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Phase Diagram of the Topological
Superfluid 3He Confined in a
Nanoscale Slab Geometry
L. V. Levitin,1 R. G. Bennett,1* A. Casey,1 B. Cowan,1 J. Saunders,1† D. Drung,2
Th. Schurig,2 J. M. Parpia3
The superfluid phases of helium-3 (3He) are predicted to be strongly influenced by mesoscopic
confinement. However, mapping out the phase diagram in a confined geometry has been
experimentally challenging. We confined a sample of 3He within a nanofluidic cavity of precisely
defined geometry, cooled it, and fingerprinted the order parameter using a sensitive nuclear
magnetic resonance spectrometer. The measured suppression of the p-wave order parameter
arising from surface scattering was consistent with the predictions of quasi-classical theory.
Controlled confinement of nanofluidic samples provides a new laboratory for the study of
topological superfluids and their surface- and edge-bound excitations.
t temperatures close to absolute zero,
helium-3 (3He) becomes a superfluid, a
state of matter exhibiting macroscopic
quantum coherence and characterized by dissipationless flow. A number of superfluid phases
emerge that have a rich variety of broken symmetries and nontrivial momentum-space topologies (1–4). They provide model systems for
unconventional superconductivity (5) and embody key paradigms of topological quantum matter (6, 7). The quantum liquid 3He played the
central role in the establishment of Landau Fermi
liquid theory, which describes a degenerate system of mobile strongly interacting fermions as
weakly correlated quasi-particles. Superfluidity
in liquid 3He arises from the formation of Cooper
pairs, with relative orbital angular momentum
L = 1 (p-wave) and total spin S = 1 (3He has
nuclear spin 1/2). The Balian-Werthamer (B) phase
is a time-reversal-invariant p-wave superfluid (8),
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analogous to topological insulators and quantum
spin Hall systems (9, 10). The Anderson-BrinkmanMorel (A) phase is a chiral p-wave superfluid,
breaking time-reversal symmetry, and in the twodimensional limit is analogous to integer quantum Hall systems (3) and related to the candidate
topological superconductor Sr2RuO4 (6, 11).
Dimensional confinement into a film geometry of this model system for superconducting/
superfluid p-wave order is predicted to give rise
to considerable surface-induced distortions of the
order parameter (12). The relevant confinement
length scale is set by the diameter of the Cooper
pair, x0 = ħn F/2pkBTc, where vF is the Fermi
velocity, Tc is the superfluid transition temperature, ħ is Planck’s constant h divided by 2p, and
kB is the Boltzmann constant; x0 = 75 nm at zero
pressure, where Tc = 0.9 mK. The topological
nature of the superfluids leads to Majorana (13)
or Majorana-Weyl fermionic excitations at surfaces (14) or edges (3, 15) of the B and A phases
respectively. The order parameter distortions and
spectral weight of surface excitations are directly
related and may be predicted by quasi-classical
theory (16). Nevertheless, our understanding of
the superfluid order of a 3He film has remained
limited, constrained by the difficulty in experimentally fingerprinting the order parameter of
a film of precisely defined thickness; address-
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ing this challenge is the central thrust of this
Report.
In previous work, the superfluid flow of a thin
liquid film over highly polished metal surfaces
has been observed (17). The excitation of surface
waves (third sound) (18) and torsional oscillator
methods (19) have been used to determine the
superfluid density as a function of film thickness.
However, these methods crucially were unable
to identify the pairing state. Moreover, achieving
uniformity of the film and measuring the film
thickness precisely are experimentally challenging.
These issues are addressed in our experiment
by confining superfluid 3He within a single nanofabricated cavity. The key control parameter, cavity height (which determines the film thickness),
is fully characterized. We were able to cool such
samples to well below 1 mK and interrogated
them by means of nuclear magnetic resonance
(NMR) in order to fingerprint the superfluid 3He
order parameter. We have developed an ultrasensitive NMR spectrometer (20) to detect signals from this tiny sample. These technical steps
represent a critical advance on previous NMR
studies of confined 3He, in which an ensemble of
typically 1000 films within a stack of plastic sheets
separated by spacer particles has been investigated (21), leading to an undesirably broad distribution of film thickness.
The sample geometry is shown in Fig. 1. We
have investigated the pressure range from 0 to 5.5
bar, over which the Cooper pair diameter x0 decreased by approximately a factor of two, providing pressure tuning of the effective confinement
for a fixed cavity height D. The temperature dependence of the effective confinement is determined
by the ratio of D to the temperature-dependent
superfluid coherence length x(T). The coherence
length determines the scale of the recovery of the
order parameter away from the surface and arises
from the competition between condensation and
order parameter gradient energiesp(12).
ﬃﬃﬃﬃﬃ In this work,
we define xD ðTÞ ¼ ℏvF =DB ðTÞ 10, where DΒ(T)
is the bulk B-phase gap, xD(0) = 1.13x0, and xD(T)
diverges approaching Tc (22).
The p-wave superfluid order is represented as
the amplitudes of pairs with projections of orbital
and spin angular momentum Lz, Sz = 1, 0, −1;
corresponding terms in the momentum-space pairwavefunction D(p) have orbital part ðp% x þ ip% y Þ,
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in the identification of the phases of bulk superfluid 3He shortly after their discovery (1).
At the pressure of 2.2 bar (Fig. 2), only the
A phase is observed, with the order parameter
DðpÞ ¼ DðzÞðp% x þ ip% y Þ½j↑↑〉 þ j↓↓〉, where D(z)
denotes that the gap has a spatial dependence
across the cavity. This is a state with just the Sz =
T1 components of the spin triplet. The orbital angular momentum of all pairs is aligned and oriented normal to the cavity surface l = T z% . The gap
is suppressed with respect to the bulk A-phase gap
for surfaces that scatter quasi-particles diffusively (randomly); specular scattering is predicted to
eliminate this suppression (24). The static magnetic field B0 ¼ B0 z% orients the spins along z% , via
the nuclear Zeeman energy, which for B0 = 32 mT
used in our experiment is larger than the spin-orbit
coupling. This configuration maximizes the dipolar
energy and gives rise to the observed negative frequency shift (25).
At 5.5 bar, on cooling through the superfluid
transition, we first observed a similar A-phase
signature, followed by a transition into a low-
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the planar-distorted B phase (23, 24), with order parameter DðpÞ ¼ Djj ðzÞð−p% x þ ip% y Þj↑↑〉þ
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all three components of the spin and orbital triplets; in the expression above, Lz = −Sz. The bulk
B phase is described by the above expression with
isotropic gap: D⊥ = D||. However, the cavity is predicted to induce a spatially dependent gap distortion: D⊥(z) < D||(z). The order parameter component
describing the Lz = 0 pairs changes sign upon
quasi-particle reflection at the boundary, leading
to the complete suppression of D⊥ approaching
the walls and the formation of surface-bound
states (26). Similar pair-breaking occurs in unconventional superconductors—for example, at the
[110] surface of a cuprate superconductor with
dx2 −y2 symmetry—for this reason (27).
Entering this phase, we found the sample in a
state with either a positive (B+) or negative (B−)
frequency shift; sometimes both signatures were
observed at once, in which case, the sample is
understood to comprise B+ and B− domains. The
two NMR signatures are attributed to different
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spatial dependence of the components of the order
parameter across the cavity is predicted within the
framework of quasi-classical theory (23, 24).
The identification of the phases of superfluid
3
He is possible through NMR spectroscopy, which
directly probes the spin degrees of freedom of the
Cooper pairs (22). Although the condensation
energy of Cooper pairing is invariant under relative rotation of the spin and orbital axes of the
pairs, spin-orbit symmetry is broken by the nuclear
dipole-dipole interaction of the paired fermions.
This weak spin-orbit coupling energy leads to a
frequency shift of the NMR spectrum with respect
to the normal state and provides a signature of the
superfluid order. This effect played the central role
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Fig. 1. Experimental cell providing confined geometry for 3He. (A) Schematic diagram of cell filled
with helium. The cell is fabricated from glass (blue) and silicon (green) wafers anodically bonded together.
The unsupported cavity, of designed thickness 650 nm, is defined lithographically in the silicon wafer. A
silver fill line (gray) is fitted with epoxy (black) through a hole drilled in the silicon. Yellow represents the
slab of confined helium being investigated with NMR in a static field B0 = 32 mT normal to the slab, and
red is the small amount of bulk liquid around the mouth of the fill line also observed with the NMR
spectrometer (22). (B) A photograph of the cell. (C) Slab thickness profiles and distributions determined at
low temperatures and three sample pressures by means of optical interferometry.
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relative spin-orbit orientations of the planardistorted B phase (28). The positive shift corresponds to the orientation Lz = −Sz presented
above, for which both the nuclear Zeeman and
spin-orbit energies are minimized. In the presence of confinement, the gap distortion induces
an anisotropic magnetic susceptibility. As a result,
a configuration of the B phase with Lz = Sz may
also be stabilized by the Zeeman energy, with
order parameter DðpÞ ¼ Djj ðzÞð−p% x þ ip% y Þj↓↓〉þ
Djj ðzÞðp% x þ ip% y Þj↑↑〉 þ D⊥ ðzÞp% z ½j↑↓〉 þ j↓↑〉. This
state has a higher spin-orbit energy and a negative
frequency shift. Because the planar-distorted B
phase is nucleated at the first-order transition from
the A phase, and the B+ and B− configurations
only differ energetically via the weak spin-orbit
coupling energy, we observed an arbitrary distribution of B+ and B− domains.
Confinement in the slab has a profound effect
on the superfluid phase diagram (Fig. 3, A and
B), as predicted theoretically (24, 29, 30). In bulk
liquid 3He in zero magnetic field, the equilibrium
A phase exists only at high pressure, as a result of
strong-coupling effects (Fig. 3C) (1, 2). Under
confinement, a large area of the P-T plane at low
pressures is opened up in which the A phase is
stable. This arises from the weaker order parameter suppression of the A phase relative to the B
phase owing to the absence of pairs with Lz = 0.
The observed A-B transition occurs over a range
of temperatures on both cooling and warming,
arising from the distribution of cavity thickness.
In addition, there is hysteresis between data taken
on warming and cooling (Fig. 3F) that we tentatively attribute to pinning of the A-B boundary
at scratches on the cell walls. The boundary conditions may be tuned in situ by plating the surface
with 4He because a thin superfluid 4He layer is
found to produce close to specular scattering
(21). We have performed studies for two boundary conditions, denoted “diffuse” and “specular,”
close to the diffuse and specular limits (22). We
found that specular boundaries extend somewhat
the region of stability of the A phase, as expected
theoretically. They substantially reduce the suppression of the film superfluid transition temperature. The A-B phase boundary, mapped into the
D/xD(T, P) versus pressure plane (Fig. 3, D and
E), reveals both a pressure-dependence and a shift
relative to the predicted weak-coupling phase
boundary (30). These observations are evidence
for strong-coupling effects that persist to zero
pressure.
We can measure the suppression of the A-phase
gap, and its dependence on quasi-particle scattering boundary conditions, because the NMR
frequency shift jDf jº〈D2 ðzÞ〉. Analysis of the
frequency shift (Fig. 4) indicates good agreement
with quasiclassical theory for the gap suppression
by diffusely scattering walls (24) and demonstrates its predictive power.
Our results open the prospects for tailoring
mesoscopic confinement and surface scattering
both for the investigation of excitations in known
topological superfluids and for the discovery of
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new superfluid states. In particular, the environment may be optimized for the detection of
Majorana fermions at the surface of 3He-B and
the Majorana-Weyl edge modes in chiral 3He-A
(31). Predicted new p-wave superfluids include a
quasi–two-dimensional version of 3He-A (a gapped
px + ipy superfluid) (3) and a spatially modulated
phase (32). Such experiments on dimensionally
confined superfluid 3He provide flexible model
systems, when coupled with quasi-classical theory,
for understanding topological superfluidity. This is
likely to have considerable impact on the emerging
field of topological quantum matter.
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3D Computational Imaging with
Single-Pixel Detectors
B. Sun,1* M. P. Edgar,1 R. Bowman,1,2 L. E. Vittert,3 S. Welsh,1 A. Bowman,3 M. J. Padgett1
Computational imaging enables retrieval of the spatial information of an object with the use of
single-pixel detectors. By projecting a series of known random patterns and measuring the
backscattered intensity, it is possible to reconstruct a two-dimensional (2D) image. We
used several single-pixel detectors in different locations to capture the 3D form of an object.
From each detector we derived a 2D image that appeared to be illuminated from a different
direction, even though only a single digital projector was used for illumination. From the
shading of the images, the surface gradients could be derived and the 3D object reconstructed.
We compare our result to that obtained from a stereophotogrammetric system using multiple
cameras. Our simplified approach to 3D imaging can readily be extended to nonvisible wavebands.
omputational imaging based on projected
patterns is an alternative technique to conventional imaging and removes the need
for a spatially resolving detector. Instead, this
form of computational imaging infers the scene
by correlating the known spatial information of a
changing incident light field with the total reflected (or transmitted) intensity. For example,
two copies of a randomly generated light field
can be made with a beam splitter; one copy of the
light field interacts with the object and a non–
spatially resolving detector, and the other copy is
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recorded with a camera. Aggregating the correlations between the two detectors yields an image
even though the light striking the camera has
never interacted with the object. This phenomenon, called ghost imaging, has been demonstrated in both the quantum and classical regimes
(1–9).
Such imaging systems can be simplified by
using a device capable of generating computerprogrammable random light fields, which obviates the requirement for the beam splitter and the
camera because knowledge of the light field is
held in the computer memory. This type of system was initially called computational ghost imaging (10) but is similar in approach to more
standard computational imaging systems, which
use projected light patterns [albeit usually highly
structured (11, 12)]. We also note that the use of
projected patterns is related to the field of single-
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pixel cameras (13), where the programmable component is used to filter the detected, rather than
illuminating, light.
In both single-pixel cameras and computational imaging systems, inverting the known random patterns and the measured intensities is a
computational problem. A number of sophisticated algorithms have been developed over the
years to improve the signal-to-noise ratio (SNR)
for different systems (14, 15), but with appropriate normalization (16) a simple iterative algorithm was adopted for this experiment.
Previous experiments in single-pixel computational imaging (9, 14, 16) were restricted to
relatively small (less than 10 cm) two-dimensional
(2D) images, mainly of 2D template objects or
2D outlines of 3D objects. In the present work,
we capture the 3D spatial form of an object by
using several single-pixel detectors in different locations. A 2D image is derived from each detector
but appears as if it is illuminated differently from
the others. Comparing the shading information in
the images allows the surface gradient and hence
the 3D form of the surface to be reconstructed.
The experimental setup (Fig. 1) consists of a
digital light projector to illuminate objects with
random binary light patterns, four spatially separated single-pixel photodetectors to measure the
intensity of the reflected light, an analog-to-digital
converter to digitize the photodetector signals,
and a computer to generate the random speckle
pattern as well as perform 3D reconstructions of
the test object.
The digital light projector comprises a red,
green, and blue light-emitting diode illumination source and a digital micromirror device
(DMD) to generate the structured illumination
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