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Article history: This is a review of the wetting properties of solid helium on various solid substrates. Due to

Available online 23 July 2013 its extreme purity and to its very fast growth dynamics, solid helium 4 is often considered
- as a model system in materials science. Several wetting phenomena have been studied

Ilfliyc‘?ggz.n with helium 4 crystals, namely contact angles on solid substrates with variable roughness,

Metastability wetting on graphite where epitaxial growth takes place, the roughening transition as a

Crystals function of film thickness, the wetting of grain boundaries by the liquid phase.
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Mots-clés : RESUME

Nucléation

Métastabilité Nous passons en revue les propriétés de mouillage de différents substrats par I'hélium

Cristaux solide. A cause de son extréme pureté et de sa dynamique de croissance trés rapide, on

Liquides considére souvent I'hélium solide comme un systéme modéle en sciences des matériaux.

De nombreux phénoménes de mouillage par I'hélium solide ont été étudiés : angles de
contact sur des substrats de rugosité variable, mouillage du graphite ot I'on observe une
croissance épitaxiale, variation de la transition rugueuse a la surface de films cristallins en
fonction de leur épaisseur et mouillage des joints de grains par la phase liquide.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction: some peculiarities of solid helium

Solid helium may be considered a model system in materials science [1] for two main reasons: its extreme purity and
its fast growth dynamics. In some situations, the quantum properties of solid helium show up but most of the observed
phenomena are of universal relevance to classical matter. This is because the large amplitude of the quantum fluctuations
has consequences on the phase diagram or on physical quantities like the surface energy, the growth rate or the heat con-
ductivity but, as far as we know at present, there is no macroscopic phase coherence in solid helium that would induce
interference effects. Even with superfluid helium actually, the phase coherence intervenes in some rather particular cir-
cumstances, but not in wetting properties (except perhaps in the magnitude of Casimir forces determining the thickness of
superfluid films adsorbed on a substrate). With helium crystals instead of more usual solids, several phenomena are just
observed more simply, more clearly, and more accurately. This is particularly true for the roughening transition of crystal
surfaces [2-6,8,9], and for other phenomena like wetting [10,11], nucleation [12-14], stress-induced instability [2,15-22]
that is related to the formation of quantum dots in heteroepitaxy [23], and plastic deformation [24]. But the study of solid
helium has a cost, namely the necessary use of low-temperature techniques.
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Fig. 1. The phase diagram of “He. There is no triple point where the gas, liquid and solid phases would meet. Liquid “He crystallizes above 25.3 bar at low
temperature.

Solid helium only exists at pressures higher than 25.3 bar (see the phase diagram in Fig. 1). Under atmospheric pressure,
helium liquefies at 4.2 K and at low pressure it stays liquid down to the absolute zero (see Fig. 1). At such temperatures,
everything else than helium is frozen and sticks to cell walls. Since liquid helium is superfluid below 2 K and flows very
easily through tiny pores, for example Vycor glass where the typical pore diameter is 70 A, it is easy to filter chemical
impurities out. The only impurity in “He is its light isotope 3He, which is a Fermi particle while He is a Bose particle, so
that they actually phase separate spontaneously in some part of their phase diagram [25]. The 3He concentration in natural
helium is 3 x 10~7 and it can be lowered to 1012 by distillation [26]. Moreover, by using an analog of the “zone melting”
method known in metallurgy, it has been shown [25,27] that the 3He concentration can be lowered down to zero in He
crystals. This is because the liquid-solid equilibrium line extends to T =0 in the phase diagram of helium (Fig. 1). In this
review, we consider “He except if explicitly mentioned.

As shown in Fig. 1, the phase diagram of “He has no triple point where the gas, the liquid, and the solid phases would
meet. As a consequence, He crystals at low temperature are always grown from the liquid phase and the solid-gas interface
does not exist. These crystals could be grown at relatively high temperature by cooling down along the melting curve but,
below about 1 K, one grows them by pressurizing the liquid. Below 1.78 K, liquid “He is a superfluid, which implies an
absence of viscosity and a large thermal conductivity. Considering that mass and heat transport are easy and that there
are no impurities, one may understand that the growth dynamics is very fast, controlled by surface properties, not by bulk
diffusion of heat or mass [2,15]. As a result, crystal shapes relax very rapidly to equilibrium so that new, or unconventional
methods can be used to measure various surface properties. This is what allowed the roughening of He crystal surfaces to
be studied and understood in great details [2-9]. One may also notice on this phase diagram that the melting pressure is
nearly temperature independent below 1 K, so that the liquid-to-crystal interface could be studied in a large temperature
domain - T can be varied by several orders of magnitude - without changing the pressure significantly.

He atoms are simple with no chemical properties, only a small van der Waals interaction, a hard core repulsion, and
some quantum Kinetic energy, so that the thermodynamics is very well established. For example, the equation of state
of the liquid has been calculated by different methods [14,28-33] that give consistent results, even at negative pressure
where the existence of a spinodal limit is well established, in agreement with experimental results on cavitation [12,14].
A spinodal limit has to exist also for the liquid-solid transition, which has been calculated [28,34]. It has been approached
in experiments on homogeneous nucleation of crystals [35,36].

At low temperature, He crystallization and melting proceed with negligible dissipation and so are very fast: capillary
waves can propagate at the liquid-solid interface [2,9]. They were named “crystallization waves” by K.O. Keshishev, who
discovered them in 1979 [37]. They involve no significant deformation of the crystal lattice, only local growth and melting.
Their careful study has provided an accurate value of the “interfacial energy” also called “interfacial tension” «(¢), which
varies from 0.16 to 0.17 mJ/m? as a function of the orientation ¢ of the normal to the interface (see Ref. [2] and references
therein). These values correspond to the hexagonal close packed (hcp) phase that is the most studied one. A body centered
cubic (bcc) phase exists in a small temperature window between 1.46 and 1.78 K. In their early measurements of capil-
lary depressions, Balibar, Edwards and Laroche [38] found 0.1 mJ/m? for the liquid to bcc-solid interfacial energy, but the
bce-solid has been much less studied and, unless explicitly stated, we will consider only the hcp phase in this review. The
“interfacial stiffness” y(¢) = o + 8%a/d¢> of hcp crystals controls the curvature and consequently the equilibrium shape
of crystals. It is also known rather accurately [2]. It is obviously important to know both « and its derivatives in order to
understand wetting by solid helium.

Another consequence of the fast growth dynamics is that the equilibrium crystal shape is achieved very quickly at
low temperature. Since the thermal transport is easy in superfluid helium and actually even larger in helium crystals at
low T, the temperature is extremely homogeneous in any cell containing helium crystals in contact with superfluid helium.
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Fig. 2. At low temperature and above 25.3 bar, helium solidifies in the hexagonal compact structure. During fast enough growth from the liquid phase,
the crystal shape involves facets, which can be seen in an optical cryostat. Colors corresponding to each couple of facets are obtained by illuminating the
crystal with light that is dispersed through a glass prism (see Ref. [2]). The black hexagonal facet on top shows that the 6-fold symmetry axis c of the hcp
structure is nearly vertical for this particular crystal. Color available on the web.

Fig. 3. Sasaki et al. [11] have studied the equilibrium shape of hcp helium crystals on a copper plate. Here, the temperature T = 1.4 K is higher than all
roughening transition temperatures and the surface is fully rounded, that is rough everywhere. The photograph shows that hcp crystals do not wet this
solid surface. There is a partial wetting by the liquid phase with a contact angle of about 45 degrees. Careful studies have shown that this angle depends
on whether the contact line advances or recedes. Color available on the web.

As a consequence, gravity and surface stiffness effects drive crystal shapes quickly towards a steady shape. However, the
liquid-solid interface may be pinned at various places on the cell walls. This pinning may be avoided by using highly
polished walls. Inversely, it can be used to prepare, anchor and study grain boundaries between different crystals.

2. Contact angles

Fig. 3 shows a hexagonal close packed (hcp) He crystal at 1.4 K, in equilibrium with liquid helium above and in contact
with a metallic surface below. As for Fig. 2, the colors are obtained by illuminating the experimental cell with white light
dispersed with a prism. At this temperature that is higher than all roughening transition temperatures, there are no facets.
It is an equilibrium shape and it is flattened by gravity because the size is about 4 mm, that is macroscopic and larger than
the capillary length:

o
lc=,/@ (1)

where g is the gravity acceleration and §p = (pc — pL) is the density difference between the crystal (C) and the liquid (L). As
in most systems, the capillary length Ic ~ 1 mm. Fig. 3 indicates a contact angle with the solid wall close to 45 degrees, that
is partial wetting by the liquid phase. For bcc crystals, the contact angle is similar, about 40 degrees [38]. It means that the
crystal-to-solid wall interfacial energy is larger than for the liquid. This non-wetting resembles that of metallic crystallites
on a graphite surface as observed by J.-C. Heyraud et al. [39], among others. However, in the latter case, it is probably
because the interatomic interaction in the metal is stronger than the metal to graphite interaction. The case of helium
must be different. Indeed the solid and the liquid have similar densities and the He-He interaction is weak. The dominant
effect must be that the substrate attraction creates strains in the helium crystal so that the He-substrate interfacial energy
contains a large elastic term.
As one would write for a liquid-substrate, there is a Young-Dupré equation:

Qcs — Qs = Q¢ cosd (2)

relating the contact angle 6 to the three interfacial energies at play between the crystal (C), the liquid (L) and the sub-
strate (S). For simplicity, we have neglected the anisotropy of the interfacial stiffnesses and replaced them by energies.
A rigorous treatment should involve this anisotropy to treat the dependence of the contact angle on the crystal orientation.
But the accuracy of Sasaki’s measurements was not sufficient for an accurate determination of this dependence. Still, they
could study the hysteresis of the contact angle and its dependence on the roughness of the substrate.
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Fig. 4. A helium crystal in contact with a copper wall as studied by Sasaki et al. [11]. Axes are labeled in mm. The photographs were taken at 65 mK:
(a) for slow growth at 60 pm/s, and (b) for slow melting at 5 pm/s. Superimposed on the photographs are red solid lines corresponding to the Laplace
equation. Color available on the web.

Table 1

Sasaki et al. [11] have shown that even for slow motion (~ 10 um/s) of
the liquid-solid interface, its contact angle with a copper wall is hys-
teretic. During growth the angle 6.4, is smaller than during melting
(Brec). Missing data correspond to cases where the angle measurement
was made difficult by the presence of a facet near the contact line.

Bady Orec
S4 22+2° 61+2°
S5 26+ 4° -
S7 14+7° 60 £1°
S8 - 57 +2°
S10 - 48 £6°
S11 26 +4° 50 £2°

2.1. Hysteresis of the contact angle

As shown in Fig. 4, the contact angle measured by Sasaki et al. [11] depends on whether the solid-liquid interface
advances (during growth) or recedes (during melting). They first measured the contact angle of helium crystals with a
copper wall. For this, they fitted the crystal shape with the simplified Laplace equation [40,41]:

72

-z (3)

X =Xxp + lc arg cosh (%’c) =2l /1

This equation is “simplified” in the sense that the curvature in the vertical plane parallel to the optical axis is assumed
to be constant and the true Laplace equation can be integrated once. The fit was made on a small fraction of the meniscus
in order to have negligible anisotropy of the interfacial tension. Apparently, the effect of this anisotropy remains small on a
large fraction of the interface, since the calculated shape is close to the real shape on a large fraction of the crystal surface.

Sasaki et al. [11] have observed that the advancing contact angle 6,4, obtained for slow crystallization is smaller than the
receding contact angle ;. obtained for slow melting (see Fig. 4). Table 1 summarizes angle measurements for six different
samples at a typical velocity of 10 pm/s. Sasaki et al. studied different samples with different orientations and the contact
angles changed, but 6,4, was always smaller than 6. They summarized their results with the average values 6,q, >~ 22°
and 6rec >~ 55°. However, one should keep in mind that the angle values are not randomly scattered: they depend on the
crystal orientation, so that it would be meaningless to give an error bar on the average values above.

As for the contact with a glass wall, they observed the same type of behavior, as summarized in Table 2. Apparently,
the advancing angle is about 36° and the receding angle is about 51°. If the difference is significant, it shows a slightly
smaller hysteresis for glass than for copper. Since their copper walls were not polished after machining, this result would
be consistent with the generally accepted idea that the hysteresis is an increasing function of roughness [42].

2.2. Epitaxial growth on graphite

2.2.1. Contact angles with graphite

In 1980, Eckstein [43], followed by Balibar et al. [44], showed that graphite substrates favored the nucleation of oriented
helium crystals on their surface. As explained below, J. Maynard and his group demonstrated and further studied the epi-
taxial growth of “He crystals on clean graphite substrates [45,46]. A similar epitaxial growth was found for bcc 3He crystals
on cubic MgO substrates [43].
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Table 2

Hysteresis of the contact angle on a glass wall as measured by Sasaki et al.
[11]. The results are similar to the case of a copper wall (Table 1). Here again,
the presence of facets sometimes made their measurement impossible.

Bady Orec
S4 30+3° 47 +6°
S5 30£8° 49 £+ 3°
S6 - 53+£2°
S7 14+1° 49 + 4°
S8 33+£5° 54 +6°
S9 23£7° 61 £5°
S10 - 51+4°
S11 - 54 +6°
S12 - 51+4°
S13 28 £2° 44 1 4°

Fig. 5. Nucleation of a helium crystal on a graphite piece, as observed by Sasaki et al. [11]. In this particular case, two pieces of graphite have been glued
at the bottom of the cell, forming a V-shape groove. The orientation of the hcp helium crystal is parallel to that of the graphite piece on the right side: its
hexagonal c facet is parallel to the surface of the graphite.

Sasaki et al. [11] further studied the nucleation of He crystals on graphite substrates. For this, they glued highly oriented
pyrolytic graphite (HOPG) and papyex pieces in their cell. The pieces were freshly cleaved but exposed to air during the
mounting of the cell. After closure the cell was warmed up to 100°C and flushed a dozen of times with clean helium gas.
This was not sufficient to obtain crystal nucleation on the graphite. In the old experiment by Balibar et al. [44], the graphite
was taken to high temperature (about 1000 K) under vacuum by passing a large current through it. In Sasaki’s cell, this
could not be done. They measured contact angles on these partially cleaned graphite pieces which were similar to what
was found on copper and on glass: the advancing angle was between 31° and 43° and the receding angle between 44°
and 62°. To obtain nucleation of oriented helium crystals on graphite substrates, it appeared better to pump for three days
on the cell at 100 °C without flushing, in which case they observed the desired nucleation of oriented crystals (see Fig. 5).
However, the nucleation did not always take place there, indicating that the degassing was probably not yet sufficient. As for
the contact angle on graphite, it was again of the order of 45°, except of course when the crystal orientation was parallel to
that of the graphite. In fact, when helium crystals are not oriented parallel to the graphite, and since the graphite surface is
probably covered by a thin solid helium layer, one expects the contact angle of the liquid-solid interface to be comparable
to the groove angle of the grain boundary between two misoriented crystals, i.e. 30° (see below).

2.2.2. Solid films grown on graphite: roughening and layering transitions

Ramesh et al. [45,46] measured the adsorption of solid helium films on graphite. They studied the shape of the ad-
sorption isotherms as a function of temperature. At high enough temperatures, the coverage is a continuous function of
pressure P. As P approaches the equilibrium pressure Peq, the coverage increases; it shows structures, but it evolves con-
tinuously. At low temperatures, on the contrary, the isotherms show jumps in thickness, which are first-order transitions
between films with integer numbers of atomic layers (see Fig. 6). Each of these “layering transitions” has a critical tem-
perature T.,, which depends on the number n of layers. This phenomenon is similar to the roughening transitions [2] of
bulk crystals to which it was related by Huse [47] and by Nightingale [48]. For bulk crystals as for thin solid films, the
surface may be localized on lattice planes or free to occupy any position in space. For bulk crystals, the surface is localized
if the lattice potential is stronger than thermal fluctuations. For thin films, the attractive potential from the substrate has
to be considered. It reduces the amplitude of thermal fluctuations, the transition temperature is reduced and the univer-
sality class of the transition changed. For the first layer, for example, the attraction is so strong that atoms can be in the
first or in the second layer only. In this case, the system is strictly equivalent to the 2D Ising model, with a second-order
phase transition, not with a Kosterlitz-Thouless one as for the roughening transition [2]. As the film thickness increases,
fluctuations feel a weaker and weaker van der Waals attraction and the critical layering transition should evolve into the
roughening transition. More precisely, Huse and Nightingale et al. predicted that T., tends linearly to Tg as a function
of [Inn]~2, where n is the number of atomic layers. This prediction was qualitatively verified by Ramesh et al. [46] at a
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T. that depend on the number of atomic layers.

x
1.2f

!.j

o N
| N

N
w AN
a N
2 \\
=1t N
N\

x N
w N
a
=
w
-
<
< 1.0
—
—
—
2 4
u i A A A

e .1 .2 .3 .4 .5 .6 .7
(LN (LAYER NUMBER))™2

Fig. 7. Extrapolation by Ramesh et al. [46] of the critical layering transition temperatures T.(n) in “He as a function of the number n of layers, more
precisely (Inn)~2. According to Huse [47] and Nightingale et al. [48], T, tends to the roughening temperature Ty at infinite thickness.

time when the roughening transition temperature of 4He crystals was not yet accurately known. It has been shown to be
1.30 K [2] not 1.17 K, as suggested by the extrapolation in Fig. 7. It would be very interesting to extend Ramesh’s mea-
surements beyond eight layers, the maximum thickness in Ramesh’s experiment, in order to obtain a better check of this
prediction.

Later the same group [49] discovered a surprising phenomenon. As temperature was lowered below 0.5 K, their fourth
sound measurement technique showed the existence of a feature at a half-filling of solid He layers. It seems that layers are
being completed in two stages, not in a single one as was expected before. They first proposed to relate this observation to
the existence of quantum kinks whose mobility drastically changes when thermal rotons disappear or when *He impurities
adsorb on the steps. They suggested another possible interpretation, namely that some reconstruction of the (0001) surface
could occur if one forces a half-filling of layers. Such ideas were also proposed by Gridin et al. [50], who observed similar
features in their adsorption isotherms. The whole issue is interesting and undecided yet.
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Fig. 8. Three pairs of images obtained by Sasaki et al. [11] showing equilibrium shapes (a, c, e) together with growth shapes that reveal the crystal
orientation (b, d, f). When the two crystal grains have a large difference in orientation (a, b), their boundary ends as a deep groove at the liquid-solid
interface. A zoom of (a) shows that the contact lines of the GB with the windows are in fact liquid channels (g). Crystals with similar orientations can be
obtained by direct growth (c, d, e, f). In this case, the groove is shallow with no liquid channels on the windows. Two crosses carved on the windows help
adjusting the focusing.

3. Wetting of grain boundaries
3.1. Preparation of grain boundaries

Sasaki et al. [11] used the fast growth dynamics of helium crystals to prepare grain boundaries (GB) whose energy could
be measured. They started with a polycrystal grown at constant volume from normal liquid He or by fast pressurization
at low temperature. When removing helium from the cell through its fill line, a macroscopic liquid phase appeared at the
melting pressure. At that time, they observed a quick Ostwald ripening that is a consequence of capillary effects with the
liquid phase, allowing fast mass transport from small crystals that melt to larger crystals, which grow. In reality, the crystals
that melt are those which are smaller than the capillary length Ic ~ 1 mm, so that their surface shows a definite curvature.

In the end, they were usually left with a few crystals larger than Ic. With a thin cell, the GBs are oriented nearly perpen-
dicular to the windows. This occurs for capillary reasons, like in a soap foam between two plates: interfaces perpendicular
to the walls have a smaller area. In order to keep only two grains, they had to remove some more helium. If this was done
slowly enough, the smallest crystals melted one after the other until only two were left. At this stage, they could grow
them again, to form a large bi-crystal with only one GB, which is rather stable in time (see Fig. 8). They could align the GB
close to the vertical direction using successive growth and melting cycles. If needed, they could finally adjust the optical
axis precisely parallel to the GB plane by moving their camera.

Before considering the grain boundaries in more details, it might be useful to note that two crystals prepared with exactly
the same orientation should of course coalesce when they touch each other, and make one single crystal. This has been
observed very clearly and the coalescence dynamics studied with bcc helium 3 crystals [51]. However, with hcp helium 4
crystals, the coalescence is very much faster and difficult to analyze, because helium 4 is superfluid, but not helium 3, at
easily accessible temperatures. Furthermore, it is difficult to avoid the presence of stacking faults, which prevent coalescence
of hcp crystals.

3.2. The grain boundary energy

Fig. 8 shows three examples of “He bi-crystals obtained by Sasaki et al. [11]. The pictures (b), (d), (f) show growth shapes
corresponding respectively to the equilibrium shapes (a), (c), (e). The growth shapes reveal facets, and one can see that the
pictures (a), (b) correspond to a GB between two grains with rather different orientations. The picture (g) is an enlargement
of the GB seen on picture (a).
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Fig. 9. The dihedral angle 26 = 6; + 0, is determined by fitting each crystal profile with the Laplace equation near the groove.

Table 3
The dihedral angle 26 = 0 + 6, of grain boundaries, as measured with three different samples (S1, S2, S3) by Sasaki et al. [11].
Sample Angles (°) Surface energies (mJ/m~2)
61 62 260 o o aGB
S1 203 1.8 221 0113 0.0800 0.186
S2 20.0 12.4 324 0.0985 0.0674 0.158
S3 14.8 14.2 29 0.0555 0.0823 0.133

As explained in Ref. [10], GBs emerging at the liquid-solid interface make a groove to reach the mechanical balance
between the GB surface tension agg and the liquid-solid interfacial tension «qs. In a first approximation, ocg = 20t s cos 6,
where 26 is the dihedral angle of the groove. However, since the two crystals have different orientations, the liquid-solid in-
terface makes an angle 6; with the vertical on the left (crystal 1) and an angle 6, on the right (see Fig. 9). As a consequence,
a more rigorous expression is:

QG = 01 COS 601 + otz COS B (4)

Furthermore, since the GB is not strictly vertical, the above equation is slightly incorrect with 6; ; measured from the
vertical. However, Sasaki et al. [11] verified that the corresponding error on the measurement of acp is around 0.5%, that
is small compared to their final error bar (+2%). The definition of angles and Eq. (4) could be kept for simplicity with a
dihedral angle 26 =67 + 6.

For three examples of crystals like (8a), the groove is deep with sharp but non-zero angles (see below). When trying
to grow the solid by directly pressurizing the superfluid, one usually ends with a single crystal. However, Sasaki et al. [11]
could also produce two crystals with similar orientations (Figs. 8c, d, e, f), in which case the groove is shallow, indicating
a GB with small g, perhaps a stacking fault. This interpretation would be consistent with the measurements by Junes
et al. [52].

In order to make a precise measurement of the groove angles, Sasaki et al. used a fit with a Laplace equation where the
surface tension and the angle were adjustable parameters. They assumed that the curvature in the plane perpendicular to
the windows was approximately constant, so that they used the simplified version of the Laplace equation (Eq. (3)).

Since the surface tension is known to be anisotropic for hcp helium 4 crystals [2], the fit was made on a small part of
the meniscus (about 2.5 mm long) on each side of the groove. Fig. 9 shows that the result is close to the real meniscus,
even far away from the groove, meaning that, in this particular case, the anisotropy of the surface stiffness was not very
large. Table 3 gives the results corresponding to three pairs of crystals (S1, S2, and S3).

In the end, Sasaki et al. found that the dihedral angle of the groove (61 + 63) is strictly positive, in the order of 30°.
The GB energy is of order 0.15 mJ/m?, strictly less than «q + «p. They were primarily interested in measuring the dihedral
angle, for which the above procedure was sufficient. The good quality of their fit away from the groove explains why the
use of an integrated version of Eq. (3):

(ps — p) g (A2)* =20u5 (1 —sinb) (5)

gave them similar values for 6 (Az is the depth of the groove). Eq. (5) is similar to one widely used to determine the
liquid-solid surface tension of classical systems, in experiments where gravity is replaced by a temperature gradient [53,54].

The physical meaning of Sasaki’s measurements is that, even at the liquid-solid equilibrium, a GB is not completely
wet by the liquid phase. Complete wetting (6 = 0) would imply the invasion of the grain boundary by a liquid region of
macroscopic thickness, the grain boundary would be simply made of two liquid-solid interfaces and agg would be equal to
20 s. Sasaki’s measurement of a non-zero cusp angle demonstrates that the grain boundary is a thin object of microscopic
thickness. This is consistent with the numerical simulations by Pollet et al. [55], who showed that GBs are generally made
of three disordered layers of atoms. The wetting of GBs is an important issue in materials science.
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(b)

Fig. 10. (a) Three-dimensional view of the contact between a grain boundary (dash-dotted line) and a wall [10]. The hatched area shows the contact of the
wall with the solid. (b) Horizontal cross section of the liquid channel near the wall.

It has even been predicted that GBs could premelt [56], that is melt before the bulk, being invaded by a thick liquid
layer at a temperature below the bulk melting temperature Ty,. However, experimental evidence is rather difficult to obtain.
Hsieh and Balluffi studied aluminum films, and concluded that “no complete grain boundary melting was detectable by
local diffraction contrast at temperature lower than 0.999 T,” [57]. GB premelting has been reported in colloidal crystals,
but only above 0.999T, [58]. In fact, although premelting is possible in systems with short-range forces, it cannot happen
in the case of long-range forces (e.g., van der Waals forces) [59-61]. More details could be found in Ref. [62].

Franck et al. [63,64] studied thin films (less than 50 um thick) of fcc helium at high pressure and temperature. Their
observation technique used a Schlieren method that did not allow them to measure precisely the dihedral angle; they
were only able to state that 0 < 26 < 30°. Their experiment is sometimes erroneously interpreted as evidence for complete
wetting [65]. In fact, because the films lie on a sapphire substrate favorable to the liquid, we shall see below that, where they
touch a sapphire window, GBs open up as macroscopic liquid channels for simple reasons having to do with the equilibrium
of local surface tensions. Sasaki et al. [11] explained that Franck observed these liquid channels near the sapphire surface,
not the wetting of the grain boundaries in the bulk of the crystals.

4. Contact lines of grain boundaries
4.1. Liquid channels along walls

As shown in Figs. 8a, b and g, a liquid channel can exist at the contact line between the GB and the glass window of the
cell. As explained in Ref. [10], this phenomenon is due to the glass wall being preferentially wet, although not completely,
by the liquid phase. It occurs when the GB energy «gp is large enough.

Fig. 10a shows a schematic view of a liquid channel. Its existence is a consequence of gravity, hydrostatic equilibrium,
and force balance on contact lines.

The width of the liquid channel decreases rapidly when the solid pressure Ps increases above the liquid-solid equilibrium
pressure Peq. The typical pressure at which it closes is when this width reaches 1 nm, the typical thickness of a GB. This
was found to occur 1 MPa above Peq in the case of helium, except if important stress gradients take place in the solid.

A similar phenomenon occurs if three crystal grains meet. They define three GBs that meet at a contact line. For the
same reason as that considered above, this contact line will be invaded by the liquid phase if the groove angle is less than
60°, as is the case in helium.

A polycrystal near Peq should thus be invaded by a three-dimensional network of liquid channels. This effect had already
been predicted by Miller and Chadwick [66], who expressed the departure from the melting curve in terms of temperature
instead of pressure, but this is equivalent. Such a network has been observed in ice crystals [67]. Each node of this network
will be a liquid droplet. If the pressure increases above Peq, the channels and droplets will shrink and close around 1 MPa
above P.q when their size becomes of atomic dimension, unless they are stabilized by local stresses, as already mentioned.

5. Conclusion

In this review, I have described some wetting phenomena that have been observed with helium crystals in contact with
solid walls. None of them is particular to quantum crystals. In reality, they illustrate the general laws governing wetting
in classical systems. It is only the values of some parameters like the surface energy or stiffness of crystals, which are
a little different from what is known in classical solids. And, of course, the growth dynamics of helium crystals allows
unconventional methods to be used to study wetting phenomena.

I have focused on some properties that are directly related to wetting. I could have described an important mechan-
ical instability that occurs when a non-hydrostatic stress is applied to crystals. This instability is known as the “Asaro-
Tiller-Grinfeld” instability, from the names of the three authors of pioneering work on it [16-18]. It has been shown



540 S. Balibar / C. R. Physique 14 (2013) 531-541

experimentally that when a horizontal stress is applied to a helium crystal in equilibrium with superfluid helium above,
regularly spaced grooves appear beyond a critical stress oc [19-21], in agreement with developments of the theory of this
instability [2,15,22]. The physical interpretation of this instability is that a modulation of the height of the crystal surface
allows some release of elastic energy at the expense of some surface energy. A clear relation of this phenomenon to wet-
ting has been made by ].N. Aqua et al. [23]. The same instability occurs in heteroepitaxy of semiconductors where a lattice
mismatch between layers of different materials - for example Ge on Si or AlGaAs on GaAs - produces an anisotropic strain
and most importantly the formation of quantum dots, which are very well known for their use in modern technology. There
is a difference in scale because, in helium, one observed the formation of grooves separated by millimeters at the critical
stress while, in semiconductors, the stress is very much larger, so that the wavelength of the instability is in the nanometer
range. But it is now understood that the origin of the instability is the same. Future experiments could fill the gap between
the two scale domains.

Another phenomenon has not been described in this review, namely the crystallization of helium inside porous media,
on which interesting work is done by the group of Y. Okuda [68]. In conclusion, some more work with solid helium might
further improve our understanding of wetting by solids.
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