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Abstract We have studied helium adsorbed in new nanopores which have regular
structures from nano-cage to three-dimensionally (3D) connected pores. Adsorption
potential and layer formation of the adsorbed helium are observed by the vapor pres-
sure for the adsorption. New paradigms of zero-D and 1D helium fluids are realized
in nano-cages and nano-channels, respectively. The superfluid onsets (transitions) in
the 1D and 3D nanopores show obvious dependence on the pore connections. The
superfluid in the 3D pores has properties similar to the Bose-Einstein condensation
of the 3D Bose atomic gas. The films of the *He gas formed in the “He preplated
nanopores show the dimensional crossover depending on the pore connection: from
the 2D Boltzmann gas to a 1D or 3D gas state with decreasing temperature. This
gas changes to the degenerate state in each dimension at the lower temperatures.
Extremely high frequency measurements of the helium adatoms on flat substrate de-
termined the superfluid vortex parameters of the *He films, and revealed a slippage
(decoupling) of the helium adatoms in the non-superfluid state.

Keywords Helium - Superfluidity - Fermi fluids - Low-dimensional quantum
systems - Nanopores
1 Introduction

The lightest monoatomic molecules of *He and 3He remain liquids at absolute zero
temperature. At low temperatures, the bulk “He liquid shows the three-dimensional
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(3D) superfluid transition related to the Bose-Einstein condensate. The 3He liquid
becomes the 3D Fermi liquid, followed by the triplet-superfluid transitions probably
due to the paramagnon interaction [1]. On flat solid surfaces such as graphite and
Mylar sheet, adsorbed helium atoms form fluid films on solid (nonsuperfluid) layers.
Reflecting the two-dimensionality, the “He films show the 2D Kosterlitz-Thouless
superfluid transition [2, 3], and the 3He films set into the degenerate state with the
2D fluctuations [4]. Interactions in these fluids can be changed more variously and
widely than those of the bulk liquids, from an almost free ideal gas to the Mott-
Hubbard transition [5], by changing coverage (density) and substrate potentials, and
preplating other adatoms.

Recently, various kinds of nanopores which have regular void structures have been
synthesized. Using these nano-extreme conditions, we have studied new paradigms
of zero-D and 1D helium fluids realized in nano-cages and nano-channels, respec-
tively [6]. The helium fluid films formed in 3D nanopores were expected to have 3D
properties, due to the 3D pore (film) connections [7]. We studied the possible 3D su-
perfluid transition and BEC for the *He fluids and the 3D gas and degenerate states
of the 3He films [8].

In this review, formations of layers are certified in these new nanopore substrates,
and these *He (Bose) and 3He (Fermi) fluid films show extraordinary properties
reflecting the nano-extreme conditions or high-frequency measurements. The new
nanopores which have been used in those helium studies are described in Sect. 2. In
the nanopores whose pore diameters are only a few times the helium atom diameter,
the states of the helium adatoms (adsorption potentials, layer formations, and so on)
are determined from pressure isotherms (Sect. 3). Possible quantum fluid states of
4He and 3He in nanocages, 2D, 1D and 3D nanopores are observed by measuring the
low temperature heat capacities (Sect. 4). Superfluidity of the “He fluid films formed
in 1D and 3D nanopores are found to show an explicit dependence on the pore (film)
dimension, as described in Sect. 5. When a small amount of *He is adsorbed on the
pore walls of the 1D and 3D nanopores preplated with “He, the He adatoms become
a Boltzmann gas at high temperatures (Sect. 6). With decreasing temperature, the
gases show the dimensional crossover from 2D Boltzmann gas to 1D or 3D gases,
respectively, reflecting the pore connections. The 1D and 3D gases set into the de-
generate states at the lower temperatures. In Sect. 7, we describe an extremely high
frequency measurement of the 2D KT superfluid transition, which gives the precise
microscopic properties of the superfluid vortices. The high frequency measurements
also show a slippage of helium adatoms in the non-superfluid state in addition to that
of the superfluid. Finally, Sect. 8 is devoted to conclusions.

2 Nanopores with Regular Void Structures

The 2D “He superfluid onset (transition) and the 2D *He Fermi fluids have been
extensively studied for the fluid films formed on flat substrates such as Mylar sheet [2]
and graphite [9]. Helium fluid films can be formed on the pore walls of Vycor glasses
(porous glasses) of which pores several nm in diameter are three-dimensionally and
randomly connected as shown in Fig. 1. Reppy et al. [7, 10] have pointed out the
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Fig.1 (Color online) Porous substrates from three- to zero-dimensions. Pore diameters are in parentheses

possibility of the 3D superfluid transition of the *He films due to their 3D connection
in the Vycor glasses. The observed superfluid properties, however, depend on the
substrates even with similar pore diameters [11]. Considering the influence of the
random potentials of the substrates rather than the pore connections (dimensionality),
Fisher et al. alternatively proposed a Bose glass transition model [12].

Zeolites have micro-pores with regular structures whose diameters are below about
1.5 nm [13]. In the 1D micro-pores of H-ferrierite, Takaishi et al. found the 1D clas-
sical gas state of Xe at 40-120°C [14]. The adatoms are localized at the lower tem-
peratures. The helium adatoms in the micro-pores at a full adsorption become a solid
state, as indicated by the small specific heat and no obvious isotope difference. How-
ever, in Y-zeolite where cages 1.3 nm in diameter are connected through apertures of
about 0.8 nm as shown in Fig. 1, the adsorbed 4He and 3He below the full satura-
tion show rather large specific heat, and obvious isotope differences below about 1 K
[15]. Quantum properties of the helium adatoms in the nano-cages are described in
Sect. 4.1.

Recently, various kinds of nanopores have been synthesized whose pore diam-
eters (1.5-5 nm) are between those of the typical zeolites and Vycor glasses. The
nanopores have the regular pore structures from three- to one-dimensions, as shown in
Fig. 1. Hectorite [16] is composed of smectite layers 0.97 nm in thickness which are
separated 1.7-2 nm by pillars made of the smectite fragments. These 2D nanopores
have an extremely large specific area of about 500 m?/g, much larger than the area
(=10 mz/g) of graphite. FSM [17, 18] and MCM-41 [19] have honeycomb frames
made of silicates. The diameter of the 1D channels can be controlled in the synthesis
from about 1.5 to 5 nm. HMM-2 [20] has pores about 2.7 nm in diameter connected
three-dimensionally in the period 5.5 nm with the hcp symmetry. Since these pore
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diameters are larger than that of zeolite, fluid states of helium adatoms are formed
in the nanopores. If the dimensionality of pore connections is dominant for the “He
and 3He fluid properties, new helium quantum fluids in one- to three-dimensions,
respectively, can be expected (Sects. 4 and 5).

Significant advantage for experimental studies is the huge specific areas of those
nanopores. Practically, the small heat capacity of the “He fluid can be measured at
very low temperatures by the ordinary method (Sect. 4.2).

3 Adsorption Potential and Layer Formation of Helium on Nanopore Walls
3.1 Specific Area and Pore Diameter of Nanopores

The regular structure of each nanopore has been determined by the X-ray diffraction,
which precisely determines the symmetry and periodicity.

Specific areas of the substrates are usually estimated by fitting the N, pressure
isotherms at 77 K to the Brunauer-Emmett-Teller (BET) equation. For Hectorite [21]
and FSM with large diameter of about 4.7 nm, the data are well fitted to the BET
equation between 0.05 and 0.3 of the saturated pressure which is the same pressure
region as for the usual flat substrates. For the smaller diameter pores, fitting to the
BET equation is possible only for the data in the smaller pressure region. It causes an
uncertainty of the specific area for the nanopores around 2-3 nm in diameter.

The pore size distribution in the nanopores is determined from the Ny pressure
isotherm by available methods. In this paper, the pore diameter is determined by
the Barrett-Joyner-Halenda (BJH) method [22]. The pore diameter estimated by the
Density Functional Theory (DFT) is larger than that by the BJH method for the small
pore sizes of FSM [23].

3.2 Adsorption Potential for Helium on Pore Walls

So as to first understand how helium atoms are adsorbed in the new nanopores, we
studied the adsorption potential on the pore walls, layer promotions, etc. from the
thermodynamic analysis of the vapor pressure for the adsorption [24].

From the temperature dependence of the pressure P at a coverage n, the work
function to bring the helium adatom to the gas state (the isosteric heat of sorption) gg
is given by

ey

dln P
qst(T)=—R [ ] .

a(1/1)

Applying the first law of thermodynamics to an ideal gas and the adatoms, gy« (7T') =
%RT — aUg’(IT) , where 3Ug’§T) is the differential molar internal energy of the adatoms.
qst(T) from the pressure data can be obtained only above about 7% of g4 (T)/R
below which the vapor pressure P for the adsorption becomes negligibly small.

AU (T) : . JUL(T) _
At the lower temperatures, ar(z ) is obtained from the heat capacity by % =

- aU"a(g Kyr 3%(5/)dT/, where — %SK) (= ¢s(0 K)) is determined so that g (T)
agrees with that obtained from the pressure data.

@ Springer



328 J Low Temp Phys (2009) 157: 324-351

')
n
L n, i
150 - Hectorite -
[ oo n 1
o b
Q ()
= L ) i
% 100 ®
< %o
IZ] O .
= H o0 e g Smectite
L R ] O atoms of
50 - — silicate
L ooo i )
H 000 A
®
(a) %o 1 (b) 0.57 nm
0 PRI | L P L L ‘!
0 5 10 15 20 25
n (umol/m®) Registered site

Fig. 2 (Color online) (a) Isosteric heat of sorption gst(0K) vs. coverage n of 4He adsorbed in Hectorite
(OHO02). ny: localization at registered sites with Na™ cations, ny: localization at all registered sites as
shown in (b), and n¢: the first layer completion. (b) Surface of smectite layer of Hectorite. There are
potential minima in dips (registered sites)

The frame of Y-zeolite shown in Fig. 1 is made of aluminosilicate whose charges
due to (AlO,)™ are canceled by cations. Some cations appear on the pore walls, and
induce localization potentials near the cations and (AlO;)~ by the electric dipole
fields [25]. From ¢4 (0 K) for 4He adsorbed in Na-Y zeolite, the localization potential
by Na™ and (AlO) ™ has the depth about 35 K compared with the potential (~ 160 K)
on other pore walls of the aluminosilicate [26]. The localization potential can be
changed by the cation size and valence charge.

Figure 2(a) shows coverage n dependence of g4 (0K) = —% of “He ad-
sorbed in Hectorite (OH-02) [21]. g« (0K) shows the stepwise changes at n, =
22405, n,=85%+1, and n. = 18 & 1.5 umol/m?, respectively. The 2D pores
of Hectorite are composed of smectite layers of which each surface is the Kagomé
lattice of oxygen atoms of silicates, as shown in Fig. 2(b). The potential on the sur-
face has minima at the dips (registered sites) surrounded by six oxygen atoms. Up to
the coverage n,, a helium atom is adsorbed in a dip where there is a large adsorption
potential of about —gs(0K) = —170 K induced by a NHI cation in the bottom. At
np, other dips without the cations localize helium atoms at —130 K. Above ny, the
helium atoms are adsorbed on the oxygen atoms of silicate with —84 K. The first
layer is completed at n, and the second layer promotion begins at the energy —30 K.
n. is equal to the first layer coverage 19.1 umol/m? of graphite within the uncertainty.
The observed localization potentials on the smectite layer are likely to influence the
fluid properties of the helium films, as described in Sects. 4.2 and 6.1.

In the cases of FSM [27] and HMM-2 [28], g« (T) of 4He at low coverage is
almost the same at about 110 K at T =~ 8 K (= 85 K at T = 0 K). Since FSM is
mainly made of silicate, these pore walls are likely to be made of oxygen atoms of
the silicate without a large localization site. The adsorption energy is also equal to
that on the oxygen atoms of the frame of the smectite layers forming Hectorite [21].
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Fig. 3 (Color online) Pressure P isotherms, effective film thicknesses 8, isothermal compressibilities k7
and heat capacity C isotherms of 4He adsorbed in 2D nanopores of Hectorite (OHO02) (a) and 1D (2.8 nm)
pores of FSM (b), respectively. n is the first layer completion, and uniform layers are formed up to n¢ on
the nanopore walls (see the text)

3.3 Layer Formations of Helium on Nanopore Walls

In addition to the adsorption energy gy, the layer formation on the nanopore walls is
well evaluated from the pressure isotherms by the following thermodynamic analysis
[24, 29].

The P-n isotherms of *He adsorbed in Hectorite [30] and FSM (2.8 nm) [27] are
shown in the tops of Figs.3(a) and (b), respectively. The saturated vapor pressure
Py above the coverage ngyp indicates the full adsorption. In the Frenkel-Halsey-Hill
(FHH) model, the chemical potential pg of the adatoms is approximately the sum
of the chemical potential of the bulk liquid and the substrate adsorption potential,
—I"/83, where I is a constant of 1.1 K-nm? for the usual glass substrate and 8 is the
film thickness. Since ug is equal to the chemical potential of the gas phase which is
the same as that of the ideal gas at low pressures, the effective film thickness 6 of the
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adatoms is calculated from P of the gas phase by using

T P\ '3

Note that this relation is strictly valid only for very thick films. However, it well
describes a uniform film growth by the effective film thickness § increasing in pro-
portion to n up to nr (Figs. 3(a) and (b)). Above n¢, steep increase of § indicates the
inhomogeneous adsorption.

Small deviation from the linear dependence of § on n is shown by the isothermal
compressibility k7 defined as

k7 =S/(*RT)[d1n P/on];", (3)

where S is the adsorption area. k7 shown in Fig. 3(a) and (b) shows a minimum atny,
which indicates the first layer completion. Second layer promotion on the first layer
causes the increase of k7 above n|. Heat capacity isotherms indicate the first layer
completion at the minimum (Hectorite) and the large increment (FSM) by the second
layer promotions, as shown in the bottom panels in Figs.3(a) and (b). From é and
kT, a uniform layer is formed up to (n¢/n1 =) 2layers in the 2D pore of Hectorite
(OH-02) and 1.9 layers in the 1D (2.8 nm) pore of FSM-16.

4 Realization of Fluid Films on Nanopore Walls
4.1 Possible Helium Quantum Fluids Formed in 1.3 nm-Cages of Na-Y Zeolite

In the case of the micro-pores of Na-Y zeolite where the 1.3 nm-cages are connected
through the 0.8 nm-apertures [15], the pressure isotherm of *He does not indicate
the layer formations by means of the FHH model (Sect. 3.3), but shows filling of the
micro-pores with *He at ngyp ~ 27.5 atoms/cage above which P steeply increases
with n [31]. This pressure isotherm is due to the small diameter (0.8 nm) of the
apertures.

Fluid states of the helium adatoms in the Na-Y zeolite were studied by measuring
the heat capacity C of *He and *He at low temperatures [15, 32]. From the heat
capacity data, C isotherms are obtained as shown in Fig. 4 [33].

The small heat capacities of “He and *He up to 5 atoms/cage indicates that
adatoms are localized on the Na'-cation sites with the potential depth 35 K
(Sect. 3.2). The heat capacity becomes small again at n; = 10.3 atoms/cage (*He)
(10 atoms/cage (*He)). This small heat capacity indicates the first layer completion
at n1 in a solid like state. Considering the void structure, the first solid layer about
0.3 nm in thickness reduces the 0.8 nm apertures to less than the helium atomic size
(~ 0.35 nm), and it covers the walls of the 1.3 nm-cage reducing it to a void of 0.7 nm
diameter.

Above n1, the adatoms promoted on the first layer have the large differential heat
capacity dC/dn of the order of R/2 at T > 1 K [31]. At 11 $n < 18 atoms/cage
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Fig. 4 (Color online) Heat capacity C isotherms of “He (a) and 3He (b) adsorbed in nano-cages of Na-Y
zeolite. Qualitatively different heat capacities above n at low temperatures suggest that a few atoms in
each cage form a quantum fluid cluster, as shown in the inset (see the text)

(40-65% of full adsorption ngyp), the heat capacities of 3He at the lowest tem-
perature of T = 0.1 K are much larger than that of *He (Figs. 4(a) and (b)) [32].
The extremely different heat capacities at the low temperatures obviously indicate
quantum-statistical differences between *He and “He adatoms. The quantum fluid
states of “He as well as He of the second layer atoms are likely to be confined in
each 0.7 nm diameter void as shown in the inset of Fig. 4(a). The C-isotherms of “He
have maxima at 13.5 and 17.0 atoms/cage. Between the two coverages, the second
layer “He atoms are expected to be in a quantum fluid state under the Bose statistics
[32]. This possible quantum region was determined up to about 1 K.

Near the full adsorption (ngyp), the heat capacities become small, which shows
that all of the helium adatoms become a solid state in this micro-pore.

4.2 Liquid Layers Formed in 2D Nanopores of Hectorite

2D properties of helium have been extensively studied for the substrate of graphite
[9]. The phase diagrams (states) precisely determined for “He, *He and >He on “He-
preplated graphite strongly reflect the potential profile on the surface [34] as well
as the helium coverages [5]. On the surface of graphite, the carbon atoms form a
hexagonal lattice with the period 0.142 nm.

On the smectite layer of Hectorite (Fig. 2(b)), the potential profile is completely
different from that on graphite (Sect. 3.3). We studied the states of “He and *He ad-
sorbed on Hectorite (OH02) measuring the heat capacity [21]. Note that even small
specific heat of the “He adatoms at low temperatures can be measured experimen-
tally, because of the large specific area 592 m?/g which is about 50 times larger than
~10 m?/g of graphite.

Figure 5(a) and (b) show the heat capacity C isotherms of *He and 3He, respec-
tively. The small heat capacity below about 10 umol/m? corresponds to the localiza-
tion of the adatoms at the registered sites on the smectite surface shown in Fig. 2(b).
The minimum at n; =18.4 umol/m? for *He (16.2 pmol/m2 for 3He) is the first
layer completion which is equal to n. of gy in Fig. 2(a). (The first layer coverage
on graphite is 19.1 umol/m?.) Up to 1.4n, both *He and 3He C-isotherms show the
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Fig. 5 (Color online) Heat capacity isotherms of 4He (a) and 3He (b) adsorbed on 2D nanopores of Hec-
torite (OH02). Quantum fluid layers appear above 1.4n1. Peak coverage np in (a) suggests the boundary
for the Bose fluid (B) region

same coverage dependence, which indicates no quantum fluid state. Completely dif-
ferent isotherms are observed above about 1.4n;. Steep increase of the C-isotherm
of 3He shows the large specific heat (9C/dn) of the order of that in the bulk >He
Fermi liquid. The C-isotherm of 4He shows a characteristic peak at ng (Fig. 5(a))
above which we can expect BEC or superfluid. We refer to this Bose quantum fluid
region as the (B)-phase. The completely different heat capacities near the full adsorp-
tions (ngyp) indicate the quantum fluid states, in contrast to the solid states in the
micro-pores of Na-Y zeolite near ngyp (Fig. 4).

To study the “He fluid layers formed above 23 umol/m?, temperature dependences
of the heat capacity were measured as shown in Fig. 6(a) [21]. It shows the T2-
dependence of the heat capacity below 0.2-0.3 K due to the 2D thermal phonon
excitations. The low temperature heat capacity can be well fitted by C = y T+ T2 +
CaDrotons Where we assume the sum of a small heat capacity of the nonsuperfluid
layers described as y T', the 2D phonon heat capacity and the 2D roton heat capacity
with the gap A [21]. Coverage dependences of 8 and A are shown in Fig. 6(b). The
large coverage dependence of ST 2-term suggests the 2D phonon heat capacity of the
“4He fluid layers. Thus, “He adsorbed in Hectorite show the properties of the 2D Bose
liquids, reflecting the 2D pore geometry.

B of the 2D phonon heat capacity (Fig. 6(b)) gives the phonon velocity as

3
o = o8,
is also described as vc = 1/4/ksp*, where kg is the adiabatic compressibility of
the 2D fluid layer and p* is the fluid layer mass density. From the pressure isotherms
(Fig. 3(a)), and assuming the fluid layer above the coverage ns = 22.740.5 pmol/m?,

where ¢(3) is the Riemann zeta function and S the 2D area. v¢
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Fig. 6 (Color online) (a) 2D phonon heat capacity (C/T = BT) and roton one (C o exp(—A/kgT) of
4He fluid films adsorbed in 2D nanopores of Hectorite (OHO02). (b) Coefficient (8) of 2D phonon heat
capacity and roton gap (A)

we can calculate the isothermal compressibility of the 2D fluid layer to be x} =
m (%)7. The ratio y = k7. /ks is between 1 and 2. The phonon velocity vp
was also calculated from k7. by using vp = ,/y/(k} p*) and assuming y ~ 1 [30].
vp reasonably agrees with vc obtained from the 2D phonon heat capacity.

The 2D nanopores of Hectorite have an open spacing of 1.7-2.0 nm between the
smectite layers. Uniform “He layer formation up to n¢ = 35 pumol/m? is indicated
by & vs. n in Fig. 3(a). Corresponding to the increase of the fluid density with n,
B and the gap energy A decreases above about 29 pmol/m? up to n¢ (Fig. 6(b)).
For the 2D nanopores of Hectorite, a theoretical calculation [35] suggests a puddling
and capillary condensation of the *He liquid and the phonon and roton dispersions.
The roton gap and other quasi-particle excitations in the “He liquid layers have been
observed for rather thick films (about four atomic layers) formed on graphite by the
neutron scattering studies [36].

In the 2D nanopores of Hectorite, the *He fluid layers appear above about 1.4 lay-
ers. When the 2D pore walls are preplated with 24.7 umol/m? of “He and adsorbed
3He at a coverage where mean atomic distance is comparable to that of bulk lig-
uid, low temperature heat capacity of the 2D *He liquid deviates considerably from
the expected linearity [37]. The deviation was accounted to large spin fluctuations
characteristic to the 2D Fermi liquid [4]. The wave vector (g)-dependent spin sus-
ceptibility x 2 of a degenerated Fermi gas depends on the dimensionality [38]. In the
Stoner model, the spin susceptibility x, of a Fermi liquid with a on-site (hard core)
repulsive interaction is described as x, = xg /(=1 Xc(,))’ where I > 0. In the 3D
Fermi liquid, yx, is enhanced at g ~ 0, because Xf,) of the 3D gas has the maximum at
q = 0. This spin susceptibility explains the paramagnon (ferromagnetic) interaction
actually observed in the 3D bulk *He Fermi liquid [1]. While Xc? in the 2D Fermi gas
has a maximum constant value at ¢ < 2¢gp, where gr is the Fermi wave vector. The 2D
spin susceptibility x, enhanced at all wave vectors below 2gg explains the consider-
able deviation from the T-linear heat capacity observed for the 2D 3He Fermi liquids
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Fig. 7 (Color online) Heat capacity isotherms of 4He and 3He adsorbed in (a) 1D (2.8 nm) pores of
FSM-16 and in (b) 3D (2.7 nm) pores of HMM-2. Peak of 4He isotherm at np indicates the boundary of
(B)-phase where BEC and superfluid are expected. The first layer is completed at n1. Uniform layer on the
nanopore walls is formed up to ny¢

formed on graphite as well as Hectorite [4]. The kind of the 2D spin fluctuation is
obviously different from the 3D paramagnon only at g ~ 0.

4.3 Fluid Films Formed in FSM (1D) and HMM-2 (3D) Nanopores

The study of the vapor pressure for the adsorption (Sect. 3) indicates that FSM (1D
pore) and HMM-2 (3D pore) with the same pore diameters have similar adsorption
potential profiles on the nanopore walls and the uniform layer formation of helium
up to about 2 atomic layers [28]. To examine the fluid nanotubes and the fluid films
with the 3D connections, respectively, we measured the heat capacities of “He and
3He adsorbed in these nanopores [8].

Figure 7(a) and (b) show the heat capacity isotherms of 4He and 3He adsorbed in
the 1D and 3D nanopores, respectively. Below 71, both “He and 3He heat capacities
are small at the low temperatures. With increasing 7', the heat capacity shows a cusp
at Ty, as shown in Fig. 8(a) for *He in HMM-2. Tj. is likely to indicate the crossover
to the localized state, (L)-phase, at the lower temperatures. The phase diagram was
determined as shown in Fig. 8(b). The 3He heat capacity determine the same T} vs.
n diagram, except that Ty is a little (a few %) lower than that of “He. This indicates
there is no quantum fluid state of the first layer.

Above about 1.4 ny, the isotherms are completely different between “He and He
(Fig. 7(a) and (b)). The large %—g of 3He suggests the degenerate state of the Fermi
fluid at low temperatures. The “*He isotherm shows a maximum at ng above which
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Fig. 8 (Color online) (a) Heat capacity of 4He adsorbed in HMM-2 at low coverages below n. Local-
ization state of adatoms below 77 is suggested by a steep decrease of C/T with decreasing 7. (b) Phase
diagram for the localization (L) state of 4He in HMM-2

C decreases with increasing n (Fig. 7(a) and (b)). We call the region above np the
(B)-phase, where the BEC and/or the superfluid are expected. The temperature depen-
dences of “He adsorbed in FSM and HMM-2 are shown in Fig. 9(a) and Fig. 10(a),
respectively. Each C/T shows a rounded cusp (Fig. 9(a)) or a kink (Fig. 10(a)) at
Tc as marked with an arrow. From npg and T¢, we obtained phase diagrams for the
(B)-phase as shown in Fig. 11(a) and (b).

The temperature dependence in the (B)-phase (Fig. 9(a) and Fig. 10(a)) at low
temperatures was analyzed by a phonon model for each pore (fluid film) geometry
[39, 40]. In the case of the 2.8 nm 1D nanopores (FSM) (Fig. 9(b)), the fluid film tube
formed on the solid (nonsuperfluid) layers about 0.5 nm in thickness has the diameter
of about 1.8 nm in the 2.8 nm pore (as illustrated at upper right corner in Fig. 9)
whose length is about 300 nm, the same as the grain size of the FSM substrate. We
assume continuous phonon dispersion relation for wave vector along the tube with
the velocity vc and discrete energy states for the motion along the circumference
of the nanotube with the gap A between the ground state and the first excited state.
The calculated heat capacity becomes the 1D phonon heat capacity below 1/10 of
A/ kg and crossovers from the T- to T'2-dependence due to the thermal excitation to
excited states in the cross section [39]. Fitting the calculation to the data, the coverage
dependence of vc and A /kg were obtained as shown in Fig. 9(b) [39]. The phonon
velocity vp in the fluid layers is alternatively estimated from the pressure isotherms
(Fig. 3(b)) in the same procedure as that for Hectorite (Sect. 4.2). vp of the fluid
layers above 20 pumol/m? are also shown in Fig. 9(b) [40]. Both velocities of v¢ and
vp agree within the uncertainties. In the case of the 2.7 nm 3D nanopores (HMM-2),
the low temperature heat capacities (Fig. 10(a)) are fitted by the 3D phonon model
(C o T3) [40]. The phonon velocity vc is plotted in Fig. 10(b), together with vp
estimated from the pressure isotherms.

Since the low-temperature heat capacities in the (B)-phases are well described
by the thermal phonon excitations, the 1D and 3D states are defined by the ther-
mal phonon wavelength. The 1D state is defined as being when the thermal phonon
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Fig. 9 (Color online) (a) C/T of 4He in 1D (2.8 nm) nanopores of FSM at n > 1.4n| where fluid film is
formed on a nonsuperfluid layer. Rounded cusp at T¢ suggests the onset to the (B)-phase of the “4He fluid
tube 1.8 nm in diameter formed in the 2.8 nm-diameter pore (illustrated at upper right corner). (b) Phonon
velocity vc and gap energy A in the cross section of the fluid nanotube estimated from the heat capacity.
Phonon velocity vp estimated from vapor pressure for adsorption (see the text)
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Fig. 10 (Color online) (a) C/T of 4He in 3D (2.7 nm) nanopores of HMM-2 at n > 1.4n1 where fluid
film is formed on an nonsuperfluid layer. The film is connected by 5.5 nm in the 3D period. (b) 3D phonon
velocities ve and vp estimated from heat capacity and pressure isotherm, respectively. ~v/kg (5.5 nm) is
the temperature where the thermal phonon wavelength is equal to the 3D period (see the text)
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Fig. 11 (Color online) (a) Phase diagram of 4He in 1D (2.8 nm) pore of FSM. T, (B) phase boundary,
linearly increases with n (solid line). Superfluid onset temperature Tg is far below 7. (b) Phase diagram
of “He in 3D (2.7 nm) pore. Ts = T, and the superfluid transition temperature changes as (n — nc/)z/ 3
(solid curve) (see the text)

length hvc/kgT becomes longer than the fluid tube diameter which is 1.8 nm by
subtracting the nonsuperfluid layer thickness 0.5 nm from the pore diameter 2.8 nm.
The 1D phonon state calculated from vc given in Fig. 9(b) is below about 0.8 K in
the (B)-phase (Fig. 11(b)). This temperature 0.8 K is almost equal to the gap temper-
ature A/kp in the cross section (Fig. 9(b)). In the case of the 3D pores, the 3D state
is defined as being when the thermal phonon wavelength exceeds the 3D period of
5.5nm, or T < hvc/kg/(5.5 nm) (Fig. 10(b)). Thus, in terms of the thermal phonon
excitations, the (B)-phases below about 1 K are 1D and 3D, respectively [8].

5 Superfluidity of *He Films Formed in 1D and 3D Nanopores
5.1 Superfluid Onset and Transition in 1D and 3D Nanopores

Superfluidity is the most interesting issue for the “He fluids in the 1D and 3D
nanopores, as well as for the bulk *He liquid and the 2D KT transition. To our knowl-
edge, there is no common understanding of the superfluidity in the 1D state. For the
4He films adsorbed in the macropores of Vycor glasses, Reppy et al. observed evi-
dence of the 3D superfluid transition [10] and proposed the possible BEC of the 3D
ideal gas due to the 3D pore connection [7]. On the other hand, the Bose glass tran-
sition model was alternatively proposed, assuming that the random potential of the
substrate plays the most important role [12].

FSM (1D (2.8 nm) pore) and HMM-2 (3D (2.7 nm) pore) have the same pore
diameter and substrate potentials (Sect. 3.3). To study the dependence of the super-
fluidity on the dimensionality of the pore connection, we measured simultaneously
the heat capacity and the superfluid density by a torsional oscillator at exactly the
same ‘He coverage [8]. Figure 12(a) shows C/T and the oscillator frequency shift

@ Springer



338 J Low Temp Phys (2009) 157: 324-351

1D pore (2.8 nm)

3D pore (2.7 nm
3 T T 30 T P ( T ) 20
Af CIT n(pmol/m?) W \
L] o 26.5 [ 37 L]
T Resoosalll
)_ﬁ 55 S
2 & —~ —~
_ 5 % o M
N é@ﬂ L] ML B B B B | ™ N Y ™
= & M¥ab ] g T ¢ g
£ § B e 1] 3 E E 105
S @ ¢ sl 25 () el s
< SIpS ] =~ <1 Sl ] &~
M S oS S S
> R T U N PR B <.
‘ 04 06 08 1 02 04 06
. T (K) (K)
0 v 0
I T
L L L L 0 L It L 0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6

Fig. 12 (Color online) Simultaneous measurements of superfluid density (o< Af) and heat capacity (C)
of *He adatoms. (a) In 1D (2.8 nm) pore, superfluid onset temperature 7g is far below the rounded cusp
at T¢c of the heat capacity C. (b) In 3D (2.7 nm) pore, Tg coincides with peak temperature T¢ of the heat
capacity

Af due to the superfluid at the same coverage n = 26.5 umol/m? adsorbed in the 1D
(2.8 nm) pores. C/T shows a rounded cusp at 7¢c = 0.5 K. The rounded anomaly is
magnified in the inset where A(C/T) is the difference of C/T from a linear extrapo-
lation from high temperatures above T¢. The superfluid onset occurs at 7s = 0.13 K,
far below T¢. In the phase diagram (Fig. 11(a)), the superfluid observed region (S)
determined by Tg is a low temperature region of the (B)-phase. In contrast, for the
3D (2.7 nm) pores, C/T at n = 24.5 umol/m? exhibits a sharp kink at T¢ = 0.39 K
with a small but a sharp peak, as shown in Fig. 12(b). Furthermore, the superfluid on-
set appears at the same temperature (7s = T¢), within the experimental uncertainty.
Thus, the (S)-region completely overlaps the (B)-phase (Fig. 11(b)).

The superfluid density (< Af) and the amplitude observed by the torsional oscil-
lator are shown in Figs. 13(a) and (b). In case of 1D (2.8 nm) pores, Af increases
rather rapidly just below the onset temperature Ts, together with a dissipation peak
(a minimum of the amplitude). The dissipation is observed to the lowest temperature
measured. These are rather similar to those of the KT transition [2]. While, in the
case of 3D (2.7 nm) pores, Af increases in a power law below Ts. We observed no
dissipation except for the small peaks (dips of amplitude) due to the coupling with
the third sound standing waves. These properties of the 3D “He films indicate the 3D
long range order transition.

Thus, the “He fluid films formed in the nanopores clearly show the dependence of
the superfluidity on the 1D and 3D pore connections.

5.2 Comparison with 1D to 3D Ideal Bose Gases
In the book by F. London [41], he addressed various properties of the bulk liquid “He,
and proposed the relation between the superfluid and the BEC of the ideal 3D Bose

gas. Although there are large interactions in the *He liquid, the superfluid transition
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Fig. 13 (Color online) (a) Af of superfluid density and amplitude of torsional oscillator for 1D (2.8 nm)
pore. Below the superfluid onset, a steep increase of Af and a dissipation (decrease of amplitude) are
observed. (b) Af and amplitude for 3D (2.7 nm) pore. Solid curve is the superfluid density calculated
for a 3D atomic gas. Dissipation due to superfluid onset is not observed, except for dips of amplitude by
resonances with the third sound

Fig. 14 (Color online) Specific 20 T T T T T T T T T ]
heats (C/nR) of 1D, 2D and 3D r /\
ideal Bose gases. Temperature [ T*ZD T
(T) is normalized by Ty where T : ]
the thermal de Broglie r
wavelength A is equal to the 1r
mean particle distance. r / 2D
T3p_BEC is the BEC [
temperature of the 3D gas. T2*D r Z D
is the crossover temperature //

n 1 n 1 n 1 n 1 n
from the almost constant 0 0 02 0.4 0.6 0.8 1

Boltzmann specific heat to the
T-linear dependence /T,

temperature 2.2 K of the bulk “He liquid is the same order as the BEC temperature
T3p—Bec =3.2 K, calculated for the non-interacting gas at the same density. Here, we
compare the (B)-phases and the superfluids observed in the 1D and 3D nanopores
with the Bose gases in one-, two- and three-dimensions [8, 42].

Figure 14 shows specific heats C/n of ideal Bose gases from 1D to 3D, where T is
normalized for Tj at which the thermal de Broglie wavelength A7 = h//2nmkgTy
is equal to the mean particle distance calculated from the number density. It is well
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known that the 1D and 2D Bose gases do not set into BEC at finite temperatures.
However, both C/n show the crossovers from almost constants at high tempera-
tures to the power law decreases at low temperatures. In the case of the 2D Bose
gas (Fig. 14), the crossover occurs at T3,/ To = 0.28 £ 0.05 that is an intersection
of the extrapolated Boltzmann region (C/nR ~ 1) with the extrapolated degener-
ate region. The crossover temperature T, is proportional to the 2D density np in
the rate (0.13 £ 0.02) K/(pmol/mz). In the 3D Bose gas (Fig. 14), BEC occurs at
T3p—Bec/ Tp = 0.51, accompanying a peak of C/nR. The BEC temperature is de-
scribed as T5p_Bgc = 2,{’; 22 (1\;{‘6"132‘) )?/3, where m is an atomic mass, N4 is Avogadro’s
number and n3p is the 3D gas density. T3p_ggc increases in the 2/3-power law of
the density.

In the case of the 1D nanopores, T¢, where C/T shows the rounded cusp
(Figs.9(a) and 12(a)), is proportional to the density n as shown in Fig. 11(a). This
relation can be compared with the linear dependence of T3, (Fig. 14) of the 2D Bose
gas on nop. The fluid film in the 1D pores can be regarded as a 2D free particle gas
at T¢, because A7 is shorter than the circumference of the 1.8 nm fluid tube. T¢ in
Fig. 11(a) changes at the rate 0.18 K/(umol/m?). Since the 1D diameter reduces from
the 2.8 nm to 1.8 nm for the fluid tube by the solid (nonsuperfluid) layer 0.5 nm in
thickness, the rate should be corrected to 0.12 K/(umol/m?), in order to compare with
TZ”;)/nzD =(0.13+0.02) K/(pmol/mz) of the 2D ideal gas (Fig. 14). This rate agrees
within the uncertainty in the adsorption area [42].

In the 1D nanopores (Figs. 11(a) and 12(a)), an anomaly of the heat capacity is ob-
served at T¢ and the superfluid onset at 75 far below T¢. In the Ginzburg-Landau the-
ory, the order parameter appears at a temperature 7gr, accompanying a peak (anom-
aly) of the heat capacity. T¢ is likely to correspond to Tgr. The 2D KT transition
occurs far below Tgr, without heat capacity anomaly. This is similar to the superfluid
onset at Ts. Rather steep increase of the observed superfluid density just below Tg
(Figs. 13(a)) is similar to the universal jump at Txt. The observed superfluid density
is equal to the stiffness of the phase coherence. Yamashita and Hirashima [43] calcu-
lated the anisotropic stiffness of the film tubes in the 1D pores with the asymmetry
ratio of the tube length divided by the circumference. In addition to the aspect of the
vortex pairing and unbinding in the usual KT theory [3], the 1D thermal fluctuations
of the long wavelength (phonon) along the tube reduce the stiffness (the observed su-
perfluid density) with increasing temperature. A large reduction of the stiffness also
occurs above a ratio of the asymmetry.

In the present 3D nanopores, 5.5 nm in regular 3D period, the heat capacity has a
small but obviously sharp peak at T¢ (Fig. 12(b)), in contrast to the rounded peak in
the 1D pores (Fig. 12(a)). Furthermore, the 3D transition is clearly indicated by the
superfluid onset occurring at the heat capacity peak temperature (7s = T¢) [8]. The
coverage n dependence of T¢ (Fig. 11(b)) is well fitted with T3p_ggc of the ideal 3D
Bose gas, as shown by the solid curve. Here, we assume the bare 4He atomic mass m
and the 3D gas density n3D[pmol/m3] =8.26x 108 [m™1] (n— nc/)[pmollm2], where
the fluid (n —n/) on the nonsuperfluid layer of ny = 22.4 umol/m? is homogeneously
averaged within the total volume of the substrate frame and the void. The calculated
Tsp—Bec well reproduces the 2/3-power law of the (B)-phase ((S)-phase) boundary
above about 0.15K. The deviation near the onset coverage n. ~ 21 umol/m? may
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Fig. 15 (Color online) (a) C-isotherms of 4He adsorbed in 3D (2.7 nm) pore of HMM-2. Above ny,
specific heat of the second layer in the normal fluid state is the order of 0.1R which is much smaller
than R or 1.5R of the Boltzmann gas. (b) C-isotherms of 3He adsorbed in HMM-2 preplated with 4He
21.7 pmol/mz). dC/dn =~ R at low coverages indicates the non-interacting Boltzmann gas state of the
3He adatoms. (¢) C isotherms of 3He adsorbed in Hectorite (OHO02) preplated with “He (24.7 pmol/mz).
Small heat capacity below n¢ ~ 2 |.1rr101/m2 suggests the localization of 3He adatoms

be due to the increase of the nonsuperfluid layer coverage from n. to n. by the
promotion of the fluid layers or perhaps due to the Bose glass transition.

The observed superfluid density of the “He films in the 3D pores does not show
the universal jump characteristic of the usual KT transition. Instead, its temperature
dependence below Ts (= T¢) is well reproduced by the calculation for the BEC of a
3D atomic gas as marked with the solid curve [44] in Fig. 13(b), where the calculated
curve is normalized to 7s and the superfluid density at 0 K.

Thus, the observed heat capacities and superfluidity of “He in the 1D and 3D
nanopores have the similarities to those of the Bose gases in various dimensions. The
“4He fluid film tubes formed in the 1D (2.8 nm) pores show the 2D and 1D properties
depending on the temperature [39]. The superfluid onset of the “He nanotubes is
possibly understood by the anisotropic model of the KT transition [43]. The “He
nanotubes are in the 1D state at the sufficiently low temperatures where the thermal
phonon wavelength is longer than the pore diameter [45]. In the 3D pores, the “He
fluid films obviously show the 3D superfluid transition and similarities of 7c —n and
ps — T to those of the 3D atomic gas [8].

6 3He Fluids Formed in 1D and 3D Nanopores
6.1 Realization of He Gases at Low Densities
In contrast to the ground state at k = 0 of the Bose gases, the degenerate state of a

3He fluid has the Fermi energy Er and the wave number vector kp (= +/2m*Eg/h),
both of which increase with the density n. As explained in Sect. 6.2, an actual 1D
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Fig. 16 (Color online) (a) 3He
fluid nanotubes 1.2 and 1.8 nm
in diameter formed in 1D 2.2 //—N
and 2.8 nm pores preplated with 1
4He, respectively. (b) Model of
potential for a 3He atom. 2.2nm a

Substrate potential Ugypg () in i R

a pore 2a in diameter has the (m— / U(r) b

_ 3

dependence of (a —r) ~ near 1 2nm 3He fluid tube

the pore wall and a maximum at / ™\
/ Usubst(r )

i !

the center (r = 0) of the pore. In
the pores preplated with 4He

1.8nm 3He fluid tube 0 r
(a) (b)

(a — b) in thickness, effective
potential U (r) for a 3He atom
has the potential wall at r = b

Fermi fluid of 3He in 1D nanopores is realized at sufficiently low densities where the
Fermi wavelength 277/ kr becomes longer than the pore diameter, as well as at lower
temperatures than Tg. So, we must recognize the gas state of the adsorbed *He at
sufficiently low fluid densities.

When thin fluid layers are promoted on the solid (inert) >He layers above 1-1.4n;
in Figs. 7(a) and (b), 3C/dn of the >He isotherms are much smaller than the gas
constant R in the normal fluid state. The small specific heat dC/dn is also observed
for *He adsorbed in HMM-2, as shown in Fig. 15(a) [46, 47]. In the normal fluid state
between 21.7 umol/m? (superfluid onset coverage at 0 K) and the peak coverage np
(superfluid and (B)-phase boundary), dC/dn is the order of 0.1R. Figure 15(b) shows
the isotherms of He when small amounts of He were adsorbed on the pore walls
preplated with “He of n age = 21.7 umol/m?. At the sufficiently low densities of *He,
the specific heats are the order of R, which clearly indicates the Boltzmann gas state
of the He adatoms. These completely different specific heats of the thin 3He fluid
films formed on “He and pure >He layers suggest that a quantum atomic exchange
interaction between the fluid and the solid (inert) layers which occurs in the case of
the same isotope helium atoms [6].

In the case of Hectorite preplated with 24.7 umol/m2 of “He (Fig 15(c)), the spe-
cific heat of *He is small below 7. A 2 umol/m?. This indicates the localization of the
3He adatoms at the low coverages. Since there are Na™ localization potentials on the
substrate of Hectorite (Fig. 2), >He atoms on the “He layers are likely to be localized
near Na™ cations, similar to the electrons in Si:P [47].

In FSM as well as HMM-2 whose pore walls are made of silicates, the 3He atoms
adsorbed on the “He layers are likely to be a noninteracting gas with the specific heat
of the order of R [46]. Next, we consider the dimensionality of the He gases with
1D and 3D pore connections with nano-diameters.

6.2 1D 3He Gas Formed in 1D Nanopores
The 1D nanoporous material FSM are powder whose grain sizes are about 300 nm.
Each grain has a honeycomb structure which has 1D channels on the order of 300 nm

in length (Fig. 16(a)). The 1D nanopore walls of FSM with the pore diameters 2a =
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Fig. 17 (Color online) (a) Heat capacities C of 3He nanotubes formed in 1D (2.8 and 2.2 nm) pores
preplated with 4He of N4y experiment (upper) and calculation (lower). (b) Schematic density of states

D(e) of a 3He gaseous nanotube

2.8 and 2.2 nm are preplated with *He at 23.4 and 16.9 umol/m?, respectively, and
adsorbed *He. Considering the thickness of the “*He layers, nanotubes of *He about
1.8 and 1.2 nm in diameter are formed in the 1D nanopores, as shown in Fig. 16(a).

The upper panel in Fig. 17(a) shows the heat capacities measured at the lowest
two 3He coverages n3 in the unit of number of atoms per unit tube length of the 2.8
and 2.2 nm pores, respectively. For all coverages, C/n3R approaches unity at high
temperatures above 0.4(0.6) K in 2.8(2.2) nm pores. This strongly suggests that the
film behaves as a 2D Boltzmann gas. As the temperature is decreased, C/n3 R at the
lowest coverage increases and shows a maximum around 0.14(0.28) K. At the lower
temperatures, C /n3 R approaches linear in 7', which indicates the degenerate state of
the 3He nanotubes.

Here, we calculate the heat capacity of the *He nanotubes in the 1D nanopores. In
the nanopore with a cylindrical geometry, the potential Ugyps(r) from the substrate
is calculated as shown in Fig. 16(b), using proper potential parameters and a method
[48]. When the nanopore 2a in diameter is preplated with “He, the potential U (r) for
a “He atom can be described by having a potential wall at r = b, where the preplated
4He layer has (a — b) in thickness. The eigenstate of the Schrddinger equation for
the motion in the potential U (r) is described by the number of nodes, £ and m, of the
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eigenfunction for the radius and the azimuthal angle, respectively. The ground state
with £ =0 and m = 0 and the first excited doublet with £ =0 and m = 1 are the 2D
states (¢ = 0) having a probability peak near the wall. We describe the gap energy
between them as Agj. Ao/ kp was calculated to be 0.33(0.76) K for 2.8(2.2) nm 1D
pores preplated with “He, as indicated by arrows in the lower panel of Fig. 17(a).
The 3D excited states with £ # 0 have energies much higher than Ag;. The motion
along the tube is the free translation with the 1D density of state (o 1/,/2]). Thus,
the total density of state D(¢) is described as shown schematically in Fig. 17(b). At
a low coverage n3, the Fermi energy kg 7 is much lower than Ag;. The lower panel
in Fig. 17(a) is the heat capacities calculated in the conditions corresponding to the
experiments. At the lowest n3, C/n3 R approaches unity above about the gap temper-
ature Ag1/kg. A little larger C/n3 R than unity is due to the thermal excitations to
the 3D states with £ # 0. With decreasing T, the heat capacity shows the Schottky
peak at 1/3 of Ag;/kp, and approaches linear in 7. Below 1/10 of Ag;/kp, C/n3R
literally agrees with that of the 1D Fermi gas. The dimensional crossover from 2D to
1D with decreasing T is indicated by the Schottky peak at 1/3 of Ag;/kp. The peak
becomes small with increasing coverage, and disappears when the Fermi energy be-
comes larger than Ag;.

The calculated temperature dependences semiquantitatively reproduce the experi-
mental results, as shown in Fig. 17(a). The pore size dependence of the dimensional
crossover is also well reproduced by the calculation. Thus, the 1D Fermi gases are
realized for the He fluid nanotubes formed in the 1D pores at sufficiently low cover-
ages as well as the low temperatures.

6.3 Degenerate States of >He Nanotubes

To study the degenerate state of the He nanotubes about 1.8 nm in diameter formed
in the 2.8 nm 1D nanopores preplated with “He, heat capacity C was measured at low
temperatures, as shown in Fig. 18(a) [27]. The degenerated state is clearly indicated
by approaching the linear-in-7" dependence with decreasing temperature. The data are
fitted to the equation, C = By + ¥ T + B> T2. Dependences of the obtained parameters
on coverage n are shown in Fig. 18(b)—(d). The y T -term corresponds to that of the
Fermi degeneracy.

In the case of D (=1, 2 or 3)-dimensional non-interacting Fermi gas, the density
n dependence of the y-value is described as y o n!~%/P. The observed y-value in-
creases monotonically with increasing n3 (Fig. 18(c)). The dependence is explained
by neither 1D nor 2D ideal Fermi gas. One possible model is to assume an inhomo-
geneity of the 1D pore diameters so that the density of the states increases with the
density [49]. Another model is to assume a puddling due to a binding energy between
3He atoms: an apparent y is proportional to the amount of the puddling, i.e. n. The
binding energy between the two helium atoms has been studied in various dimen-
sions and pores [6, 50, 51]. In the 3D free space, the bound state energy for “He
atoms was observed to be a few mK. On flat substrates, a bound state or a puddling of
3He has not been observed in many conditions, except for low >He densities adsorbed
on the “He layers of 1.0- and 1.23-nm thickness formed on a Nuclepore filters [52,
53]. In the 1D Fermi gas, the Fermi energy increases quadratic to the density, while
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Fig. 18 (Color online) (a) Low temperature heat capacities of degenerate 3He in 1D (2.8 nm) pores
preplated with “4He. Data are fitted to C = Bo+yT + B2 T2, (b-d) Coverage n3 dependences of B, y
and —fB,, respectively

the two-body interaction increases in proportion to the density. Hence, these depen-
dences indicate a bound state if there is minimal attractive interaction. Furthermore,
the magnitude of the bound state energy strongly depends on pore size and potential
in the pores, e.g., 25 mK in a cylindrical pore 1.4 nm in diameter [50], and about 1 K
in a carbon nanotube [54]. To solve the bound state or puddling, an actual potential
and geometry in the present 1D pores should be taken into account.

6.4 3He Gas in 3D Nanopores

In the 3D nanopores of HMM-2 preplated with *He (4), nearly free *He Boltzmann
gas was indicated by the specific heat as large as R, as shown in Fig. 15(b). The *He
fluid films are topologically connected in 3D with the period 5.5 nm through the pores
about 2.7 nm in diameter. The flat pore wall size in the 3D nanopores is estimated to
be about 2.8 nm (= (5.5—2.7) nm).

Temperature dependence of the He heat capacity is shown for various *He cov-
erages n3 in Fig. 19, which also indicates the thermal de Broglie wavelength A7 and
n3 together with the mean distance 7 and the Fermi temperatures Topr and T3pfg es-
timated for 2D and 3D, respectively [55]. The >He fluid at the lowest coverage n3 is
in the Boltzmann gas state down to the lowest temperature measured, because both
T>pr and T3pF are sufficiently low. Above about 0.4 K, C3/n3R = 1 (at the low cov-
erages with Thpp <« 0.4 K) is the heat capacity of the 2D Boltzmann gas, where At
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Fig. 19 (Color online) Heat capacities of 3He adsorbed in 3D (2.7 nm) pores of HMM-2 preplated with
He at nqye = 21.7 pmol/mz. A is the thermal de Broglie wavelength of a 3He atom. 7 is the mean
interparticle distance, and 7 the Fermi temperatures for 2D and 3D at each 3He coverage n3

(< 1.6 nm) is much smaller than the pore wall size (= 2.8 nm). At the lower temper-
atures, the heat capacity becomes comparable to C3/n3R = 1.5 of the 3D Boltzmann
gas. A7 becomes longer than the 3D period (5.5 nm) below 34 mK, where the >He
fluid films result in the 3D gas. The heat capacity in the 3D-2D crossover has not
been calculated. Furthermore, the degenerate states of the new 3D 3He fluids should
be studied experimentally and theoretically.

7 Other Topics of Helium Adatoms
7.1 Microscopic Properties of Superfluid Vortices in *He Films

Under the nano-extreme conditions of the 1D and 3D nanopores, the superfluid onsets
(transitions) of the “He films have obviously different properties depending on the
film (pore) connections (Sect. 4.3). The 4He fluid films formed on flat solid surfaces
are known to be the 2D Kosterlitz-Thouless superfluid transition where the super-
fluid vortices play the major role [3]. Although the most important vortex parameters
(the diffusion constant D, the core diameter ag) have been experimentally obtained
[56-61], these have not sufficient accuracies in various conditions even for the typical
2D KT transition. Here, the microscopic vortex parameters are precisely estimated by
the dependence of the superfluid onset on the extremely high measurement frequency
at the temperatures between 0.05 and 0.9 K [62].

In the usual superfluid measurement by a torsional oscillator at about 1 kHz, the
observed superfluid density shows the universal jump at the KT transition tempera-
ture Tkt [2]. We measured the superfluid density by a quartz-crystal-microbalance
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Fig. 20 (Color online) (a) Frequency dependences of superfluid density o and dissipation AQ*1 at
the same coverage, 37.7 pmol/m2. Onset temperature and dissipation peak temperature Tp increase with
increasing frequency. Solid curves are calculations using TxT = 0.561 K, D/a()2 =1.9 x 1010 gec1,
and b = 7 for the frequencies 20, 60 and 140 MHz, respectively. (b) (upper): Vortex parameter D /a02 Vs.
Tk for the gold (solid circles) and Hy preplated (open square) gold, respectively. (Bottom): Vortex core
diameter a( estimated by assuming the quantum diffusion limit D = h/m (solid circles and open squares).
Solid curve is the thermal de Broglie wavelength at Tk

(QCM) at 20-180 MHz [62], 10*73 times higher than 1 kHz of the torsional oscil-
lator. Figure 20(a) shows the observed superfluid densities at 20, 60, and 140 MHz,
respectively, for exactly the same coverage n = 37.7 umol/m? of the *He on gold. The
superfluid onset temperature and the dissipation peak temperature 7T}, are obviously
higher than TxT, and they increase with increasing frequency w/2m. At 140 MHz,
the onset temperature at 0.7 K is about 25% higher than Txt = 0.561 K.

These large frequency dependences are well reproduced by the recursion calcula-
tion in the dynamic KT theory [63]. The dissipation peak temperature 7, is calculated
=Tkt _ ﬁ(lln 14D

Tkt b2 \2 7 aplw
rect in the angular frequency w lower than 14D /ao”. From the fitting, D/ aé on the
gold substrate was accurately obtained as shown in Fig. 20(b), where Txt is propor-
tional to the coverage. When the substrate is preplated with Hj, the superfluid onset
coverage becomes about 1/3, indicating a large change of the adsorption potential
by the preplating, but D /ag has the same value as shown in Fig. 20(b) [64]. This
suggests that the diffusion constant D on both substrates is the largest value h/m at
the quantum diffusion limit. Then the core diameter ag is estimated to be the same
magnitude as the de Broglie wavelength at TxT, as shown in Fig. 20(c).

Thus, the study at extremely high frequencies precisely determines the micro-
scopic properties of the superfluid vortices of the *He fluid films. Substrate depen-
dence of the vortex parameters is likely to be observed [62]. It will allow to study
at the breakdown frequency condition for the present dynamic theory where the fre-

as

)~2, where b is a constant. Note that this equation is cor-
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Fig. 21 (Color online) (a) Sound velocity change Av/vg and excess attenuation A« due to slippage of
nonsuperfluid 4He films at 10 MHz. (b) Phase diagrams for 4He and 3He films. Slip: slippage region
below T*, and SF: “He superfluid observed by ultrasound and torsional oscillator

quency w/2m becomes larger than (14/27)D/ ag by changing these vortex parame-
ters.

7.2 Slippage of Helium Adatoms in Non-superfluid State

Usually, the fluidity is a distinct property of the gas and the liquid states individual-
ized from the solid state. However, a superflow in the solid *He was observed by a tor-
sional oscillator experiment [65]. In the study using the quartz-crystal-microbalance
(QCM) at the frequency ~ 107 Hz, Krim and her colleagues [66, 67] observed a slip-
page of the Kr atoms physisorbed on a gold substrate against the shear vibration of
the substrate at 77 K. Hieda and Suzuki investigated the dynamic response (fluidity or
slippage) of the helium atoms adsorbed in Hectorite by the ultrasound measurement.

The ultrasound technique was first used to observe superfluidity of the *He films
adsorbed in Vycor glass [68]. The ultrasound velocity vg of the porous substrate
is given as vyp = +/c/psub, Where c is the elastic modulus and pgyp is an effective
mass density. pgyp 1S the sum of the mass density of the substrate and the amount of
the adsorbed helium atoms which are localized on the substrate or the normal fluid
with the viscosity as large as the bulk liquids. When Ap of the helium adatoms are
decoupled from the ultrasound motion of the substrate, the sound velocity is changed
as Av/vyg = Ap/2psub-

The ultrasound measurement at 10 MHz was done for *He and *He adsorbed in
Hectorite [69]. The helium properties in the 2D nanopores are well understood, as
described in Sects. 3 and 4.2. At the lower coverages than 24.7 umol/m?, no quantum
fluid state is expected for the *He adatoms from the heat capacity measurement. At
the low “He coverages, the velocity change Av/vy and the excess attenuation Ao
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of the sound propagation related to the velocity change were observed as shown in
Fig. 21(a), where the vertical values are shifted appropriately. The result obviously
indicates the velocity change Av/vg of the order of 0.2% at the lowest tempera-
ture 50 mK. This indicates the decoupling or slippage of the “He adatoms Ap for
the sound propagation at 10 MHz. The mid-temperature T* of the velocity change
was defined as shown by the arrow. The coverage dependence of 7™ is shown in
Fig. 21(b). At higher coverages, the velocity change by the superfluid onset was ob-
served, which agrees with that measured by the torsional oscillator [21]. Slippage of
the 3He adatoms was also observed at the low coverages as shown in Fig. 21(b).
Assuming a characteristic relaxation time t obeying the Arrhenius relation:
T = 19exp(E/kgT), the velocity change is fitted to the equation given by f—;) =

0 2.2 . . : : 111
zAp” . 1i’w§r2 — 1). The midpoint of the velocity change at 7* is under the condition
sul

ot ~ 1. Using the Kramers-Kronig relation, the excess attenuation is described as
Ao = zApf: (1))(:))0 7 +‘Zf2t2. The fitting results are shown by the solid curves in Fig. 21(a).
Except for the deviation of Aa above T*, both curves are well fitted to the data.
At the lowest coverage n =18.3 umol/m? of “He, Ap" is about 1/3 of the “He
amount adsorbed. Assuming the decoupling ratio (1 — x) to be 1/3, almost all of
the “He adatoms slip or decouple below 7*. The relaxation time 7 is described by
70 ~ 107 sec and E /kp =~ 5 K [69]. T determines the magnitude of the frictional
force at the nano-scale given by Fy = —ZV, where V is the sliding speed. At suffi-
ciently lower temperatures than T* (T — 00), the adatoms slip (decouple) without the
frictional force. Ap® and E/kp decrease with increasing coverage, and the slippage
disappears when the superfluid is observed (Fig. 21(b)).

Thus, the extremely high frequency measurements revealed the new dynamic
properties of the helium adatoms in addition to the superfluidity. Slippage of *He
and YHe adatoms was observed also on the substrate of the graphite [70].

8 Conclusion

Using the nanopores, we have developed new paradigms of zero-D and 1D states of
the *He and 3He fluid films. The superfluid onsets (transitions) of the *He fluid films
formed in the 1D and 3D nanopores are found to have explicit dependence on the 1D
and 3D pore connections. The *He films in the 3D nanopores show the 3D superfluid
transition with properties which have the common characters of the Bose-Einstein
condensate to those of the 3D atomic gas. A nearly noninteracting gas state of the
3He films is realized in the *He-preplated 1D and 3D nanopores. The 3He nanotubes
of the Boltzmann gas in the 1D pores show the dimensional crossover from 2D to 1D
with decreasing temperature, followed by the degenerate state in the 1D condition.
Extremely high frequency measurements for the superfluidity and dynamic properties
of the adsorbed helium revealed the microscopic properties of the superfluid vortices
of the “He films and nano-tribology of the adatoms.
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