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Chapter 1

Introduction

Physical adsorption is a ubiquitous phenomenon in everyday life, but understanding
and controlling it is still a challenging issue in both basic sciencel[ll, 2] and modern
technologies such as hydrogen storage[3] and gas sensing[4]. This thesis presents
a series of elasticity measurements for helium, neon, and hydrogen films adsorbed
on a porous glass substrate by means of torsional oscillator technique.

In condensed matter physics, adsorption of molecules on a solid surface has been
utilized to produce two-dimensional (2D) films that show a number of emergent
phenomena that are not observed in the bulk materials. In a classical picture,
an adsorbed film is bound to the substrate due to van der Waals attraction, and
freezes at absolute zero. An important exception is “He film, which becomes
superfluid due to large zero-point fluctuation and weak interaction. A few atomic
layers of “He film adsorbed on a solid substrate exhibit superfluidity when the film
coverage (or density) exceeds a critical value, which is typically two atomic layers
[§]. The “He film thinner than the critical coverage is in a localized phase at low
temperatures. The many-body state of the localized phase has attracted attentions,
and a possibility of Bose glass had been proposed [f]. However, there had been
inconsistencies among theories and experiments. The seminal Bose glass model
propose that the localized phase is gapless and compressible, but the heat capacity
measurement revealed that the thin “He film is actually gapped [7]. The elasticity
is an essential physical quantity in the localized phase because it is linked to the
compressibility, but there had been no method to directly measure the elasticity of
adsorbed films at low temperatures.

In this thesis, I have used a torsional oscillator which can directly measure
the elasticity and dissipation in adsorbed films. I and coworkers discovered an
elastic anomaly, in which the elasticity increases at low temperatures with an
excess dissipation, in both bosonic “He and fermionic 3He films below 1 K [R].

1



2 CHAPTER 1. INTRODUCTION

The elastic anomaly is explained by thermal activation of atoms from the localized
to spatially-extended band and an elastic relaxation process. Helium films are in a
localized phase which is gapped and compressible, probably a sort of Mott insulator
or Mott glass. By increasing the coverage, the localized helium films undergo a
(super)fluid—insulator quantum phase transition, together with a gap closure and a
vanishment of the elastic anomaly.

To examine whether the elastic anomaly is intrinsic to the quantum phase
transition of helium films or not, I conducted similar experiments for neon, a less
quantum noble gas, and hydrogen isotopes Hy, HD (hydrogen deuteride), and D,
(deuterium). The low temperature properties of neon and hydrogen films had been
less investigated and the phases of the ground state and at finite temperature, and
the phase transitions had not been elucidated. Neon film shows the elastic anomaly
at about 5 K, and does not show quantum phase transition [9]. I also observed the
elastic anomaly in bosonic H, and D,, and fermionic HD films in a temperature
range 1-10 K. Unlike helium and neon, the elastic anomaly of hydrogen appears at
several temperatures. The discoveries of the elastic anomaly in every film examined
suggest that it is a universal phenomenon in adsorbed molecular films.

This chapter is an introduction to the quantum matters (helium, hydrogen, and
neon), the physical adsorption, and the previous studies on thin films. Chapter I
describes the experimental apparatus and methods used in the helium, neon, and
hydrogen experiments. In Chapters B, B, and B, I show the experimental results,
analyses, and discussion for helium, neon, and hydrogen films, respectively. Chapter
B is conclusions.

1.1 Helium, hydrogen, and neon

Condensed helium, hydrogen and neon are quantum matters due to large zero point
energies and weak intermolecular (interatomic) interactions. Helium becomes
quantum liquid, i.e., superfluid, even at absolute zero temperature, at which all
other molecules solidify [I0]. Molecular hydrogen becomes quantum solid where
the amplitude of zero-point motion is comparable to the lattice constant [I1]]. Solid
neon is barely a quantum solid in the sense that the nearest neighbor distance is
slightly larger than the distance of pair potential minimum due to zero-point motion

[T2].

1.1.1 Isotopes and states of molecular hydrogen

Helium exists in bosonic and fermionic counterparts, 4He and 3He, as stable iso-
topes. As two electrons fill up the K shell, helium is chemically inert and exists as
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Table 1.1: Possible combinations of the quantum numbers J and [ for H, and D, at
the ground and first excited states. The abbreviations S and AS denote symmetric
and antisymmetric, respectively.

level J I gr designation
H, | ground 0(S) 0(AS) 1 para
first excited 1 (AS) 1(S) 3 ortho
D, | ground 0(S) 0,2(S) 6 ortho
firstexcited 1(AS) 1(AS) 3 para

a noble gas atom.

Neon is the second lightest noble gas after helium. The stable isotopes of neon
are bosonic 2°Ne and ?’Ne, and fermionic 2! Ne, in descending order of the natural
abundance.

Hydrogen (H, nuclear spin 1/2) and deuterium (D, nuclear spin 1) are stable
isotopes of hydrogen atom. We used molecular hydrogens, H,, HD and D, in the
present study. For solid hydrogen, important properties are associated with degrees
of freedom in two nuclei [T}, I3]. The nuclear part of the wave function of hydrogen
molecule divides into the orbital and spin part. The quantum numbers linked to the
orbital part are a vibrational quantum number v = 0, 1, ... and a rotational quantum
number J = 0, 1,.... The quantum number for the nuclear spin part is /, which can
be 0 or 1 for H», 1/2 or 3/2 for HD, and O or 2 for D,. The nuclear wave function of
H; and D, must be symmetric under exchange of the nuclei because of the principle
of indistinguishability of identical particles. The energy level difference between
J =0and J =1 is of the order of 100 K, whereas that of v = 0 and v = 1 is more
than 1000 K [073]. The spin part energetically contribute to hyperfine splitting of
J # 0 levels of the order of 107 K [I1]. As we are concerned with the ground and
first excited state, we set v = O and consider the combination of J and I, which is
listed in Table 1.

The nuclear spin degeneracy g; is statistical weight which determine the exis-
tence ratio from Boltzmann distribution. The states which have larger g; are called
ortho, and the others are para. The existence ratio of ortho- to para-H; is 3:1, and
that of ortho- to para-D» is 2:1 at high temperature, e.g., at room-temperature. At
the liquid “He temperature (4 K), almost 100 % of H, or D, is the ground state
species, para-H, or ortho-D,, in equilibrium. The ortho—para conversion from
J = 1to J = 0 state needs to flip the spin state at the same time, and the latter can
occurs only when strong inhomogeneous magnetic or electric fields are applied [IT].
Therefore we generally need magnetic catalyst to accelerate the conversion in the
experimental time (hours or days). On the other hand, HD has two distinguishable
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-40+ Ne-Ne H,-H, —

r(A)
Figure 1.1: Lennard-Jones potential using parameters in Table 2.

nuclei, therefore it has no restriction between the rotational and spin states.

For every hydrogen molecules, the first excited state is the rotational state v = 0,
J = 1. The wave function of hydrogen molecule with J = 1 is an elongated (M = 0)
or a flattened (M = +1) spheroid shape.

1.1.2 Intermolecular interaction

Two neutral molecules attract each other with van der Waals force, whose potential
energy is proportional to —1/r®, where r is an intermolecular distance. The origin
of the van der Waals force for closed-shell atoms, such as helium and neon, is
London dispersion force, which is weak [I4].

The simple and commonly used intermolecular potential is the Lennard-Jones
potential (or 612 potential), which is

V(r) = 4¢ [(g)u - (5)6], (1.1)

r

where € > 0 is a potential depth, and o is a parameter of distance. The potential
minimum is at r = V20 =~ 1.120-. The second term is the van der Waals potential,
and the first term is a short-range repulsion.
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Table 1.2: The mass, Lennard-Jones parameters [15], and quantum parameter of
molecules.

m@u) oA &K A
3He | 3.016 2556 10.22 3.08

“He | 4.003 7 2.68
H, | 2016 292 370 1.74
HD | 3.022 ~ 7 1.42
D, | 4.028 ~ 7 1.23

Ne | 20.18 274 35.6 0.60
Ar | 3995 3.4l 120 0.19

A harmonic approximation for the Lennard-Jones potential gives
k
V(r) ~ -+ E(I" - \6/50')2, (1.2)

where k = 72¢/(V20%) is a spring constant. The zero-point energy is

h holk h |
(Zero-point energy) = w2 E 06022, /2. (1.3)
2 2\Vm oc\m

Note that, for example, zero-point energy of “He calculated from Eq. (I3), 19.0 K,
is larger than the potential depth £ = 10.22 K. This is because we have overestimated
the curvature around the potential minimum and thus the harmonic approximation
was not adequate for “He. But this simple equation is still useful. Here we introduce
a quantum parameter [16]

1.4)

which is roughly a ratio of the zero-point energy to the intermolecular potential
depth, &. The larger the quantum parameter is, the more the molecule has quantum
characters.

1.1.3 Bulk phase diagram

Figure shows the phase diagrams of bulk helium, hydrogen, and neon. In Fig.
[2(a), there exist quantum liquid phases even at 7 = 0, and no triple point for a
solid-liquid—gas coexistence. The superfluid transition line of “He is at about 2 K,
which is close to the Bose—Einstein condensation temperature, 3.1 K, calculated
from the density of liquid “He and considering it as a ideal Bose gas [7]. Fermionic
3He becomes superfluid at ultra low temperature about 2 mK, because the attractive
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Figure 1.2: Temperature—pressure phase diagrams of (a) 3He, (b) “He, (c) H,, HD
and D;, and (d) Ne. The pressure ranges are common, but the temperature ranges
are different from each other (logscale for *He). Phase boundary data were taken
from Refs. [IR, 19, 20, 2T, [IR, 1Y, 22], [23], and [24] for (a)—(d), respectively.

interaction mediated by spin fluctuation for Cooper pairing is weak. The melting
curve of “He has very small slope below 1 K, which means that the entropy of solid
and superfluid phase are almost equal, using a Clausius—Clapeyron relation

dP 51— ss
dT v —vg

(1.5)

The melting curve of He has a dip at about 100 mK, below which s; > s;.

The phase diagram of H,, HD and D, are described in Fig. T2 (c). The
phase separation lines and the triple and the critical points are shifted to higher
temperatures by increasing the mass. The phase diagrams of hydrogen, and Ne in
Fig. (d) are typical ones in thermodynamics.
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Table 1.3: Properties of helium, hydrogen, and neon. virilq and vfﬁ’l: molar volume

of liquid and solid at triple point (hydrogen and neon) or at 0 K, O bar (helium) from
Refs. [IR, 23, 24]; T.: superfluid transition temperatures (highest values) [IR]; T;
and py: triple point temperature and pressure [[19, 23]; Ty: boiling temperature at 1
bar [[IR, 19, P3]; Tc and pc: critical temperature and pressure [[IX, 19, D73].

*He “He H, HD D, “ONe
Statistics fermion boson  boson fermion boson  boson
1 172 0 0 172,312 0,2 0
m (u) 3.016 4.003 2.016 3.022 4.028 20.18
vglq (cm3/mol) | 36.84 27.58 26.173  24.62 23.262 16.17
v;‘fl (cm?/mol) | — — 23.30 21.84 20.58 14.19
T. (K) 0.0025 2.1768 — — — —
T; (K) — — 13.803 16.60 18.691 24.56
P (bar) — — 0.07042 0.124 0.1713 0.433
Ty, (K) 3.19 4.21 20.268  22.14 23.63 27.1
Tc (K) 3.32 5.1953 32976 35908 38.262 444
Pc (bar) 1.15 22746 12.928 14.839 16497 27.6

1.2 Physical adsorption

1.2.1 Molecule-surface interaction

A molecule in the vicinity of a substrate experiences an adsorption potential. Al-
though the realistic molecule—substrate interaction is complex [[IZ?], its simple form
is obtained by an assumption that the molecule and the atoms in the substrate inter-
act with 6-12 potential, and the interaction is additive. Integrating Eq. (I"Tl) over a
semi-infinite (z < 0) mono-atomic substrate of an atom number density n, we get a
3-9 potential

o2 o6
V(z) = 4nen [@ - 6_23] ) (1.6)
We can rewrite the 3-9 potential as
4C31271D* ¢
=—— = (1.7)

9
b 73

where C3 = 2meno® /3 is a van der Waals dispersion coefficientand D = 2V10meno3/9
is a potential depth [5, P&, 7, DR]. The potential minimum is at zg = 2C3/3D.
The ground-state binding energy Ej, is smaller than D in magnitude because of the
zero-point energy. Selected parameters from previous studies or from Eq. ()



8 CHAPTER 1. INTRODUCTION

Table 1.4: Parameters of the 3-9 potential for several molecule—substrate
(adsorbate—adsorbent) combinations: the van der Waals dispersion coefficient C3,
the potential depth D, and the ground-state binding energy E,. Data are from
reference or calculation. For E,, data are for “He and H», and in parentheses are
for *He or D,.

C; (KAY) D(K) Ey,(K) Ref.
He—graphite | 2090 £ 180 193 +5 143 +2(135+2) [P6]
He-SiO, 1290 100 79, B0]
He—NaF 850 87.9 57.1(52.2+0.7) [<26]
He—*He(lig.) | 130.3 8.227 7.2 (5.0) Eq. (I8), [26]
He-Cs 673 4.4 1.7 [26]
Hjy—graphite | 6030 +350 600+6 483 +4(517) 28]
H,-NaF 2510 305 28]
H,-Hj(sol.) 1240 52.6 Eq. (CH)
HD-HD(sol.) | 1320 56.1 Eq. (CH)
D,-Dj(sol.) 1410 59.5 Eq. (CH)
Ne—graphite | 4010 378 349 [26]
Ne-NaF 1720 149.3 28]
Ne—-Ne(sol.) 1340 68.6 Eq. (I8)

are listed in Table [4. The values of C3 and D are common among isotopes. The
curves of 3-9 potential for He on four substrates are shown in Fig. [3.

Looking into the data in Table [C4, we find that C3, D and E}, are small for
helium, and large for hydrogen. This fact is because helium only has dipole
moment fluctuation, while hydrogen has dipole and higher order electric moments.
Neon has intermediate values between helium and hydrogen.

Graphite substrate has the deepest potential D among every substrate shown
in Table 4. Basal-plain graphite surface is a honeycomb lattice of carbon atoms,
and a molecule on graphite favors to be at a site which is surrounded by six carbon
atoms. The carbon-carbon bond distance is 0.142 nm, and the distance between
a pair of nearest adsorption sites is 0.246 nm. The amplitude of the corrugation
potential is 40 K [B1]]. The corrugation is not so strong that it does not prevent the
lateral motion of single adsorbed molecule.

Although silica porous materials are abundant not only in adsorbed film studies
butalsoin our everyday lives as silica gel, available data of adsorption parameters are
very few. Boninsegni gathered the parameters for *He—SiO, from three numerical
and theoretical studies [29], and we chose one of them [B0]] for Table 4. The
parameters C3 and D are smaller than those for graphite substrate, but still larger
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Figure 1.3: 3-9 potential for He (either *He and *He) on four different substrates
using parameters in Table 4. The potential depth and the ground-state binding
energy (for *“He) is shown only for graphite substrate. The inset shows an expanded
view for “liquid “He” and Cs substrates.
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than those for NaF substrate. Data on NaF is available for every molecules in the
table, and shown for comparison.

The coefficients for molecule on homogeneous condensate, such as He—*He(liq.),
are calculated from Eq. (L) and Lennard-Jones parameters in Table 2. Note that
a parameter of long-range attraction C3 of He—*He(liq.) is the smallest among all
the substrates [77], including those not appeared in Table [C4. The potential depth
D is, however, smaller for He—Cs than for He—4He(liq.) because the outer dense
electrons of alkali atoms give rise to an large repulsion for He atom. Helium atoms
prefer to aggregate into a condensate instead of being adsorbed onto Cs, which
means that helium film does not wet Cs surface.

The 3-9 potential ignores the structure of the surface and interactions among
adsorbed atoms, therefore diverse physics appears in real adsorbed film systems,
which we are looking at from now.

1.2.2 Adsorbed films on ordered and disordered substrates

Physical adsorption of atoms (molecules) takes place when the temperature T of the
system (atoms and substrate) is so low that atoms can not escape from the binding
energy by thermal vibration. The substrates employed in experiments are mostly
solid surfaces with large surface area, e.g., porous materials, packed powders, and
chemically exfoliated materials.

The surface is characterized by analyzing an adsorption isotherm. We show
typical adsorption isotherms for graphite and porous glass substrates in Fig. 4.
These adsorption isotherms are taken at or below the boiling temperature of adsor-
bate, e.g., 77 K for nitrogen. The step-wise curve of the isotherm on graphite is a
signature of layer-by-layer growth of the adsorbed atoms. The lower the tempera-
ture, the sharper the step becomes. On the other hand, the gentle slope on porous
glass suggests that the adsorbed film continuously grows without layer structure.
The surface of porous glass is highly disordered, and it is natural to think that the
adsorbed film forms a non-crystalline (amorphous) film. The hysteresis at higher
pressure is due to capillary condensation. In the next section, we see the detailed
characters of the substrates.

Typical examples of (a) an adsorption isotherm on graphite (ordered substrate)
and (b) an adsorption-desorption isotherm on porous glass (disordered substrate).
In (a), the steps of the isotherm indicate the layer-by-layer growth of adsorbed
molecules. In (b), the gradual increase in 0 < P/Py < 0.4 indicates that distinct
layer structure is not present. The hysteresis in 0.4 < P/Py < 0.8 is due to capillary
condensation with distributed pore diameter.
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Figure 1.4: Schematic illustrations of adsorption on (a) ordered and (b) disordered
substrates, and typical adsorption isotherms on (c) ordered and (d) disordered
porous substrates. The pressure P is divided by a saturated vapor pressure Py, and
n is a coverage or an amount of adsorbed molecules. The inset in (d) describes
capillary condensation in the adsorption process.

Ordered substrates

The basal-plane of graphite provides periodic potential for adsorbed atoms. Ex-
foliated graphite such as Grafoil and ZYX [B2, B3] have been used in torsional
oscillator [34, B5], heat capacity [Bf, B7, B8] measurements, etc. because they have
huge specific surface area (surface area per mass) favorable to enhance the sensi-
tivity. Grafoil has a typical platelet size 10-20 nm with the specific surface area
15-20 m?/g [B6]. ZYX has large platelet size 100-200 nm but small specific area
compared with Grafoil. In third sound measurements, the highly oriented pyrolytic
graphite (HOPG) is used [3Y].

On the periodic potential produce by graphite, adsorbed films (He, H,, Ne, K,
etc.) grow layer-by-layer and exhibit plural (first order) phase transitions [[]. The
stepwise structure of adsorption isotherm is observed for many molecules, such as
“He [39], HD [20], Ne [21], and N, [47]. Monolayer films exhibit several phases
and those coexistence, commensurate solid, gas, liquid, liquid-gas, solid-gas and
so on. Helium on graphite forms clear layer structures from one to more than
seven atomic layers [34, 3Y]. In one or two layers films, commensurate phases,
in which the number ratio of the adatoms and sites is rational, appears at certain
coverages (densities). The first layer commensurate phase is V3 x V3 phase at n =
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6.36 nm~2, in which the nearest atoms separation is V3 times larger than the site
distance. Actually, there exists various emergent phases in the first and the second
layer of “He [37, BR8] and *He [36] on graphite. Potential corrugation provided by
graphite and correlation between helium atoms produce various ordered phases, up
to 2 layers, such as Mott insulator, heavy Fermi liquid, nuclear magnetic phases,
and coexistence of superfluid and density wave order [35, &3, &4].

A facet of cleaved ionic crystals such as MgO provide a square surface lattice,
in contrast to the triangular lattice on the graphite [I2]. The isotherm of adsorbed
molecules on MgO shows the step-wise structure, the sign of layer-by-layer growth
(45, 46, &7].

Disordered substrates

Most of the substrates do not provide the atomically-ordered adsorption potential
because of an amorphous structure, impurities, defects, or a geometric constraint.
We classify such substrates as disordered substrates. On disordered substrates,
molecules do not grow layer-by-layer.

Porous silica glass is a frequently used disordered substrates in adsorption
studies. A single piece of porous glass which is more than a few centimeters long
is generally available. Porous Vycor glass has three-dimensionally connected pores
from one end to another [48], whose real-space image is shown in Fig. 3. The
mean pore diameter of Vycor is typically 1-10 nm. The specific surface area is
larger than 100 m?/g. Porous Gelsil glass has recently been used to study helium
in restricted geometries [49, 50, 5T]. Although the pore diameter is comparable or
slightly smaller than Vycor, it is known to be a host of the localized Bose—Einstein
condensate of liquid *“He where the pores are fully filled with. Molecules are
adsorbed on the pore wall of the porous glass, which is schematically shown in
Fig. [CA. Adsorption isotherms on Vycor were extensively studied for *He [52],
3He [53], H, [54, 53], D, [59], and Ne [55]. For porous glasses which has small
pore size, such as Vycor and Gelsil, the adsorption and desorption isotherms are
hysteretic due to capillary condensation , which is shown in Fig. [4(b).

Porous glasses are disordered substrates both in the distribution of the pore
diameter and in surface roughness in atomic level. Helium 4 film adsorbed on
Vycor at n > n. is superfluid, and the power law of the superfluid density is rather
three-dimensional, ps oc (1 = T/ T;L)z/ 3 [8]. Gelsil is the same kind of porous glass
with a relatively small pore diameter compared with Vycor. The phase diagram
of *He film on Gelsil is similar to that of Vycor [AY]. A clear difference is in the
full-pore region: Liquid “He confined in Gelsil exhibits localized Bose—Einstein
condensation and a quantum phase transition [51], whereas liquid “He in Vycor
does not.
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Figure 1.5: Transmission electron micrograph of a section of porous Vycor glass
[48]. The pore is in white, and the silica is in black. The scale bar at the bottom-right
is in 1000 A. [Reprinted with permission from P. Levitz, G. Ehret, S. K. Sinha, and
J. M. Drake, The Journal of Chemical Physics 95, 6151 (1991). Copyright 1991
ACS Publications.]
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Figure 1.6: Schematic drawing of the cross-section of a Vycor- and Gelsil-like
porous glass (grey) on which a molecular film (blue) is formed. The pores (white)
are three-dimensionally connected. The distance between the porous glass walls is
a few nanometers.
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The Kosterlitz—Thouless (KT) transition [S6] was first realized in a few atomic
layers of “He film on a roll of Mylar, a plastic film [57, 58]. In previous experiments
[672, BR, BY, BO, 6], a long Mylar strip was rolled with spacers of micron-sized
aluminum powders and was encapsulated in a torsion bob of the oscillator. The
total surface area was a few square meters. On this substrate, *He film is two-
dimensional and undergoes the KT transition when the coverage exceed a critical
value, about 28 yumol/m? [5Y].

Although the porous gold is not a glass, we would like to mention it here because
it is the only substrate where crossover from KT to 3DXY has been 