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Abstract

In this work an overview is given on experiments with surface electrons above the
quantum solids hydrogen and neon. While two-dimensional ensembles of surface
electrons on the quantum liquid superfluid helium have been studied already in great
detail, investigations of electrons on quantum solids are rather sparse. Since recently
electron-on-neon qubits have been shown to exhibit very long coherence times, there
is a demand for understanding the conditions for a successful growth of thin solid
neon films as a qubit substrate. Therefore, in this review also the triple point wetting
phenomenon of the hydrogen isotopes and neon is discussed, which dominates the
growth of solid films of these materials.

Keywords Surface electrons - Quantum solids - Quench-condensed films - Triple
point wetting - Electron-on-neon qubit

1 Introduction

Electrons in surface states above inert quantum surfaces have been studied as an
example of a particularly clean and well-defined model system for condensed mat-
ter physics since more than half a century. Based on the theoretical work by Cole
and Cohen [1, 2] and at about the same time by Shikin [3, 4] about the formation
of hydrogen-like bound states in the vacuum above the quantum liquids and solids
helium, hydrogen, and neon, a vast body of experimental and theoretical studies has
been accomplished [5]. The emphasis was particularly on superfluid “He as a sub-
strate, and the investigated phenomena include the transition to excited states, the
phase transition from a 2-dimensional electron liquid to a solid (the Wigner crystal),
and the many aspects of the (magneto-) transport properties of 2D electron systems
[6-8]. Altogether, as a result of these studies, electron ensembles on liquid helium
can be considered as quite well understood.

P4 Paul Leiderer
paul.leiderer @uni-konstanz.de

1" Fachbereich Physik, Universitidt Konstanz, 78457 Constance, Germany

@ Springer

Konstanze©nline-Publikations-Syste(KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-nf6xo0tzmoul


http://crossmark.crossref.org/dialog/?doi=10.1007/s10909-025-03286-3&domain=pdf

Journal of Low Temperature Physics (2025) 219:262-281 263

In 1999, Platzman and Dykman [9] suggested to use surface state electrons on
liquid “He as qubits for quantum computing. Considering the purity of this system,
this appeared as a promising route for qubits with long coherence times. After sig-
nificant efforts and also remarkable progress, however, it was realized that fluctua-
tions of the liquid level as well as the coupling between the electrons and excitations
of the superfluid surface (ripplons) can lead to rapid decoherence [10—12]. It should
be possible to avoid this problem by using solid neon as a substrate for the elec-
tron qubit instead of superfluid helium. Indeed, recent experiments with electrons
on solid neon have demonstrated coherence time orders of magnitude longer than
achieved so far for charge qubits in semiconductors and superconductors [13—16].
This brief review is motivated by these experiments and focuses in the first part on
early investigations of electron ensembles above the quantum solids hydrogen and
neon, and in the second part on the phenomenon of triple point wetting, which is
relevant if one wants to grow solid films of neon as a qubit substrate.

2 Early Experiments with Electrons on the Surface of Hydrogen
and Neon

2.1 Electrons on the Bulk Crystal Surface

The first experiments with electrons above the quantum solids hydrogen and neon
have been reported by the group of Khaikin [17, 18]. They determined the elec-
tron mobility on these substrates by using the Sommer-Tanner geometry established
already for electrons on liquid helium[19]. The principle of this technique, sketched
in Fig. 1 (left) and in the insets in Figs. 2 and 3, is to periodically move the electrons
along the liquid or crystal surface by means of segmented capacitor plates (with an
area in the cm? range). Results for the hydrogen crystals are shown in Fig. 1 (right).
At temperatures well below the triple point temperature of H,, 13.9 K, the mobility
was found to be nearly constant, somewhat above 10* cm?/Vs, which according to
the authors is given by scattering from surface defects. For comparison, the mobility
of electrons on bulk liquid He is> 10% cm?/Vs at temperatures below 1 K [5], where
scattering from liquid surface excitations (“ripplons”) is the dominant mechanism.
An estimate for the scattering from surface excitations at the solid hydrogen sur-
face (Rayleigh waves), presented by the authors, yields a contribution two to three
orders of magnitude smaller than scattering from surface defects and was therefore
not observable in this experiment. At 7> 10 K, the mobility drops steeply due to the
increasing contribution of-scattering from gas molecules.

Surface electrons on solid neon at relatively high densities up to 3x10'° cm
(about an order of magnitude higher that the critical density on bulk liquid helium
[20]) were studied a few years later by Kajita and Sasaki [21, 22]. In this work, it
was shown that at high electron density and at low temperature correlations between
the electrons come into play, leading eventually to Wigner crystallization of the
electrons, which manifests itself in an additional lowering of the mobility. Moreo-
ver, it was demonstrated that if a thin helium film is condensed onto the neon, the
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Fig. 1 Left: Diagram of the apparatus used in Ref. 18. (1) Glass ampoule; (2) Upper plate; (3) Filament;
(4) Hydrogen level; (5) Lower plate; right: mobility of electrons over the surface of solid hydrogen. Open
triangles—data of Ref. 17; full triangles—data obtained in Ref. 16; right-hand solid curve—calculation
of mobility due to scattering by gas molecules, dashed—average value of the mobility. The melting tem-
perature of hydrogen is 13.9 K. The kink in the calculated curve corresponds to the jump of the dielectric
constant at the melting point. (Reproduced with permission from [18])

electrons above the He film break through to the solid substrate, if their density is
high, but they can be lifted again if the film is pumped off and then condensed anew.

Another experiment with electrons on a “He film supported by a weakly-binding
substrate—in this case again solid hydrogen—was carried out by Paalanen and Iye
[23]. Naively, one might have expected that the helium film smoothens the exist-
ing roughness of the crystal surface, so that the mobility would increase upon the
addition of helium. However, the experiment showed that the mobility on the film
is smaller than on bare H, or also on the bulk liquid helium surface. The addi-
tional scattering is due to the density fluctuations in the uppermost He monolayer.
Whenever a layer is completed, these density fluctuations are minimal, leading to a
maximum in the mobility. The oscillations in the mobility shown in Fig. 2 therefore
reflect the layer-wise growth of the He film on the H, crystal surface.

In a similar experiment by Cieslikowski et al. [24] up to 9 of these oscillations
were observed—which was kind of surprising, because it had not been expected that
layering in a liquid extends over such large distances. In the same experiment, start-
ing at high temperatures from the liquid H, phase (Fig. 3), the solidification at the
triple point temperature was clearly seen as a sharp drop in the electron mobility
p, showing that the crystal was not as smooth as the liquid surface, an indication
of the surface defects already mentioned by Troyanovskii et al. [18]. The height of
this jump was somewhat different from one crystal to the other, as expected. The
increase in p upon lowering the temperature reflects the decrease in the H, gas atom
density. The dip around 8 K was qualitatively reproducible from crystal to crystal;
its origin remains unknown, however. The typical mobility on the bare crystal at low
T was again in the range of 10* cm?/Vs, like in the previous experiments.
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Fig.2 Normalized electron
mobility for unsaturated He
films as a function of He pres-
sure. The results at different
temperatures, from bottom to
top, are from the 19th, 25th, and
26th H, crystals with p,=4.0,
2.3,and 1.7 m.>/Vs, respectively
(reproduced with permission
from [23])
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Fig. 3 Phase shift for electrons on solid H, covered by a He film with a temperature-dependent thickness.
The He gas pressure was 0.35 mbar at 5 K. The electron mobility is given on the right-hand scale. Inset

Sketch of the sample cell (reproduced with permission from [24])
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2.2 Electrons on Quench-Condensed Films

As the results discussed so far demonstrate, growing hydrogen and neon crystals
near thermodynamic equilibrium from the bulk liquid by slowly lowering the tem-
perature through the triple point gives surfaces with reasonable quality for electron
mobility measurements. The thickness of the solid H, or Ne in those experiments
was on the order of 1 mm. Much thinner films in the some ten to hundred nm range,
as one would need them for qubit purposes, cannot be prepared in this way from the
liquid phase. The challenge therefore is to grow thin smooth quantum solid films
from the gas phase. In thermodynamic equilibrium, however, it is not possible to
grow solid hydrogen or neon films thicker than just a few molecular or atomic mon-
olayers, respectively, because both species are subject to the phenomenon of triple
point wetting, as described in the next chapter. In experiments by Kono et al. [25,
26], a different route was therefore tried, namely preparing the quantum film by
quench condensation of the gas atoms/molecules on a proper substrate (e.g., glass)
at a temperature well below the triple point (typically around 1.5 K), and then ther-
mally anneal the film in order to improve the surface quality. A sketch of the sample
cell is shown in Fig. 4.

The virgin quench-condensed films with a thickness of about 2 pm before any
heat treatment were optically smooth, but nanoscopically rough and probably porous
[27-29], so that surface electron currents could not be detected. Only upon raising
the temperature to about 3.5 K resulted in a measurable conductivity, which could
be enhanced further by additional annealing steps (Figs. 5, 6).

The arrows in Fig. 5 indicate the first warming up to 8 K and the subsequent cool-
ing. Obviously, the surface quality was improved by the annealing process, so that
a measurable electron conductivity was found down to about 2 K. Repeated anneal-
ing steps (Fig. 6) led to further improvement, but the mobility was still well below
the values for bulk H, crystals. The temperature dependence above 2 K could be
described by a thermally activated process with activation energies between 23 and
10 K. The steep increase in the conductivity below 2 K came from the condensation

Fig.4 Schematic drawing of
the experimental cell. E; and
E, are concentric electrodes.
G is the glass substrate and I is
an insulating sheet. H; and H,
are manganin heaters and T,
T,, and T} are carbon resistors.
Hydrogen enters the cell from
the top through a capillary
(reproduced with permission
from [25])
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Fig.5 Behavior of the surface
electron conductivity ¢ during
the first annealing process
after the quench-condensation
of the hydrogen substrate.
Arrows indicate the direction
of the chronical development
(reproduced with permission
from [30])
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of He gas atoms to a liquid film, which was studied in analogy to the layering oscil-
lations on bulk hydrogen [23, 24]. In the case of the quench-condensed H, films of
Ref. [26]; however, layering was not observed because the hydrogen was apparently
still too rough even after annealing.

An interesting feature during the growth of the helium film upon cooling—hardly
discernible in the steep increase in Fig. 6—becomes apparent in the blow-up in
Fig. 7: A local maximum followed by a sharp dip in the conductivity. This feature
has been interpreted by Monarkha and coworkers [31] in terms of a rough substrate
surface, as a transition from a state where the electrons are localized in the valleys of
the substrate (when the film is thin) to the tops of the bumps (when the film is thick)
(Fig. 8). Trapping of an electron at a bump also has been suggested very recently for
the observed electron-on-neon qubit [32].

In follow-up experiments somewhat later the surface quality of the quench-con-
densed H, films could be sufficiently improved that the electron mobility in the dilute
case reached 0.5 x 10* cm?/Vs [33]. On these solid film substrates, clear evidence for
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Fig.7 Expanded view of Fig. 6. 10°° . ' - - T ;
Note that the temperature of the L a 4 | b 4 c A
dip is not affected by the anneal-

ing process (reproduced with \ A

permission from [26]) 107 | =4 4 B
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Fig. 8 Schematic sketch of a)
the two states involved in the
structural transition of the thin He film e-
surface electrons above a rough
solid substrate covered with a
helium film. a Surface electrons
are localized in the valleys of solid H,
the surface roughness. b Surface
electrons are localized opposite b) e-
the tops of the solid surfac.e /3\/ o~ Py
roughness (Reproduced with thick He film

L ~

solid H,

Wigner crystallization at high electron densities around a plasma parameter I"~ 125
was found, similar to the results for the bulk Ne crystal surface by Kajita [22]. It
should be mentioned that analogous experiments with surface electrons on quench-
condensed/annealed Ne films have—to our knowledge—not been carried out yet.

3 Triple Point Wetting of Hydrogen and Neon
3.1 Films in Thermodynamic Equilibrium

As already mentioned, H, and Ne exhibit the so-called triple point wetting. This
phenomenon, which applies also to other noble and molecular gases, can be char-
acterized by the adsorption isotherms of these elements (i.e., the variation of
the film thickness of the adsorbate on a solid substrate as the gas pressure of the
adsorbate is increased up to saturated vapor pressure (Svp) p, at constant tem-
perature): above the triple point temperature, the film thickness d diverges for
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Fig.9 Adsorption isotherms of 400 T T T T
Kron Au(111) below its triple
point. For clarity, successive
curves have been shifted upward
‘py 13 Hz“The film thickness so0l- T (K T/T, 1
is proportional to the plotted | 889 077
frequency change Af of the ——-- 960 083 ]
microbalance circuit. P/P is the - ) ’ E
reduced pressure. (comment by — — 1015 088
the author T, is here the triple —=-— 1L 097 J
point temperature, and the area s [ ceeeeeees 1143 0.99 b
of the microbalance crystal (and -/
hence the area of the probed /
film) was macroscopic, in the L Yy
cm? range)(reproduced with 100 et o~ ~ -
permission from [34]) -

(Hz)

200+

Af

Fig. 10 Adsorption isotherms 24 T T T :
of H, on Au (111) near its triple

point. Plotted is the frequency 2 O}- ® 12.470K

change Af versus-P/P, for o 13.689K

three temperatures below T 4 13.930K
(reproduced with permission 16
from [36])

B>_p_p_—p— —

p— po (“complete wetting”), while d remains finite at svp for temperatures below
T, (“incomplete wetting”). Triple point wetting has been studied, among others,
in a series of pioneering experiments by the groups of Dash and Vilches [34-36]
using a high-frequency microbalance technique. Examples for Kr and H, are
shown in Figs. 9 and 10.

The transition from incomplete to complete wetting was found to be continu-
ous, the maximum thickness d of the layered films below T; varying as d ~ (1 — T/
T,)~'. The interpretation for this behavior, given in Ref. 35, is at first sight sur-
prising: It is suggested that the rise in film thickness (approaching T; from below)
close to T; is not due to an increase of the solid film thickness, but to a liquid
phase which makes up most of the thick film (sketched in Fig. 11). (The reason
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Fig. 11 Liquid and solid layer
thicknesses of neon films on Ag
as function of reduced pressure,
calculated according to the slab
model. The double-hatched
region marks the solid layer
thickness at T=30 K, and the
single-hatched region marks
the solid thickness at 25 K.
The solid and dashed lines cor-
respond to the total thicknesses
at 25 and 30 K, respectively
(reproduced with permission
from [35])
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why the solid part of the adsorbed film is restricted to a few monolayers due to
strain in the crystalline layer will be discussed further below.)
In order to visualize the observed power law dependence of d below T;, we
consider the schematic phase diagram as depicted in Fig. 12 [37]. The liquid—gas
coexistence line represents the intersection of the free energy surfaces of the lig-
uid and the gaseous phase. The chemical potential p of the atoms/molecules in
the sample cell, measured with respect to the coexistence value p.,, is given by

AM = H=Heoex = kBT In (P/pgq>

Fig. 12 Schematic phase dia-
gram of hydrogen and the noble
gases. The liquid/gas coexist-
ence curve is extrapolated into
the solid phase region (dashed
line). The dotted line indicates
the path of an adsorption iso-
therm, extrapolated up to liquid/
gas coexistence (reproduced
with permission from [37]
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where kg is Boltzmann’s constant. Condensation of the liquid phase will occur
when the saturated vapor pressure poliq is reached, i.e., when Ap=0. Close to the
substrate, the atoms/molecules are in addition subject to the van der Waals poten-
tial, which varies as d=3; hence, this interaction with the substrate contributes to the
chemical potential of the adsorbate as

Apgy = a/d )

where o denotes the van der Waals constant. The combination of Eqgs. (1) and (2)
leads to

a = [api T (p/pi)] " @

For the gas pressure p being close to p,9, the liquid film thickness therefore var-
ies as

: ~1/3
d ~ (péq—p> @

In Fig. 12, the liquid—gas coexistence line is extended by the dashed line into
the solid phase region. In addition, the dotted line traces the pressure of a (hypo-
thetical) adsorption isotherm, extrapolated beyond the solid—gas coexistence up to
the extrapolated liquid—gas coexistence. We know from the data above Tj; that the
film thickness diverges according to Eq. (4) when the liquid—gas coexistence line
is approached. Below T, however, this line cannot be reached in thermodynamic
equilibrium: if, in a gedankenexperiment, we slowly increase the gas pressure in the
sample cell along the dotted line, the maximum pressure that is accessible is p,*”,
the saturated vapor pressure of the solid phase. If more gas will be added to the sam-
ple cell, a bulk crysal will start to form somewhere in the cell at constant pressure
po™°,, and the thickness of the liquid film will not increase further. Since below the
triple point, the pressure difference p,'9—p,*! varies approximately as T;—T close to
T; (see Fig. 12), Eq. (4) then yields d~(1 - T/T3)_“3, as observed in Refs. 34—36.
For T < <Tj3, no liquid film remains, and as a result just a solid film only a few mon-
olayers thick is formed even at svp.

These microbalance studies of triple point wetting have been complemented a
few years later with investigations using the optical techniques surface plasmon res-
onance (SPR) spectroscopy and ellipsometry [30, 38, 39]. The area of the adsorbed
films was again macroscopic, the spot probed by the optical beam being about 1
mm?. Also in these measurements it was found that the equilibrium thickness d of
hydrogen and neon films dropped below the triple point temperature, following a
power law d~ (1 — T/T;)~"3, as shown in Fig. 13 [30].

Such a behavior even pertains to isotopic mixtures, as studied for the case of the
H,-D, system [38]. The triple point temperature of these two isotopes is quite dif-
ferent, for pure H, it is 13.9 K, and for pure D, the value is 19 K. For mixtures,
it turns out that one has an effective triple point which depends on the isotopes’
concentration, and the drop according to d~(1 — T/T;)™' occurs at that “effective”
triple point temperature (Fig. 14). Thus, it is not possible to change the qualitative
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Fig. 13 Film thickness d versus logse(d, /X)
the reduced temperature (with 2.3
respect to the triple point °o%°
temperature T). The dashed 22
lines represent a behavior d ~ (1 2.1 Ne/Au
- T/T3)._” 3 (reproduced with 2.0
permission from [30]) :
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Fig. 14 Wetting curves of pure and mixed systems of H, and D,. The data demonstrate the existence of
an effective triple point, T3(em, which depends on the species concentration of the H,—D, mixture. The
value of T;©® always falls between T;H? and T,2). The fact that the maximum film thickness above T
does not really diverge but saturates at a large but finite thickness is ascribed to minute temperature gra-
dients in the sample cell and the height difference between the film surface and the bulk material, which
give rise to a sample pressure slightly below svp [35] (reproduced with permission from [38])

behavior of this quantum system and produce thick solid hydrogen isotope films in
thermodynamic equilibrium by mixing different species. Rather, in all investigated
cases the film thickness at T < <T; was only about 1 nm, i.e., 2 — 3 molecular layers.

One reason for the finite thickness of a solid film (incomplete wetting) of an
adsorbate—substrate system which exhibits complete wetting in the liquid state is that
a solid cannot relax the elastic compression caused by the substrate attraction. This
leads to an additional contribution in the free energy, a measure being the (reduced)
Hamaker constant R (the ratio between adsorbate—substrate and adsorbate—adsorb-
ate interaction). On this basis, Gittes and Schick have developed a theory [40] which
describes the solid adsorption on a flat substrate. It predicts that for a particular
value R =R, complete wetting is possible, while for R >R, in contrast to liquid wet-
ting, the thickness of the solid film decreases with increasing R. A result of this
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theory for the H, adsorbate is shown in Fig. 15 as a function of R (solid curve). For
the substrates used in the experiments of Figs. 13 and 14 (Au) the calculated value
of R is 4.5, one therefore would expect a solid H, thickness of 10 nm at svp (but not
the experimentally observed value of about 1 nm). Moreover, the maximum thick-
ness should increase when R is reduced, which can be achieved by preplating the
gold substrate with thin films of weakly interacting substances like the rare gases.
Results of such a preplating experiment with Ne, Ar, and also the molecule CH,
as preplating agents are plotted in Figs. 16 and 17. As the data show, an influence
of preplating is visible indeed: For CH, a 50% increase in the H, layer is observed
at T< <T,, while for Ne, preplating films decreases the equlilibrium film thick-
ness. For Ar preplating, the H, thickness is the same as on bare gold within the

20 T T T 1 1 T

15

10

d/nm

Fig. 15 Theoretical thickness d of the adsorbed hydrogen layer at solid—gas coexistence for T/T;=0.6 as
a function of the reduced substrate strength R. Solid line Gittes—Schick theory. The dotted and dashed
lines are for different nonvanishing surface roughnesses, G= 10%/6%, G=10"%c2, and G=10"%c.? (bot-
tom to top) as calculated by Esztermann et al. [41]. (reproduced with permission from [41])

Fig. 16 Wetting curves of pure O on Ar/Au: down N é
H, on Au and when preplated 60 @ on Ar/Au: up ?Wv
with Ne and Ar (reproduced 8 on Ne/Au: down O
. .. — ®  on Ne/Au: up [}
with permission from [39]) < v onAu :down
2 4aor A onAu  up
g
2 ©?®°
S 20 | & v
:|:'N ] b A ™
"
L) = "
0 N . .
11 12 13 14
temperature [K]
Fig. 177 Maximum H, film 18 T T _—
thickness (at saturated vapor 2, 4l E‘(‘H |
pressure) for various preplating g ¢
layers — with H, on bare Au as 2 124 1
reference. Dashed lines are just E
a guide to the eye (reproduced E 107 1
with permission from [39]) = 081 ]
.
-
0,6 , . .
0 1 2 3
yeping [M1]
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experimental resolution. The overall behavior, namely a thick, wetting H, film above
the triple point temperature and gradual dewetting below Tj; is also observed for pre-
plated substrates. The main result is that for all combinations of preplated material
the equilibrium film thickness—apart from small effects—is the same as without
preplating.

This indicates that the picture of wetting of solid films as described by the
Gittes—Schick theory is incomplete. Esztermann et al. [41] therefore consider
in addition the influence of possible roughness of the solid substrate. In fact, the
evaporated gold and silver films which have been used in the described wetting
studies [34-39] are usually quite rough, typically consisting of “hills” some hun-
dred nm wide and some ten nm high. An example is shown in Fig. 18a. The strain
induced in the adsorbed film by the bending due to this roughness gives rise to an
additional term in the free energy of the system. Results calculated in Ref. 41 are
shown in Fig. 15 for different roughness parameters G ~h?/b*, where b is the char-
acteristic lateral length scale of the surface modulation and h is the vertical (val-
ley to peak) height. The roughness G calculated from the profile plotted in Fig. 18a
is G=5.4x 100>, with ¢ denoting a molecular length scale. It is seen that for G
in this range the expected solid thickness at svp calculated by Esztermann et al. is
much smaller than the 10 nm calculated on the basis of the Gittes—Schick theory, in
qualitative agreement with experiment. Furthermore, the fact that a variation of R
does not have a big influence on the solid layer thickness for roughness parameter
values G > 107/c? is in accord with the preplating measurements in Fig. 17.

As a further test of the influence of a rough surface, a gold substrate with reduced
roughness has been studied (Fig. 18b). As predicted by the theory of Ref. 41, a slight
increase in the equilibrium H, thickness has been found. An even smoother surface,
as provided by a commercial silicon wafer, was studied in Ref. 38 (see Fig. 19).

0 é5 0.50 0.75 1 0.25 0.50 0.75 1
lurml furni

a) um 1.0 b) um 1.0

Fig. 18 a A typical 1000 nm X 1000 nm atomic force microscope image of a Au film evaporated at room
temperature on glass; the top shows a line scan of this image; b with the same resolution generated
AFM-image of a Au surface, which this time, however, had been detached from a Si wafer (reproduced
with permission from [41])
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Fig. 19 a Triple point wetting of H, on a smooth Si wafer. The thickness d is normalized to the thickness
in saturation above T; of H,. The full symbols are for cooling, and the open symbols are for warming. b
Warming curve of Fig. 19 a plotted on a logarithmic scale. The slope of the straight line is 0.31 (repro-
duced with permission from [38])

It was found that at T< <T; an increase from about 3 to 7 solid layers (1 nm to
2.5 nm) is observed compared to Au films. A further increase in the solid H, thick-
ness by about 2 monolayers was measured on laser-annealed Si surfaces [38].

The adsorption measurements discussed so far were all carried out on macroscop-
ically plane (although nanoscopically rough) substrate surfaces. One might argue
that on devices for qubits [13, 14] one is dealing with structured surfaces, where
due to the local curvature of the substrate the surface tension of the adsorbate adds
to the energy budget and gives rise to a “capillary effect.” Although this is true, for
channels with a typical width in the micron range and targeted neon film thicknesses
around 10 nm [13] the surface tension of neon should not play a decisive role. An
extreme example is an experiment in Vycor glass (a porous glass with a typical pore
radius 4 nm) carried out by Schindler et al. [42]: It was found in a torsion oscilla-
tor experiment that a Vycor sample completely filled with liquid H, above the triple
point, in thermodynamic equilibrium lost a major part of the hydrogen when cooled
below the triple point. The H, film thickness, extrapolated to 0 K, was 0.63 nm, in
qualitative agreement with the results for a plane, but nanoscopically rough surface
(Fig. 20). This is also expected, because the argument by Esztermann et al. that the
local strain generated by surface roughness adds to the free energy of the system
applies for the nano-channels in the Vycor glass as well [42].

Recent experiments in Konstanz with the noble gas Ar in channels 1.7 pm wide
and 1.2 pm deep are also in agreement with the triple point wetting results for plane
substrate surfaces [43]

3.2 Annealing of Quench-Condensed Films

Quench-condensed quantum matter films have already been mentioned in the con-
text of surface electron studies. In addition, such films have also been investigated
in separate experiments with the surface plasmon resonance technique. Such meas-
urements not only provide information about the film thickness (via the shift of the
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Fig. 20 Film thickness of 21
hydrogen adsorbed on Vycor as
a function of the corresponding
reduced characteristic tempera-
ture T/T; (T, being a thickness-
dependent characteristic
temperature below which the H,
molecules start to escape from
the Vycor pores (reproduced
with permission from [42])
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/
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0.5 T
0.1 0.5

1-T,/ T, T=0K

SP resonance angle), but they allow also some conclusions about the roughness of
the adsorbed film (on the scale of the wavelength of the SPR laser). The films were
in this case thinner than in the experiments mentioned in chapter 2.2 (on the order
of 100 nm instead of several pm), because the SPR technique is only sensitive on
length scales of the laser wavelength or smaller. Surface electron studies were not
possible with such thin quench-condensed films since for that small thicknesses
electrons penetrate the films because of their open structure.

An example for the annealing of quench-condensed H, and D, films measured
by SPR is shown in Fig. 21 for films with an initial thickness of 125 nm [44]. In
Fig. 21a, the shift of the resonance angle (plotted as an optical thickness, assum-
ing that the film has the bulk hydrogen density) is plotted veraaus the increase in
temperature. The rate of temperature increase was always slow enough that the films
were close to thermal equilibrium. The preparation temperature of the films was
1.5 K. Below about 2.8 K for H, and 4.4 K for D,, the signal for the film thick-
ness is constant, indicating that the films remain in a metastable state. Above these
temperatures, however, the molecules become mobile, rearrange and form crystal-
lites with a size distinctly larger than the original film thickness, which leads to a
drop in the apparent SPR-measured film thickness (Fig. 21a). In the same tempera-
ture range, the width of the SP resonance broadens, due to scattering of the surface
plasmons at the crystallites (Fig. 21b). An additional measurement of the scattered
light also exhibits a strong increase in the same temperature interval, and, moreover,
an anisotropy between forward and backward scattering direction, which indicates
that the size of the crystallites is comparable to or larger than the laser wavelength
(Fig. 21c). Finally at a temperature of 3.8 K for H, (and 5 K for D,) the molecules
start to thermally desorb.

In an analogous SPR-experiment with neon such as coarse graining effect was
not observed, both the thickness signal and the SPR width remained constant up to
desorption which set in around 7.5 K (Fig. 22) [30]. This difference is surprising,
considering the otherwise quite similar triple point wetting properties of hydrogen
and neon.

Results for the annealing of quench-condensed H, films have also been
obtained by Classen et al. [45] using surface acoustic (Rayleigh) waves. Also their
data indicate that at temperatures far below the triple point such films undergo
drastic structural changes, forming larger crystallites of typically 1 pm diameter.
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The rearrangement of the film structure could be traced in situ by changes of
sound velocity and attenuation arising from scattering of the Rayleigh waves by
inhomogeneities. The authors conclude that the dominant scattering mechanism
appears to be well described by a resonant interaction between surface acous-
tic waves and elastic eigenmodes of the hydrogen crystallites ("surface shape
resonances").

4 Conclusions and Outlook

The experiments carried out so far with ensembles of surface electrons on hydro-
gen and neon have shown that these quantum solids are in principle suitable sub-
strates for electrons. Phenomena like layering of liquid helium next to a solid wall
and correlation effects between the electrons at high densities including Wigner
crystallization could be demonstrated. Since the surface quality of these quantum
crystals is not perfect, however, defects limit the electron mobility due to scat-
tering and trapping, and hence also the reproducibility of the transport measure-
ments. This is one of the reasons why studies of surface electrons on hydrogen or
neon are much less numerous than on liquid helium.

As discussed in chapter 3 of this review, a straightforward growth of smooth
solid neon films more than a few monolayers thick is not possible in thermody-
namic equilibrium because these films undergo triple point wetting, originating
from strain caused by the substrate of the film, in particular due to surface rough-
ness. One should be able to increase the equilibrium film thickness somewhat by
preparing the device surfaces as smooth as possible. Quench-condensed films, on
the other hand, can be grown to arbitrary thickness, but they are typically very
rough and must be annealed to improve the surface quality. This annealing can
lead to crystallites (or “bumps”) on the film surface, and the smoothness of such
surfaces will depend on the details of the annealing process. Studies for optimiz-
ing the film preparation are presently underway [46]. In spite of these problems,
electron-on-neon qubits with attractive properties have already been demonstrated
[13, 14]. Actually, the trapping of electrons at bumps on the crystal surface is not
necessarily detrimental for such qubits, as has been shown in the recent publica-
tion [32].
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