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Impurity-stabilized solid 4He below the
solidification pressure of pure helium
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The modification of melting temperatures and pressures by
dissolved impurities is well known in classical fluids. However, to
our knowledge such effects have never been studied in quantum
solids because of the difficulties in introducing impurities into
such crystals that exist only at cryogenic temperatures, and, in
the case of 4He, at pressures exceeding 25 bar. Here, we present
an effect that occurs during the melting of solid 4He doped
with nanoscopic impurities (alkali atoms, clusters, ions and
electrons): the doped part of the crystal remains solid under
conditions at which pure helium is liquid. Using interferometry,
we found that the density of the solid structure lies between the
densities of pure liquid and pure solid helium. We tentatively
interpret the solid structure as being an aggregation of positively
charged particles and electron bubbles.

The coexistence of a 4He crystal with superfluid 4He is a model
system for investigating fundamental aspects of the growth and
melting of quantum crystals. Many subtle effects at the crystal–
liquid interface have been studied in the past, such as faceting and
propagation of crystallization waves (reviewed in ref. 1), interface
motion under the action of acoustic waves2 or confined electrons3

and instability induced by a non-hydrostatic stress4. The role of
3He impurities was discussed in connection with the formation of
supersolid 4He (refs 5,6).

In the past decade, we have developed a laser ablation
technique for doping a 4He crystal with atomic impurities. Our
(recently reviewed7) main research activity is devoted to optical and
magnetic resonance spectroscopy of atomic, molecular and exciplex
defects, both in body-centred-cubic (b.c.c.) and in hexagonal close-
packed (h.c.p.) 4He crystals. The doped part of the crystal has
approximately the shape of a vertical cylindrical column of bluish
colour, which can be observed through a side window of the cell
(Fig. 1a–d).

When the crystal pressure is slowly decreased, an interesting
phenomenon is observed during the solid–liquid phase transition.
Fig. 1a,b shows the doped crystal in the h.c.p. and b.c.c. phases
respectively. Whereas the h.c.p. phase is perfectly homogeneous
and transparent, the b.c.c. phase has a polycrystalline structure and
light refraction at the grain boundaries gives the sample a turbid,
albeit not completely opaque, appearance (Fig. 1b). The crystal
melts from top to bottomwhen the pressure is further released. The
well-visible liquid–solid phase boundary moves downwards when
the pressure is lowered. In Fig. 1c, the liquid level has dropped
below the upper end of the doped column. Most remarkably, the
doped column remains a solid and stable structure protruding into
the liquid until all surrounding helium is liquefied (Fig. 1d), while

still under pressure. Under those conditions the structure remains
unchanged for at least half an hour. A further relief of pressure
makes the structure break up into many smaller parts which then
float to the bottom of the pressure cell (Fig. 2). We will refer to the
solid structure in the liquid matrix as an ‘iceberg’.

We have observed similar structures in crystals doped by
ablation from targets of caesium, rubidium or their 50/50 mixture,
which all behave similarly. To better understand the nature of the
icebergs, we have carried out the investigation reported below.

The colour of the sample (Fig. 1) is due to a broad absorption
band centred around 750 nm for Cs and 640 nm for Rb (Fig. 3)
that is typical for plasmon resonances in metallic nanoparticles8.
The spectral dependence of the extinction coefficient depends on
the cluster size and on the complex dielectric function, ε(l), of
the metal. It is described by Mie theory9 for small particle sizes
(Rcl �l). Using dielectric functions from ref. 10, we have modelled
the extinction spectra by assuming spherically shaped clusters and
fitted the experimental spectra by adjusting the radii, Rcl, and
density distribution, Ncl(Rcl), of the Rbn and Csn clusters (Fig. 3).
For caesium, a best fit with the experimental spectrum is obtained
for an average cluster radius of 〈Rcl〉 = 41 nm, a width of the
distribution (full-width at half-maximum) of 1Rcl = 50 nm and
a total cluster density Ncl = 3.3× 109 cm−3 (assuming a 3 mm
diameter of the doped part of the crystal). The corresponding
parameters for rubidium are 〈Rcl〉 = 10 nm,1Rcl = 41 nm and
Ncl = 2.5×1010 cm−3.

We have determined the density of the doped sample
from the index of refraction measured with a Mach–Zehnder
interferometer. The index of refraction of pure solid helium
is nHe =

√
1+4παHe(l)ρ = 1.03716 for a molar polarizability

αHe(l) = 0.125 cm3 mol−1 (ref. 11) (at l = 546 nm) and a molar
density ρ = 4.82× 10−2 mol cm−3 (at p = 30 bar and T = 1.5K).
The index of refraction, ncl, of nanoparticles suspended in a
dielectric matrix with index of refraction nHe can be calculated
fromMie theory. It can be shown—using Ncl and Rcl inferred from
the extinction measurement—that the clusters change the index
of refraction by 1ncl = 2× 10−6, which induces a further phase
shift of only 0.01×2π and hence does not affect the fringe pattern
compared to the pattern observed with pure helium.

The first and second rows of Fig. 1 were obtained with
different samples (Rb in the first row, Cs in the second row),
but corresponding pictures in each column were recorded during
similar phases of the melting process. Interferograms taken in
doped solid He are indistinguishable from those taken in pure
liquid or pure solid helium and reveal no structure that could
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Figure 1 Appearance of iceberg structure during melting of a doped 4He crystal. a–h, Photographs of Rb-doped (a–d) and interferograms of Cs-doped (e–h) He taken
through a 2-cm-diameter window during controlled pressure release at T= 1.5 K. i, Phase diagram showing the corresponding experimental conditions as points. a,e at
point 1: h.c.p. crystalline phase at 30 bar; b,f at point 2: transition from h.c.p. to b.c.c. at 26.8 bar; c,g at point 3: b.c.c.–liquid phase transition at 26.4 bar; d,h at point 3:
liquid He at 26.4 bar, just at the end of the phase transition. The column-like structure in the centre (iceberg) corresponds to the part doped with Cs/Rb.

be associated with the dopants (atomic or cluster). A typical
fringe pattern obtained with Cs doped (h.c.p.) solid He is shown
in Fig. 1e.

Lowering theHe pressure in the cell results in a uniform upward
motion of the fringe pattern. During the phase transition (h.c.p. to
b.c.c. and also b.c.c. to liquid) the sample becomes inhomogeneous,
owing to the coexistence of the two involved phases (Fig. 1b and
lower part of Fig. 1c) and the fringes disappear (Fig. 1f and lower
part of Fig. 1g).

When the pressure is further released, the crystal starts to melt
and the two phases separate: the solid occupies the lower part of the
cell, and the liquid the upper part, as shown in Fig. 1c,g. The iceberg
structure rises from the b.c.c. phase into the He liquid (which is
homogeneously transparent) yielding a horizontal fringe pattern,
whereas the fringes are deformed in the region of the iceberg.
Finally, Fig. 1d,h shows the iceberg after the surrounding helium
is completely liquefied.

The fringes in the region of the iceberg are strongly deformed,
indicating that the refractive index of the iceberg differs from that
of the surrounding liquid helium. The curvature of the fringes
is related to the variation of the thickness of the (approximately
cylindrical) iceberg across the picture, and the fringe shift (with
respect to its position in the liquid) reaches a maximum in the
centre of the iceberg, where it is thickest. As discussed above, the

dopants (atoms and/or clusters) have a negligible contribution to
the refractive index, which is thus determined only by the He
density. From the downward bending of the fringes and their
upward motion during pressure release, we conclude that the
iceberg density is larger than that of liquid helium.

The fringes produced by a ≈3-mm-thick slab of helium (the
iceberg diameter) move by approximately 16 fringe periods when
going from solid to liquid, as is easily estimated on the basis of
the refractive indices of helium given above. From Fig. 1g,h, we can
estimate a maximal deformation of the pattern to be 3 to 4 fringe
periods in the centre of the iceberg. This leads us to conclude that
the density of the iceberg lies somewhere between the densities of
liquid and solid helium, although closer to the liquid density.

The solid structure in caesium-doped helium reported here has
several common features with the macroscopic solid structures,
called impurity-helium solids, investigated in refs 12–15. In those
experiments, a helium gas jet doped with molecular or atomic
impurities was directed into liquid helium. On condensation in
the helium bath, the gas mixture forms a macroscopic highly
porous structure composed of frozen impurity clusters surrounded
by a relatively thin shell of solid helium14,15. According to a
theoretical model presented in ref. 12, the solidification of He
in those structures, that is, the attachment of He atoms to the
impurity centre, is due to the van der Waals attraction between the
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Figure 2 Caesium-doped iceberg in liquid helium during its disintegration. The
shape of the illuminated region results from the oblique view through two aligned
windows. T= 1.5 K, p= 26.4 bar.

impurity atoms or molecules (which have paired electrons) and the
surrounding helium atoms.

The structure observed here has a different underlying binding
mechanism. The strong repulsion (due to the Pauli principle)
between the unpaired Cs/Rb valence electron and the closed
S-shell of a He atom dominates over the attractive van der
Waals force16. Moreover, the estimated17 number density of Cs
atoms (108−109 cm−3) is many orders of magnitude smaller
than the dopant concentrations used in the experiments with
impurity-helium solids (about 1020 cm−3). Alkali clusters also have
a very low number density, and the electron density on their
surface is so high that He atoms cannot approach close enough
to experience a van der Waals attraction18, as demonstrated by the
non-wetting of solid Cs by superfluid 4He (ref. 19). It is therefore
very unlikely that neutral particles can hold together such a large
amount of He atoms and the observed iceberg structure must be
due to another type of impurities produced during ablation. These
impurities are not detected by our spectroscopic (extinction, laser
induced fluorescence7) and interferometric measurements.

On the basis of these facts, we assume that charged particles
are responsible for the iceberg formation. It is well known20,21 that
alkali ions in liquid He attract He atoms via electrostriction and
form so-called snowballs—complexes consisting of one alkali ion
surrounded by a spherical shell of He atoms whose local density is
so high that it is solid. According to recent theoretical studies22,23,
up to 17 He atoms can be bound to a single Cs+ ion in liquid
He. It is also well known that the electrostriction produced by an
externally applied inhomogeneous electric field in liquid helium
at appropriate temperature and pressure can initiate He crystal
nucleation24. Both atomic and cluster ions can be produced by
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Figure 3 Extinction spectra of Cs- and Rb-doped solid He. The noisy curves are
experimental data and the thick line is the result from Mie theory with a gaussian
distribution of cluster sizes as discussed in the text. For Cs we also show the Mie
results for monodisperse clusters (thin lines).

the laser ablation from a metallic surface and are thus probably
present in our samples. The extinction spectra in Fig. 3 contain
contributions from neutral and positively charged clusters as the
plasmon resonance frequencies of large clusters depend on the
number of electrons, Ne, and are thus insensitive to their degree
of ionization. Highly charged clusters break up into smaller weakly
charged clusters by Coulomb explosion. The density of charged
clusters is thus smaller than Ncl determined from Fig. 3. It is
likely—although, to our knowledge not studied—that charged
clusters also form snowballs like atomic ions do. We therefore
believe that atomic (and eventually cluster) ions play a dominant
role in binding He atoms together. Unfortunately, the absorption
lines of Cs+ and Rb+ ions lie in the deep ultraviolet part of the
spectrum, not accessible to our spectrometer.

Our observation of electric-field-induced currents in doped
crystals25 points to the presence of charges. Another manifestation
of the presence of charged impurities is observed when the sample
(iceberg) is destroyed by releasing He pressure in the presence
of an electric field. After the melting of surrounding solid He,
fragments of different sizes start to split off the iceberg and to move
towards one of the high-voltage electrodes, where they stick and
stay attached until the complete destruction. At some point, the
whole iceberg splits into two groups of fragments attracted each
by one of the electrodes.

Crystalline structures formed by ionic snowballs were recently
observed26 in experiments with He+ ions in liquid He which form
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two-dimensional crystals when confined by electric fields. The
iceberg structure reported here is stable without any external field.
We suggest that the repulsive Coulomb interaction between the
ions is compensated by the attractive forces due to electrons—other
negatively charged particles are unlikely to be present—distributed
in the same doped volume. Indeed, the laser ablation produces
equal amounts of positive and negative charges and the resulting
iceberg as a whole is electrically neutral. The recombination of
the charged particles, although very efficient in the gas phase, is
strongly suppressed in condensed He owing to the stabilizing effect
of the snowball shell surrounding each positive ion and the bubble
structure of the electron27. From the Pauli principle, the electron
experiences a strong repulsion by the closed S-shells of the He
atoms and cannot come close enough to the snowball core, thereby
suppressing recombination.

In summary, we believe that the iceberg consists of the
aggregation of positively charged particles and electron bubbles
probably assisted by surface tension28. Whether these particles form
a disordered or an ordered (poly-)crystalline structure is not clear.
Future studies using infrared spectroscopy of electron bubbles or
a measurement of plasma oscillations, for example, may provide
more detail on the nature of the iceberg.

METHODS

Experiments were carried out at 1.5 K over a range of pressures covering 26 to
36 bar. The phase diagram of 4He (Fig. 1i) shows that at 1.5 K and 26.4 bar,
superfluid He solidifies in a b.c.c. crystalline structure, which then makes a
phase transition to a h.c.p. structure at 26.8 bar.

The implantation technique is described in detail in refs 7,17. A helium
crystal is grown inside a pressure cell (inner volume ≈ 200ml) by condensing
and then solidifying pressurized helium gas from an external reservoir. The cell
is immersed in a helium bath kept at 1.5 K by pumping on the bath. Four lateral
windows and a top window provide optical access from three orthogonal
directions. The solid host matrix is doped with Cs/Rb atoms by means of laser
ablation with the second harmonic of a pulsed frequency-doubled Nd:YAG
laser focused through the top window onto a solid alkali metal target at the
bottom of the cell.

For the extinction measurements, a collimated beam of white light from a
halogen lamp was sent through the sample and the spectrum, I(l), of the
transmitted light was analysed by a grating spectrograph equipped with a CCD
(charge-coupled device) camera. The extinction coefficient is defined by
κ(l)L= −lnI(l)/I0(l), where L is the sample thickness and I0(l) is a
reference spectrum recorded after the complete melting of the crystal.

The index of refraction of the sample is measured using a two-beam
Mach–Zehnder interferometer illuminated with a beam from a green laser
pointer (532 nm) expanded to the size of the cell windows (2 cm diameter).
One of the interferometer arms crosses the sample. A small angle is introduced
between the two interfering beams to obtain a pattern of 10–20 horizontally

oriented interference fringes covering both the doped and the undoped parts of
the matrix. The fringe pattern is projected onto a screen and photographed
with a digital camera (Fig. 1e–h).
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