption apparatus equipped with
a superconducting quantum interference device (MPMS XL, Quantum Design Co.)
to control the temperature. Prior to measurements, the ACFs were degassed at 373 K
below 1 mPa for at least 2 h. The helium adsorption studies of the nanoporous carbon
samples (ACFs) and non-porous carbon surface (Grafoil) were conducted at 2–5 K.

Path-integral Monte Carlo simulations were performed to evaluate the adsorption
mechanism of quantum helium in the carbon slit pores. The carbon slit pores were
composed of two parallel graphitic units and the gap between those graphitic units
formed a slit pore. A slit pore width is defined as the distance between two graphitic
surfaces. The method has been widely used for evaluating various physical properties
of normal liquid, superfluid, and condensed helium [10,11]. The path-integral partition
function is described by ring polymers, consisting of polymer beads representing
particles with a known mass, as follows:

P(N ) = 1

�
eβμN V N

N ! (
2πm PkB T

h2 )3N P/2 × exp
[
−β(Uint + U ext )

]
(1)
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where β,μ, V, N , m, and P denote 1/kB T , chemical potential, volume of the unit cell,
number of helium atoms, mass of an atom, and polymer beads number. Interaction
between the polymer beads (Uint ) and interatomic interactions between helium atoms
and helium atom–carbon atom (U ext ) are given by:

Uint =
∑ m P

2β2h̄2 (r j
i+1 − r j

i )2 and U ext =
∑ �(r j

i − rk
i )

P
. (2)

Here, r j
i and �(r j

i − rk
i ) respectively refer to the position of the i-th polymer bead in

the j-th atom and the Lennard–Jones potential between the i-th polymer beads of the
j-th and k-th atoms for helium–helium and helium–carbon atoms. Lorentz–Berthelot
mixing rules were used to calculate interatomic interactions between helium and car-
bon atoms. The calculation method is based on a quantum system obtained by replacing
the classical partition function with the quantum partition function. Further details of
the calculation methods are reported elsewhere [10–15]. The path-integral and classi-
cal Monte Carlo simulations were performed for evaluating the structure of adsorbed
helium and corresponding behavior in the carbon slit pores. The number of polymer
beads used in the path-integral and classical Monte Carlo simulations were 50 and
1, respectively. The collision diameter (σHe) and interaction potential (εHe/kB) were
0.2556 nm and 10.22 K, respectively [16]. The collision diameter (σC) and interaction
potential (εC/kB) of carbon were 0.3416 nm and 30.14 K, respectively [17,18]. The
parameters also described behaviors of molecules adsorbed on the activated carbon
samples. The interatomic interactions were calculated using the above equations that
accounted for interactions between the polymer beads of two different atoms. A spring
connecting a bead and the neighboring bead provides the harmonic oscillator poten-
tial. The harmonic potential is due to the quantum behavior of helium. The interaction
potential between a helium atom at an adsorption site and a carbon slit pore was evalu-
ated prior to conducting the path-integral canonical Monte Carlo simulation using the
above interaction potential because the calculation time could be efficiently reduced.
The graphitic unit was composed of five graphene layers each of ≈ 5×5 nm2, afford-
ing sufficiently large graphitic units to evaluate the adsorption potential of a helium
atom in the carbon slit pores [19]. A helium atom was positioned at the center of the
graphene layers and the helium adsorption potentials at various distances from the
surface of a graphitic unit were calculated to obtain the interaction potential between
a helium atom and a carbon slit pore. The carbon–carbon distance in a graphene layer
and graphene layer distance at 2–5 K were assumed to be constant (0.142 and 0.335
nm, respectively).

Validation of the simulation was conducted by assessing the λ-transition-like heat-
capacity change of quantum helium in bulk; λ-transition was observed at 2.5 K in the
simulation, roughly agreeing with the temperature of λ-transition in liquid helium at
2.2 K. The simulation methodology employed was the same as the typical canonical
Monte Carlo simulation except for the interatomic potential functions. Molecular
numbers of helium in the 0.7-, 0.9-, 1.1-, 1.5-, 2.0-, and 3.0-nm pores were 540, 447,
530, 720, 960, and 1440, respectively, and defined by the same adsorbed densities
evaluated from the adsorption isotherms for the 0.7–1.1-nm pores. The simulation
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involves three types of random movements: displacement, creation, and deletion of
an atom in Metropolis sampling. A cubic unit cell of 5 × 5 × 5 nm3 was used for the
simulations and the calculation cycle was 1 × 106 steps at each equilibrium pressure.

3 Results and Discussion

The nanoporous structures were evaluated from N2 adsorption studies performed at
77 K, as shown in Fig. 1 and Table 1. ACFs have relatively large slit pore volumes and
uniform slit pores. Pore width is defined as the slit width between carbon surfaces. The
0.7-, 0.9-, and 1.1-nm pores of the ACFs approximately correspond to 2.2-, 3.1-, and
3.9-layer thickness of classical helium. Herein, the size of classical helium is 0.29 nm,
evaluated from a constant interatomic distance in the Lennard–Jones model. However,
an additional layer could be formed using the classical Monte Carlo simulations, as
mentioned later.

Figure 2 shows the helium adsorption isotherms in carbon nanopores and on carbon
surfaces. Condensation of helium in the nanopores can be observed at the extremely
low pressure regions, whereas slight adsorption of helium was observed onto the
carbon surfaces within the same pressure region. Temperature-dependent adsorbed
amounts behaviors were observed in the 1.1-nm pores. In contrast, the helium adsorp-

Fig. 1 N2 adsorption isotherms
of ACFs and Grafoil at 77 K
(Color figure online)

Table 1 Pore properties of
ACFs and Grafoil evaluated
from αS -analysis of the N2
adsorption isotherms

Surface area
(m2 g−1)

Pore volume
(mL g1)

Pore width
(nm)

ACF07 777 0.25 0.65

ACF09 1140 0.49 0.89

ACF11 1648 0.91 1.13

Grafoil 12 0.00 –
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Fig. 2 Dependency of adsorbed helium density on pore width. Helium adsorption isotherms measured at
2–5 K a–c in the carbon slit pores (0.7–1.1 nm) of the ACFs and d carbon surfaces. P0 is defined as the
saturated vapor pressure of helium (Color figure online)

tion amounts in the 0.7- and 0.9-nm pores were independent of temperature in the
range of 2–5 K.

The adsorbed helium density values in the slit pores at varying temperatures were
obtained from the corresponding adsorption isotherms and pore volumes, as shown
in Fig. 3. The adsorbed helium densities in the 0.9- and 1.1-nm pores were similar to
the bulk density values, as reported elsewhere [20]. More specifically, the adsorbed
density values in the 0.9- and 1.1-nm pores at 5 K were respectively higher and
lower than the bulk density values, indicating that helium at 5 K was strongly and
loosely adsorbed in the 0.9- and 1.1-nm pores. Surprisingly, the adsorbed density in the
0.7-nm pores at varying temperatures was approximately 210 mg mL−1, corresponding
to an increase of >40 % relative to the other obtained density values. In summary,
the adsorbed density was mostly independent of the temperatures studied herein. The
high adsorbed densities are due to the formation of a solid helium layer on the pore
surface, as discussed later.
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Fig. 3 Adsorbed helium
densities in the carbon slit pores
as a function of temperature
(2–5 K) at P/P0 = 0.01. Circle:
0.7-nm pores; square: 0.9-nm
pores; times: 1.1-nm pores, and
dashed line: bulk (Color figure
online)

Path-integral and classical Monte Carlo simulations of helium in the 0.7–1.1-nm
pores at 4 K were performed to investigate the behaviors of helium in the slit pores.
Figure 4a shows snapshots of quantum helium in the slit pores; the layer numbers
in the 0.7-, 0.9-, and 1.1-nm pores were not distinct. The polymer beads are loosely
bound at low temperatures and thus, the atomic size and potential depth are larger
and shallower than those of a classical helium atom. Figure 4b shows the distribution
profiles of quantum and classical helium adsorbed in the slit pores, obtained from
the snapshots in Fig. 4a. The distribution profiles clearly show that the layer numbers
of adsorbed quantum helium were 2, 3, and 4 in the 0.7-, 0.9-, and 1.1-nm pores,
respectively, whereas the layer numbers of classical helium were 3, 4, and 5 layers,
respectively. The distribution of quantum helium was broad and the associated layer
numbers were lower than those associated with classical helium. Quantum helium
atoms at monolayer sites were more distant from carbon surfaces than classical helium
atoms.

The average layer densities of helium or two-dimensional density were obtained
from helium adsorption isotherms, surface areas, and the above estimated layer num-
bers of quantum helium in the 0.7-, 0.9-, and 1.1-nm pores (i.e., 2, 3, and 4, respec-
tively). The layer numbers were consistent with the estimated layer numbers from
the atomic size and average pore width: 2.2 layers in the 0.7-nm pores, 3.1 layers
in the 0.9-nm pores, and 3.9 layers in the 1.1-nm pores. Figure 5 shows the temper-
ature dependence of average layer densities of helium in slit pores, evaluated from
the adsorbed densities in Fig. 3 and the layer numbers in Fig. 4. The average layer
densities of helium were 11.7 and 7.4 atoms nm−2 for the 0.7- and 0.9-nm pores,
respectively regardless of the temperature. The average layer densities in the 1.1-nm
pores decreased with increasing temperatures from 7.4 to 3.5 atoms nm−2. The den-
sity in the crystalline phase is larger than 7 atoms nm−2, and the densities of adsorbed
helium at the monolayer and second-layer sites on graphite were approximately 11.5
and 8 atoms nm−2, respectively, as reported elsewhere [21–23]. The estimated helium
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Fig. 4 a Snapshots of helium in the 0.7-, 0.9-, and 1.1-nm pores using path-integral Monte Carlo simulation.
The blue spheres represent the polymer beads of a helium atom and black surfaces represent the carbon
walls. b Helium distribution profiles in a pore using path-integral Monte Carlo simulation (solid curves)
and classical Monte Carlo simulation (dashed curves). The intensities obtained from the classical Monte
Carlo simulation were one-third of those obtained from the quantum Monte Carlo simulation. The pore
center is at z = 0 (Color figure online)

Fig. 5 Average layer densities
of helium adsorbed in the slit
pores. Circle: 0.7-nm pores;
square: 0.9-nm pores; and times:
1.1-nm pores (Colour figure
online)
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layer densities were 11.5, 10.3, 9.8 atoms nm−2 for the 0.7-, 0.9-, and 1.1-nm pores,
respectively. In the 0.7-nm pores, the helium layer density was consistent with the
estimated value (monolayer density on graphite), suggesting crystalline structure for-
mation in such narrow pores even at P/P0 = 0.01 and 2–5 K. The densities in the
0.9-nm pores were lower than the estimated value (10.3 atoms nm−2) and the density
on the second-layer site (8 atoms nm−2). Helium in the 0.9-nm pores was thus present
in a relatively less dense state than that in the 0.7-nm pores, indicating that the helium
structure was liquid-like. Temperature dependence of the average layer densities in
the 1.1-nm pores is due to further loose structure formation. Therefore, helium in
the 0.7-nm pores was solid-like under helium vapor condition, whereas that in the
0.9- and 1.1-nm pores was liquid-like.

4 Conclusion

In this study, the properties of quantum helium in carbon slit pores were assessed.
The adsorbed helium densities in the 0.9- and 1.1-nm slit pores were similar to those
of quantum liquid helium in bulk evaluated at 2–5 K. Additionally, the helium layer
densities were smaller than that of solid-like helium. In contrast, higher adsorbed
helium densities were observed in the 0.7-nm slit pores at 2–5 K. Moreover, the helium
layer densities were similar to the density of solid-like helium on graphite under helium
vapor condition. Thus, the excess dense state of quantum helium was observed in the
extremely narrow slit pores, indicating the onset of an excess condensation effect in
such narrow slit pores.
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