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For decades, superfluid helium has attracted the interest of the scientific community as an extremely
pure realisation of a quantum liquid, only accessible at temperatures close to absolute zero.
Previously, helium films have only been observed directly using X-rays. However, this method is
limited to temperatures above1Kdue to thehigh levels of energydeposition, and it also suffers froman
inability to distinguish between helium isotopes. Here we show that a 3He layer on top of a phase
separatedmixture film at 170mKgradually dissolves into the 4Hewith increasing temperature.Wealso
observe an anomaly in film behaviour near 300mKandunexpected restoration of the layered structure
at 1.5 K which is consistent with a re-entrant phase transition leading to the suppression of
superfluidity in the film near 300 mK. Our successful application of neutron scattering to study helium
films at ultra-low temperatures opens up new possibilities for future research.

The discovery of superfluidity in 4He heralded a new age of research into
macroscopic quantum phenomena. Of the many strange effects witnessed
in superfluids at low temperatures, those in thin films remain among the
most elusive for experimental investigation. A thin film of highly mobile
helium coats all surfaces whose lower extremities touch the superfluid,
except for certain alkali metals1. Superfluid films host a variety of iconic
quantum phenomena, such as the Kosterlitz–Thouless topological phase
transition2, Rollin film flow3, and third sound4 including the existence of a
critical Casimir force between the interfaces of the film, near the 3He–4He
tricritical point5 and the superfluid transition6. Superfluid helium films have
the potential for important applications in quantum optomechanics7,8.

The addition of 3He to superfluid 4He allows us to observe and study
phase-separated 3He/4Hemixture films below 1K9,10. Because the liquid 4He
isotope obeys Bose–Einstein statistics, whereas 3He is governed by Fermi
statistics, a 3He–4Hemixture facilitates experimental studies of the interplay
between these two fundamental quantum statistics.

More than 50 years ago, Andreev showed that 3He atoms are bound to
the free surface of 4He11. The most important development in the study of
mixture films has been the understanding of 3He impurity energetics in a
4He environment9,10. Below 150mK, 3He–4He mixture films exhibit nearly
complete phase separation12 with a lower (i.e. closer to the substrate) layer of
mainly superfluid 4He, and a thin upper layer of 3He–4He mixture13. In the
zero temperature limit, the 3He is in its ground state, which in physical space
is located on the surface of the 4He film10. As the temperature increases, 3He

will be promoted into higher energy states, leading to themixing of 3He into
the 4He film10,14,15.

Particle beam experiments have allowed some insight into the beha-
viour of thin helium films. X-ray specular reflectometry enables the mea-
surement of thedepth and surface profiles of 4Hefilms adsorbedonto silicon
substrates16,17. However, this method is limited to temperatures above 1 K
due to the high levels of energy deposition18. Furthermore, the technique is
unable to distinguish between the 3He and 4He isotopes, which is a sig-
nificant distinction in the study of 3He–4He mixture films19.

Theweak interaction of neutronswithmatter substantially reduces the
problem of overheating that arises with particle or X-ray beams, thus
allowing neutron scattering experiments down into the millikelvin tem-
perature range20,21. Furthermore, the twohelium isotopeshave very different
neutron scattering cross-sections22 (see Table 1), as well as very different
absorption cross sections, thus enabling their contributions to be separated.
Indeed, the strong absorption cross-section of 3He hasmade it themainstay
of neutron detectors for decades23 and also allows neutron imaging of the
separate helium isotopes via neutron radiography24. This has enabled
inelastic neutron scattering observations of surface ripplon excitations in
atomically thick liquid 4He20 and, more recently, observation of roton-like
excitations in a 3He monolayer21. A comprehensive review of neutron
scattering studies of atomic thickness 3He films is given in25. Whilst there
exists a significant body of work on low-temperature heliummixture films,
for a variety of 3He concentrations, their focus is on much thinner films9.
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Herewehave investigated a thicker saturatedheliumfilmwith a thickness of
about 45 atomic layers: our results may not be applicable to unsaturated
helium films.

Our earlier experiments on specular neutron reflection from the sur-
face of bulk liquid 3He–4He mixtures26,27 were complicated and ultimately
frustrated by departures of the liquid surface from optical flatness and, in
particular, those associatedwith its meniscus spreading from the wall of the
container. Another serious problem was that mechanical vibrations could
easily disturb the bulk liquid helium surface.Here, we use a silicon block as a
film substrate, with the bulk helium surface tens of millimetres below,
thereby eliminating themeniscus problem. This arrangement also increases
the surface area available for neutron reflection, and it improves the film’s
stability in the face of helium surface distortions caused by vibrations. The
mechanical vibrations of the sample are mostly displacements where the
silicon block moves as a whole, together with the helium film.

Herewe report anultra-low-temperature experimental investigationof
saturated, van der Waals superfluid helium films based on neutron reflec-
tivity.We study a liquid 4He sample of commercial purity (containing about
2 × 10−7 of 3He) and a 0.1% 3He–4He mixture. Thanks to the exceptional
sensitivity and precision of neutron reflectivity, we can observe and study a
160Å thick superfluid helium film on the silicon surface.We have observed
a phase-separated 3He/4He mixture film at 170mK, and have been able to
watch the gradual dissolution of its 3He top layer into the 4He with
increasing temperature. We have also observed an anomaly in the film’s
behaviour near 300mK and have discovered an unexpected restoration of
the layered structure at 1.5 K.

Results
Neutron reflectivity curves
In Fig. 1a, c, we present normalised reflectivity curves for the nominally pure
4He film, which had a 3He/4He ratio of 3He ~ 10−7 (commercial helium),
compared with results from a 0.1% of 3He in 4He mixture. The red curves
show the reflectivity signal from the bare surface of the silicon substrate
obtained in a separate measurement. The nominally pure 4He data were
collected at 150mK and themixture data at 170mK. The reflectivity for the
pure 4He and the mixture differ significantly. In each case, the deviations in
reflectivity from that of the bare substrate indicate unambiguously the
formation of a layered structure, as shown by the presence of Kiessig
fringes28,29. Kiessig fringes arise due to constructive and destructive inter-
ference of the incoming and outgoing neutrons as they reflect from the film
surface and the substrate/film (bottom-most) interface. This means they
provide information on the total thickness of the film and indicate the
presence of a thin film of helium. From the reflectivity data, we can extract
the full spatial variation of the scattering length density through the film via
an iterative fitting process. The experimental data were analysed using the

Table 1 | The scatteringpropertiesof thehelium isotopes in the
solid and liquid states at a temperature of 1 K58,59

Isotope b (fm) Density (g/cm3) nSLD (×10−6Å−2)
3He @ 1K 5.74-1.483i 0.08172 0.9366
4He @ 1K 3.26 0.14511 0.7117

Solid 4He 3.26 0.187 0.9172

b is theboundcoherent scattering length in femtometres (fm)22. nSLD is the scattering lengthdensity
defined as the product Nb where N is the number density of the material in question in atoms per
Å319,22. Note the large imaginary component ofb for 3He, indicating its large absorption cross section
for neutrons, a feature that is absent for 4He. 4He and 3He scattering length densities as a function of
temperature are presented in Supplementary Note 1.

Fig. 1 | Reflectivity curves and neutron scattering
length density profiles for nominally pure 4He and
for the 3He–4He mixture. a The reflectivity curve
for the nominally pure 4He film. b The neutron
scattering density profiles for pure 4He. c The
reflectivity curve for the 0.1% of 3He in 4He mixture.
d The neutron scattering density profiles for the
helium mixture. Qz is the out-of-plane wavevector
transfer and I/I0 is the detected intensity, I, nor-
malised to the incident intensity, I0, also referred to
as the reflectivity. The red curves show the reflec-
tivity signal from the bare surface of the silicon
substrate, measured separately. The solid lines
represent the best fit to the data. The black dotted
line is the nSLD profile derived from the best fit to
the data. The grey regions (dark and light) represent
the 1σ (68%) and 2σ (95%) Bayesian confidence
intervals respectively. χ2 is the conventional measure
of the goodness-of-fit and indicates excellent
agreement with the data.
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Refl1D software package30. Details of the analysis are given in Supplemen-
tary Notes 2–4.

Neutron scattering density profiles
In Fig. 1b, d, we present the nuclear neutron scattering density (nSLD)
profiles resulting from the data analyses for the pure 4He and the helium
mixture, respectively. The nominal bulk nSLD profiles are given in Table 1.
In both cases, as we move away from the surface of the substrate, the
scattering density plateaus out at a value corresponding approximately to
the scattering density of liquid 4He. The main difference between the two
profiles is the existence of a density anomaly (3He) at the surface of the
helium mixture film. Qualitatively, this layer provides additional neutron
contrast resulting in an enhancement of theKiessig fringes. For the 3He–4He
mixture there is a small enhancement of the Kiessig fringes due to the
enhanced contrast of the 3He at the surface. For pure 4He there is also a
slightly more pronounced increase in nSLD at the SiO2 interface that is
indicative of the formation of a thin solid 4He layer16,17. The grey bands in
Fig. 2b, d represents the 1σ and 2σ Bayesian confidence intervals on the
reflectivity analysis. Both the reflectivity curve and density profile of pure
4He exhibits little change between 150mK and 1.5 K. The complete set of
reflectivity curves are presented in the Supplementary Fig. 11. The minor
changes observed could be attributable to the temperature dependence of
the 4He surface tension. The peak positioned at the surface of the silicon
substrate in both cases is caused by a native SiO2 layer. It should be noted
that all the helium interfaces, especially in the pure 4He case, are rough/
diffuse. A possible explanation lies in the effect of mechanical vibrations

generated by the pulse-tube cryo-cooler of the dilution refrigerator. After
obtaining initial results of the kind shown inFig. 1b,we implemented several
anti-vibration measures, such as moving the pulse tube motor to a remote
location suspended by flexible mounts and similarly isolating the dilution
fridge pumping lines. This substantially reduced the amplitude of vibrations
and consequently improved the spatial resolution. This change can be seen
in the sharpness of the vacuum-He interface as shown in Fig. 1d.

We now turn to the temperature evolution of the 3He–4Hemixture. In
Fig. 2 we show the evolution of the nSLD profile of the 0.1% 3He/4He
mixture film during warming. At 170mK, panel (a), most of the 3He is
concentrated in a narrow band at the surface of the helium film9,12. This is
confirmed by the absorption scattering length density plot (aSLD) shown in
panel (h); it shouldbenoted that only the 3He significantly absorbsneutrons,
so the aSLD plots give a good measure of where the 3He is situated within
the film.

As the temperature increases to 200mK, panel (b), 3He begins to
dissolve into the 4He9,10 as can be seen by the broadening of features in the
aSLD in panel (i). At 250mK, panels (c and j), film stratification has dis-
appeared. A very striking and unexpected change occurs at 300mK, panels
(d) and (k), where the profile is essentially just that of the Si substrate alone.
It is as though the film has largely disappeared. There is, however, evidence
for a thin absorbing layer that is not present either for the bare Si substrate or
for the Si plus film at other temperatures. These changes are reversible:
cooling to 170mK restored the stratification, with both profiles recovering
their original form; increasing the temperature back to 300mK again
reproduced the same result as observed previously. At 450mK, however, in

Fig. 2 | Nuclear scattering length density (nSLD)
profiles and neutron adsorption scattering length
density (aSLD) profiles. a–g nSLD profiles.
h–n aSLD profiles. Measurements are shown at
temperatures of 170, 200, 250, 300, 450, 700 and
1500 mK. In the 3He/4He mixture film almost all
absorption occurs due to the 3He atoms. The
absorption (aSLD) curves, therefore, give a good
representation of the distribution of 3He atoms
inside the film.
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panel (e), the film re-formed on the silicon surface, with a profile similar to
that at 250mK. At 700mK, panel (f), the 3He distribution in the film has
become more homogeneous. At 1.5 K the film unexpectedly returned to its
stratified form, similar to that at 200mK, with 3He predominantly
remaining close to the surface of the slightly thicker film. For all tempera-
tures, except 300mK, the data are accurately described by the same para-
meterised model. This is not the case, however, for the 300mK data where
the best fit required a very thin inhomogeneous layer rich in 3He on the
substrate. This result was unexpected and was, to say the least, highly
unusual.

Off-specular neutron scattering maps
Exploration of the nature of this effect required the use of off-specular
neutron scattering (QX ≠ 0) to provide information about in-plane struc-
ture/correlations. The POLREF reflectometer collects this information via
its position-sensitive detector. In Fig. 3 we show the off-specularmaps from
the mixture as a function of temperature. Qx = 0 is the true specular
reflectivity which is typically broadened by instrumental resolution and in-
plane inhomogeneities of the sample. If there are no changes in the in-plane

correlations, the width of this ridge of scattering will remain constant. In
Fig. 3b, we see a significant rise in off-specular scattering at around 300mK
for low Qz close to the critical reflection edge. Particularly at low Qz, the
scattering increases inwidth before decreasing back to its resolution-limited
width at all other temperatures. An analysis of the first Kiessig fringe shown
in SupplementaryNote5 indicates that the specular ridgedoesnot change in
width as would be expected if the surface of the filmwere roughening in the
plane of the film. The observed scattering at lowerQznear the critical edge is
similar to Yoneda scattering31 which can result from non-correlated
roughness. The scattering would be consistent with height-height fluctua-
tions with an in-plane correlation length (cut-off) of the order ofmicrons or
possibly a rupturing of the film. Pseudo-rocking curves created, near the
critical edge, shown in panel (d), qualitatively show the change at 300mK
muchmore clearly. It is evident how similar the peaks at 170mK, 1500mK
and the bare silicon curves are. The pseudo-rocking curves were created by
integrating constant lines in the Qz direction over the Qz range from
0.01–0.03Å−1 as shown by the dashed yellow box in panel (a). The reci-
procal space map for the Silicon-only case is shown in the Supplemen-
tary Note 3.

Fig. 3 | Specular and off-specular neutron scattering from the 3He/4He mixture
for three different temperatures.Qz is the out-of-plane wavevector transfer andQx

is the in-plane wavevector transfer. The intensity colour scale is logarithmic and
shows the I/I0 reflectivity for three different temperatures: 170 mK (a), 300 mK
(b) and 1500 mK (c). The high-intensity critical edge can be seen for
Qx ≈ 0,Qz ≤ 0.01Å−1. There is a significant rise in the off-specular scattering at
300 mK and lowQz (b). This is highlighted in the pseudo rocking curves displayed in
(d), where the 170mK, 1500mK and Si-only curves have essentially the same width,

but the 300 mK curve is noticeably broader. These pseudo rocking curves were
created by integrating constant lines in the Qz direction over the Qz range
0.01–0.03Å−1 as shown by the yellow-dashed box in (a) and are intended to high-
light the changes in the reciprocal space maps rather than provide a quantitative
analysis. The dead zone on the left of each image is due to themasking of several dead
detector pixels in the time of flight maps when converted to reciprocal space maps.
This appears as an averaged-out dip in the pseudo-rocking curves.
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Discussion
The difference in the neutron scattering properties of the 4He and 3He
isotopes has allowed us to observe directly the 3He–4He mixture film phase
separation at 170mK12. The expected mixing 3He into the mainly 4He film
with increasing temperature14,15 was clearly demonstrated.

Krotscheck et al.10 developed a microscopic theory to describe the
system of 3He atoms adsorbed on the surface of a liquid 4He film. To avoid
instability at finite wave numbers due to the formation of a solid layer close
to the substrate, they weakened the short-range attraction and adjusted the
attractive tail of the potential to a value about midway between the
experimental and the theoretically predicted32 values. Their calculations
gave the energy difference between the ground and the first excited states as
1.52 K, and that between the ground and the second excited states as 2.75 K,
for 0.30Å2 surface coverage10. These results agree with the experimental
value of 2.28 K for the 3He binding energy obtained from “surface sound”
experiments onheliummixturefilms14. The calculationswereperformed for
four surface coverages,with the largest, 0.30Å2, corresponding to a 15Å 4He
film thickness. However, the authors expected that their calculation for the
thickest film is representative of the limit of an infinite half-space. Thus the
theory can appropriately be compared with our experimental results for a
160Å thick helium film.

The results in Fig. 2 show that, at the lowest temperature of 170mK,
almost all of the 3He stays close to the free surface of the helium film. As
temperature increases, 3He atoms leave the surface anddissolve into the bulk
of the film.At 250mK the stratification almost disappears. The temperature
scale of this transformation agreeswellwith the theoretical results of Ref. 10.
The absence of 3He states near a strongly binding substrate is demonstrated
by our experiment, as no 3He impurity-bound states are observed near the
silicon substrate, consistent with the theoretical prediction33 and experi-
mental results for strong-bonding substrates34.

Our most intriguing observation is the dramatic transition in the
3He–4He mixture film at 300mK. The scattering density and neutron
absorption profiles in Fig. 2 demonstrate the absence of a homogeneous
helium film, and the generation of disorder on the substrate surface that we
postulatemay consist of a quasi-layer thatmust contain some 3He, as it is the
only element in the system that absorbs sufficiently to give this level of effect.
We note that the Si substrate alone shows no evidence of off-specular
scattering at low temperature indicating that it is the layer that is producing
the additional scattering.

As the temperature rises, 3He mixes into the main superfluid 4He film.
The occupation of higher energy states by 3He atoms may lead to a sup-
pression of superfluidity at around 300mK, accompanied by density fluc-
tuations. As discussed in35, adding a small amount of 3He destabilises the
film, so these fluctuations could easily disrupt an already unstable film. One
might also expect that critical Casimir forces6 could affect the film thickness
and stability as the film goes through a superfluid transition. Another
possible mechanism could be film instability in the vicinity of a phase
transition, caused by the short-range repulsive potential on those substrates
whose electrons are weakly bound and extend far outward from the surface.
This phenomenon has been studied for alkali metal surfaces36 but, hypo-
thetically,might also arise in the case of surface charges trapped in the silicon
oxide layer. Further neutron reflectivity measurements, particularly off-
specular ones, will be required for a deeper understanding of this
phenomenon.

At 450mK the film reappears as a homogeneous, structureless helium
mixture film and remains in this state up to 700mK. Themarked change in
the structure of the film at 300mK, and the fact that its structure is similar
both below and above this temperature, suggest the existence of a re-entrant
phase transition close to 300mK.

The restoration of enhanced fringes at 1.5 K is another quite unex-
pected result. Similarly to the 300mK anomaly, the film undergoes sig-
nificant structural changes between 700mK and 1.5 K. At these
temperatures the vapour pressure of both helium isotopes becomes non-
negligible, which complicates the situation further. Significant amounts of
3He and 4He in the vapour phase mean that the precise isotopic

concentration in the film unknown and in a constant state of flux. This
feature tempts us to speculate that there might be a second, “high tem-
perature” phase transition, perhaps as discussed in37–39. However, the cur-
rent experimental data are insufficient to draw a definitive conclusion about
either the existence or the nature of this transition.

The role of quantised vortices in the film should also be considered.
Vortices are known to trap 3He in their cores at very low temperatures40–42.
As the temperature rises, the 3He starts to be released at a critical tem-
perature that depends on the isotopic concentration, occurring at about
0.5 K for a 0.1% bulk solution40. Could this process be responsible for the
anomaly in the neutron reflectivity that we observe near 0.3 K? It is likely
that some vortices will indeed exist in the film. These can be remanent
vortices43 in the bulk superfluid, created when the nascent superfluid film
wets the Si substrate, or created through vibrations transmitted from the
pulse tube of the refrigerator. To have a significant effect on the distribution
of the 3He in a film, however, their density would need to be high enough to
compete with the surface states in attracting 3He.Wemay speculate that the
absorption of 3He into surface states might effectively reduce the 3He con-
centration of the solution, thereby driving the vortices’ absorption/deso-
rption transition lower in temperature. To our knowledge, however, there is
no evidence for the required high density of quantised vortices existing in
superfluid films. We conclude that, although there is probably some trap-
ping and release of 3He fromvortices in thefilm, the effect is unlikely to be of
significance in the present context.

Looking to the future, we note that the use of polarised neutrons and a
magnetic reference layer44,45 would yield even greater sensitivity to the
observed separation of the helium isotopes. The extremely low level of
neutron beam heating, combined with the high isotopic sensitivity of
neutron scattering, promises to reignite interest in the search for super-
fluidity in 2D 3He films46, in the 2D Fermi liquid-gas transition proposed by
Andreev and Kompaneets47, and in the study of helium surface excitations
in the ultra-low temperature limit48. An understanding of helium film
properties is also important for the development of qubits based on the
surface electrons on helium49,50. It could also contribute to dilution refrig-
erator development, e.g. of the powerful machines needed for cooling
quantum computers whose performance is currently limited by helium film
effects. A better understanding of the latter could lead to enhanced
cooling power.

In summary, we have presented a study of pure 4He and 3He/4He
mixture films using specular neutron reflection, in the temperature range of
150mK to 1.5 K. Thanks to the exceptional sensitivity and precision of this
technique, we have observed a phase-separated 3He/4He mixture film at
170mK, and have been able to watch the gradual dissolution of its 3He top
layer into 4He with increasing temperature, in agreement with current
theories10,14,15. Furthermore, the surprising behaviour of the heliummixture
at 300mK hints at the possibility of an as-yet unstudied geometrically
restricted phase transition. The subsequent restoration of the layered
structure at 1.5 K was equally unexpected.

Methods
Sample environment: dilution refrigerator
The experimentwas undertaken using the cryogen-free dilution refrigerator
E-18, manufactured by Oxford Instruments. This refrigerator has an
unloaded base temperature of around 20mK, with a cooling power of
300 μW at 100mK. The cell is attached via a copper bracket to the mixing
chamber of the dilution refrigerator, which is itself mounted on the posi-
tioning table of the Time of Flight (ToF) neutron reflectometry instrument
POLREF51 at the ISIS neutron andmuon source. Connection to the interior
of the cell was made using an indium-sealed joint that allowed helium to be
dosed into the cell via thin-walled capillaries. These capillaries were well-
thermalised at each of the refrigerator’s cooling stages using copper bobbins.

To reduce the level of vibration in the equipment, caused by the pulse
tube cooler of the cryogen-free dilution refrigerator, it features some degree
ofmechanical detachment from the pulse tube in the form of copper braids.
The motor head that drives the cooler is also remotely mounted some
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distance away from the refrigerator and does not touch the equipment, save
for the connecting flexible helium hose that must be attached. Care was
taken to minimise the mechanical contact between other experimental
necessities (such as pumping hoses and cables) and the dilution refrigerator.

The experimental cell was kept under vacuum during transport and
cool-down of the dilution refrigerator, whose own automated cool-down
procedure was used. Once at millikelvin temperatures, the experimental
helium mixture sample itself was condensed into the experimental cell, a
process that could be followed by monitoring the diagnostic and experi-
mental thermometry data.

To condense the helium sample a bespoke gas panel was used. This
allows storage of commercial 4He and 3He in known volumes. The gas
handling equipment enables the creation of high-precision gas mixtures to
±5%. Once the mixture is made it can then be passed through a regulator at
such a rate that the dilution refrigerator can condense the gas comfortably. For
example, 1.15 bar-ℓ of helium mixture was condensed over 30min, with the
temperature rising to no more than 600mK on the mixing chamber sensor.

Experimental setup
The experimental cell, shown in Fig. 4, consists of two circular copper
flanges, which are indium sealed (2) to a rectangular aluminium section in
between. The aluminium section has two thin-wall windows (3) for incident
and scattered neutron beam access. The silicon block (4), whose surface has
a high-quality finish, is placed at the bottom of the cell. We leave a 0.5 mm
gap between the vertical planes of the silicon block and the aluminiumwalls
of the cell. The single-crystal silicon substrate (4) has dimensions of
49 × 79 × 14mmwith the 111 direction polished surface normal and sits on
an aluminium support block (5). The substrate is opticallyflatwith a surface
roughness of nominally 3Å rms when purchased from the supplier. The
surface is initially cleaned by UV/Ozone and subsequently cleaned in Pir-
anha solution, this often increases the roughness to 4–6Å rms. The sample
was mounted flat to gravity such that the surface normal was parallel to
gravity.Helium, condensed into the cell through thefill line (1), accumulates
as bulk liquid in the bottom of the gap. This arrangement allows the for-
mation of a saturated helium film on all exposed surfaces, including the
high-quality horizontal surface of the silicon block. The distance between
the bulk helium surface and the surface of the silicon block was maintained
at 2.42 cm. This distance is deduced from the known volume of condensed
helium mixture and the known free volume between the silicon block and
the walls of the experimental cell. It is assumed that the volume of helium
which makes up the film is negligibly small when compared to that of the
bulk liquid. The measured film thickness of approx 160Å is in reasonable
agreement with the theoretical value of 165Å obtained for quartz surface52.
The upper and lower parts of the cell are shielded by cadmium foil in order
to reduce secondary neutron scattering, thus reducing the background. The
ruthenium-oxide sensor (7) and heater (6) are used for temperature mea-
surement and control. The cell is attached by a copper bracket (8) to the
dilution refrigerator. During the experiments, no temperature rises attri-
butable to heating by the neutron beam have been detected.

Fig. 4 | The experimental cell used for this study.
The schematic shows the experimental cell where:
(1) is the cell fill line; (2) Indium joint; (3) thin
Aluminium (7075-T6) cell wall; (4) treated silicon
block; (5) aluminium support block; (6) resistive
heater; (7) calibrated RuO2 thermometer; (8) copper
bracket, connected to mixing chamber of dilution
fridge. The enlarged section on the right shows the
positions of the horizontal part of the helium film
and the surface of bulk helium liquid with essential
dimensions.

Fig. 5 | Schematic diagrams of the experimental cell and how it relates to the
scattering geometry used for the study. aThe position of the silicon block’s surface
in relation to the incoming and reflected neutron beams. b The scattering geometry
for neutron reflection. ki,f are the neutron incident and final wavevector respectively.
Qz = kf− ki is the wavevector transfer parallel to the surface normal. For off-specular
scatteringQx, the wavevector component in the plane of the sample is non-zero and
information on in-plane correlations can be accessed.
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Neutron reflectivity
As described above, the aluminium experimental cell encompasses a silicon
block with a high-quality polished surface, used as the film substrate. Its
geometry and position in relation to the neutron beam are illustrated in
Fig. 5. The neutron beam is incident on the silicon surface at an angle θ
between 0.25° and 2.0° and, after being reflected, is measured by a multi-
detector53. The substrate sample surface was mounted horizontally. The
incident beam was 30mm wide, with the vertical height set to maintain a
60mm long illuminated footprint at all three angles used tomeasure the full
range of wavevector transfer,Q. Thismaintains a constantΔQ/Q resolution
of 1.5%andunder illuminationof the sample area at all times. This ensures a
large area of the helium film is sampled by the neutron beam.

Two separate experiments were performed: one measuring a nomin-
ally pure 4He film, and the other a 3He/4He mixture film. At each new
temperature, we left the experimental cell for about half an hour to reach
thermal equilibrium before embarking on the reflectometrymeasurements,
which typically took several hours to complete. The sample was horizontal
at all times, and an incident neutron super mirror was used to change the
angle of incidence of the incoming neutron beam.

Data availability
The ISIS neutron reflectivity data are available for ISIS experiments
RB1320192 and RB1910267 at the ISIS data repository. The DOIs are given
in54–57.
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