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Anisotropic pair breaking close to surfaces favors the chiral A phase of the superfluid *He over the
time-reversal invariant B phase. Confining the superfluid *He into a cavity of height D of the order of the
Cooper pair size characterized by the coherence length §;—ranging between 16 nm (34 bar) and 77 nm
(0 bar)—extends the surface effects over the whole sample volume, thus allowing stabilization of the A
phase at pressures P and temperatures 7 where otherwise the B phase would be stable. In this Letter, the
surfaces of such a confined sample are covered with a superfluid “He film to create specular quasiparticle
scattering boundary conditions, preventing the suppression of the superfluid order parameter. We show
that the chiral A phase is the stable superfluid phase under strong confinement over the full P-T phase
diagram down to a quasi-two-dimensional limit D/&, = 1, where D = 80 nm. The planar phase, which is
degenerate with the chiral A phase in the weak-coupling limit, is not observed. The gap inferred from
measurements over the wide pressure range from 0.2 to 21.0 bar leads to an empirical ansatz for
temperature-dependent strong-coupling effects. We discuss how these results pave the way for the
realization of the fully gapped two-dimensional p, + ip, superfluid under more extreme confinement.
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Chiral superconductivity is a rare phenomenon with
nontrivial topology, predicted to result in several exotic
properties [1]: macroscopic angular momentum [2—4];
anomalous quantum Hall effect [2,5,6]; half-quantum
vortices [7-10]; spontaneous chiral edge currents [4,11];
and chiral Majorana states bound on the edges and vortex
cores [6,10,12—-15], obeying non-Abelian braiding statistics
required for topological quantum computation [16-19].
Various superconducting materials have been proposed to
realize chiral Cooper pairing [20,21], e.g., Sr,RuQ, [22-24],
UPt; [25-28], UTe, [29], LaPi;P [30], SrPtAs [31,32],
and URu,Si, [33]. Although most of these materials show
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evidence for broken time-reversal symmetry, the actual
pairing states are still under debate [1,20,21]. Conversely,
the unconventional p-wave spin-triplet pairing in super-
fluid helium-3 is well-established [34-36], with one of its
stable phases, *He-A, having a directly measurable chirality
[37-41]. Importantly, the coherent nuclear dipole inter-
actions, determining the weak spin-orbit coupling in super-
fluid *He, allow the interrogation of the nuclear spins of the
paired *He fermions directly by nuclear magnetic resonance
(NMR) to determine the order parameter.

Bulk *He is distinguished from its metal counterparts
by the maximal symmetry group SO(3); x SO(3)g x
U(1); x TxCxP of the normal state [35,42]. Here,
SO(3), and SO(3)g denote the three-dimensional rotations
in the orbital and spin spaces, respectively, and U(1), is the
gauge symmetry. These continuous symmetry groups are
combined with the time-reversal (T), particle-hole (C), and
parity (P) discrete symmetries. Consequently, the irreduc-
ible representations from which the order parameter is
constructed are simple spherical harmonics of degree one.
In the bulk liquid at zero magnetic field there are two stable
phases with distinct broken symmetries: the chiral A phase
with point nodes in the energy gap and the time-reversal-
invariant B phase with isotropic gap. *He-B dominates
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FIG. 1. Phase diagrams of bulk *He with two superfluid phases

(a) and of *He in the D = 80 nm cavity, where *He-A is the only
stable superfluid phase (b). The pressures covered in this Letter
were 0.2, 2.5, 5.5, 12.0, 21.0, and 23.0 bar (violet squares).
(c) The suppression of superfluid transition temperature 7. /7 o
by confinement against the effective cavity height D/&, driven
with geometry and pressure, with smaller values of D/&, corres-
ponding to lower pressures. These universal coordinates dem-
onstrate good agreement with the measurements in the D =
192 nm cavity with similar “He preplating (orange circles) [43].
The suppression of 7. is extremely small, consistent with
calculated specularity S > 0.97 (dash-dotted line). The horizontal
error bars encompass the cavity height distortion induced by
pressure (maximally 2.6 nm/bar), as estimated from a finite-
element model [43]. The vertical dotted line denotes the transport
anomaly reported in a *He film at D = 137 nm at 0 bar [44-46].

the P-T phase diagram with the chiral *He-A restricted to

temperatures relatively close to the bulk superfluid tran-
sition temperature 7, at pressures above the polycritical
point at P, = 21.22 bar; see Fig. 1(a) [35].

In this Letter we explore the effect of very strong
anisotropic confinement on the superfluid. This breaks
its rotational symmetries, leading to the predicted stability
of the chiral A phase over the entire P-T phase diagram
[43,57-61]. Confinement in the absence of disorder is
achieved in a nanofabricated slab geometry of height

D = 80 nm, which is comparable to the zero-temperature
coherence length &, = Avg/2xkgTy and approaches the
quasi-two-dimensional limit D/&y =1 at low pressures.
Here, vp is the Fermi velocity and T is the bulk superfluid
transition temperature. The observed order-parameter sup-
pression arising from pair breaking by surface scattering
[57,62—65], which we tune to be specular, is minimal [43].
As a consequence, access is opened to even stronger con-
finement in which the size quantization across the sample
can play a significant role. This potentially leads to a fully
gapped two-dimensional chiral *He-A. The absence of gap
nodes in the pure 2D case eliminates the nodal low-energy
quasiparticles, leaving Majorana-Weyl edge states as the
only available subgap states. Moreover, tuning the cavity
height is predicted to lead to analogs of the quantum Hall
effect [2,5,34].

An important consideration is the relative stability of the
chiral A phase and the time-reversal-invariant planar phase
(2D helical phase), particularly at low pressures, since these
phases are degenerate in the weak-coupling limit [35].
However, in our experiment we found no evidence of any
phase other than the A phase. This discovery does not
support the interpretation of a transport anomaly observed
at a film thickness D = 137 nm in terms of a phase transi-
tion from He-A into a different phase [44—46]. Further-
more, having access to the A phase over a wide temperature
and pressure range, we characterized the pressure and
temperature dependence of the strong-coupling effects
stabilizing it.

We report superconducting quantum interference device-
amplified NMR experiments performed using the setup
described in Refs. [43,61,66,67]. The sample container
with atomically smooth walls (0.1 nm surface roughness)
was nanofabricated out of two silicon pieces. The silicon
patterning process followed Refs. [68,69]; an additional
step of thermal oxidation passivated the surfaces [70,71]
before fusion bonding the patterned wafer and the lid
together [46,67,72]. The cavity was connected to the fill
line by a set of five 2.5 mm x 10 pm x 50 pm trenches [67]
providing the “bulk marker” for in sifu determination of
T, [43]. We performed NMR in a magnetic field of
approximately 30 mT perpendicular to the cavity, Hy||Z,
corresponding to the Larmor frequency f; = 1005 kHz.
Magnetic field gradients were applied to separate the
signals arising from the cavity and the bulk marker, and
to suppress the signal from the mouth of the fill line.

The temperature of the heat exchanger was measured
with a Pt-NMR thermometer, calibrated against the He
melting curve [73]; the temperature gradient between the
helium in the cavity and the Pt sensor was inferred as
described in the supplementary information of Ref. [43].

To achieve essentially specular quasiparticle scattering at
the boundaries [43,61,74,75], we preplated the surfaces
with 100 pmol/m? of “He prior to filling the container with
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FIG. 2. NMR signatures of the superfluidity in the 80 nm high slab-shaped cavity. (a) Color map of NMR spectra arising from the
cavity and the bulk marker as a function of temperature at 21.0 bar. The cavity signal has a constant magnitude and negative frequency
shift below the superfluid transition temperature 7', characteristic of the He-A with dipole-unlocked spin-orbit orientation. The bulk
marker, shifted to higher normal-state frequency by a magnetic field gradient, shows the expected positive frequency shift below the bulk
superfluid transition temperature 7', and is lost on cooling due to broadening. The white dashed line indicates the measured superfluid
transition temperatures in the cavity and in the bulk marker, which at P = 21.0 bar are virtually equal [see Fig. 1(c)]. (b) The initial slope
of the frequency shift in the cavity in comparison with prior measurements in the A phase. Closed symbols mark the values determined
by us under confinement with the specular boundary condition: D = 80 nm (violet squares) and D = 192 nm (orange circles) [43]. The
violet line is a linear fit to these combined data sets [46]. The high-field experiments (blue downward-pointing triangles) and the linear
fit (blue dashed line) of the bulk *He-A initial slope are from Refs. [77-79]. The data based on stable or supercooled bulk 3He-A are from
Ref. [80] (red upward-pointing triangles) and Ref. [81] (black diamonds). To compensate for the systematic differences arising from
different definitions of IS, small adjustments have been made to some of the values [43,46]. (c) The dependence of the cavity frequency
shift Af on the tipping angle / is consistent with Af(ff) « — cos f§ (colored bands), a signature of the A phase with &J.i”HO. The range
of # was limited to # < 60° by anomalous NMR heating of confined helium [82]. To mitigate the effect the measurements employed the
“pulse-antipulse” technique to vary f at a constant level of heating [83]. The legend quotes the temperature of confined helium inferred

from Af(f — 0) (based on data in Fig. 3).

3He. For this preplating the temperature gradient across the
cavity and the bulk marker is negligible [43].

The phase diagram was mapped with NMR pulses with a
small tipping angle f < 10°, applied while ramping the
temperature up or down at a rate of 10-30 pK/h; see
Fig. 2(a). The superfluidity manifests as an NMR preces-
sion frequency shift Af = f — f; away from the Larmor
frequency, with an onset at the superfluid transition temper-
ature 7. The minute suppression of 7. with respect to 7'y
[Fig. 1(c)] indicates that the surface scattering is nearly
perfectly specular. Within the quasiclassical theory
[60,65,76] this can be parametrized in terms of specularity
S, the probability of specular scattering [43,64]. Our data
correspond to S > 0.97 over the entire pressure range,
consistent with 7', suppression measured in a D = 192 nm
cavity [43]. The physical origin of the observed deviation
from perfect specularity is not understood at this time.
Candidates are nonuniformity of the adsorption potential of
the silicon substrate and finite solubility of He in “He [46].

The calculations using quasiclassical theory demonstrate
that in the case of the A phase, S = 0.98 surface specularity
reduces the energy gap in a D = 80 nm cavity only by

2.5%-5.0% at 0.2 bar and by 0.5%-1.0% at 21.0 bar with
respect to the bulk gap achieved for S = 1.0 [46]. Thus we
directly use the magnitude of the measured frequency shift,
proportional to the square of the energy gap, to identify the
confined superfluid as the A phase close to 7. and to
measure the bulk A-phase gap over a wide temperature and
pressure range.

The temperature-independent magnitude of the cavity
signal (constant sample magnetization), as exemplified
in Fig. 2(a), indicates equal spin pairing, consistent with
He-A. The superfluid frequency shift Af is negative, as
expected for the dipole-unlocked spin-orbit orientation of
the A phase, previously identified in less confined systems
[58,61,74,81]. This orientation is characterized by mutu-
ally perpendicular orbital angular momentum 1 and zero-
spin direction d, with the former locked perpendicular to
the surface throughout the cavity by the strong confine-
ment and the latter perpendicular to the magnetic field.
At small tipping angles (cosff~ 1) the frequency shift
in this orientation is of the same magnitude and opposite
sign as in the bulk. To confirm this, the initial slope
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IS; = 0|f? — f1]/0(1 = T/T.) of the measured frequency
shift is in good agreement with prior A-phase measure-
ments [Fig. 2(b)]. In this Letter we determine the initial
slopes over the 0.97, < T < T temperature range where
the frequency shift is still expected to vary linearly with
temperature [43,46]. Further verification of the A phase
with d_L1||H, is the tipping-angle dependence Af(f)
—cos f [58] [Fig. 2(c)].

We now review the NMR signatures of the planar
(*He-P) phase, the strongest (and, to our knowledge, the
only) alternative candidate for the superfluid state in our
cavity consistent with the temperature-independent mag-
netization. Since the planar phase is the extreme limit of the
B phase with planar distortion [61,82,83], two nonequiva-
lent spin-orbit orientations can be realized in a cavity with
magnetic field normal to it. We readily rule out the stable
orientation P characterized by Af > 0. In the metastable
P_ state, Af has the same sign and tipping-angle depend-
ence as the dipole-unlocked A phase in our geometry.
Moreover, its magnitude coincides with that of the A phase
in the weak-coupling limit, making it difficult to distinguish
these phases from the NMR signatures alone. However,
below a critical magnetic field of order the dipole field
Hp ~3 mT [35], P_ becomes unstable and converts into
P_ [82]. Thus, we ruled out the planar phase by observing
no change to the negative frequency shift upon cycling the
magnetic field down to zero and back up [46].

Figure 3 shows the A-phase energy gap inferred from the
small-tipping-angle frequency shift via pressure-dependent
temperature-independent scaling [43]

_ I8

81 = 5

FA(T) = fil. (1)

Here, A, refers to the maximum A-phase energy gap in

the momentum space at pLl. The initial slope of the
gap ISy = 0A3/0(1 = T/Ty) x ACx  1/Byys is directly
related to the A-phase heat capacity jump AC, at T,
which is inversely proportional to the Ginzburg-Landau
parameter f3,45 [35,84].

The data clearly deviate from the weak-coupling gap
Agpcs(T) obtained within the p-wave BCS theory. This
is a manifestation of strong-coupling effects, particularly
prominent at high pressures [76]. Agreement near 7', can
be achieved by scaling the BCS gap [43] by the ratio of
the 525 obtained from the BCS theory and Sy, derived
experimentally at a given pressure [84],

7
AY(T) = ﬁ—s Ajpes(T). (2)
245

However, Eq. (2) overestimates the data at low temper-
atures and high pressures. This is consistent with the
reduction of the strong-coupling effects on cooling, which
has been incorporated into Ginzburg-Landau theory in
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FIG. 3. The temperature dependence of the A-phase energy gap
A%/k% inferred from NMR using Eq. (1) (open symbols) in
comparison with various theoretical models. The pressure (color
coded) tunes the strong-coupling effects. The BCS gap (dotted
lines), fully determined by 7', undershoots the data. Near 7', the
agreement is improved by scaling the BCS gap using Eq. (2) with
experimentally determined f,45 [84] (solid lines). The ansatz,
Eq. (3), for the temperature dependence of f,45 describes the
measured gap over the full temperature range (dashed lines). One
more pressure is shown in Supplemental Material [46].

terms of temperature-dependent f; parameters [85]. We
introduce an ansatz for this temperature dependence [46]:

Pss(T) = BB + (oas(Teo) — BBS)

Afpes(T)
x(1- 0.09%) (3)
( ks Te

where fys5(Ty) = frys is the conventional Ginzburg-
Landau parameter measured near T, [84]. Substituting
Eq. (3) into Eq. (2) leads to excellent agreement with the
experimental data over the full temperature and pressure
range. We propose that Eq. (3) and similar expressions for
the other f; parameters may improve the quantitative
predictions of the Ginzburg-Landau theory at low temper-
atures. Moreover, the measured energy gap offers a stringent
test of the strong-coupling quasiclassical theory of *He [86].

In conclusion, the constant signal magnitude, as well as
the sign, tipping-angle dependence, and the initial slope of
the frequency shift Af very strongly suggest that the chiral
He-A is the only stable superfluid phase under strong
confinement down to D /&, = 1. The earlier observation of
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a discontinuity in the superfluid density as a function of
film thickness at D = 137 nm was obtained using a tor-
sional oscillator with a mechanically polished, but still
relatively rough, Cu disk as the substrate for the *He
film [44]. Thus the observed transport anomaly possibly
reflects a change in film morphology, with extra superflow
paths in thicker films. In contrast to our experiment, the
boundaries of this film were a free surface and a solid *He
boundary layer, which we subsequently have found to
influence the surface quasiparticle scattering [43].
Determination of the order parameter in this case is a goal
of future work.

The possibility of creating nearly perfectly specular
surfaces by “He preplating provides a mechanism to
observe unsuppressed superfluidity in thin films. This
will enable future investigations deeper into the two-
dimensional regime D /&, < 1 [87]. Treating a thin helium
film within the confining slab-shaped cavity as trapped in
an infinite potential well in the z direction, the quantization
of the wave vector k_(n) = zn/D limits the allowed values
of the A-phase energy gap to [46]

Ax(n) = Aoy [1 == (4)

Here, n < ny is an integer and ny = kgD/7 determines the
maximum available number of Fermi disks for 0 < k, < kg,
where k_(ny) = kg at the pole of the Fermi surface. By fine
tuning the system, using pressure to adjust the quantization

FIG. 4. TIlustration of the allowed substates of the Fermi sphere
and the A-phase energy gap resulting from the quantization of k,
in a very thin film of superfluid *He. The blue quarter sphere
represents part of the Fermi sphere with radius kg. The orange
surface around it is a schematic illustration of the bulk A-phase
energy gap A, = Ag|sin@)|, where 6 is the angle between the
anisotropy axis i||i and k [35]. The allowed substates of k, due to
the size quantization are drawn as disks labeled by n. In this
example the maximum number of substates of k, below kg is 3,
and the highest substate does not coincide with the node in the
gap, i.e., 3 < ny < 4. The energy gap A,(n) corresponding to
each disk follows from Eq. (4). The gap and the Fermi sphere are
not drawn to scale since Ay < Eg, where Ef. is the Fermi energy.

condition to align the largest allowed k, away from kg, one
could eliminate nodes entirely from the energy gap (see
Fig. 4). In our D = 80 nm cavity ny = 200, which sets the
Fermi disks too densely to see any quantization effects
within the temperature range covered by us. However,
taking, for example, a D = 10 nm cavity, where n, =~ 25,
the minimum value of the gap corresponding to the largest
available k, could be as high as 0.28A [46]. Such a fully
gapped chiral superfluid at very low—but achievable—
temperatures, without the usual node-bound thermal quasi-
particle excitations present, enables access to the physics of
the two-dimensional superfluid film [34]. We also note that
as the normal state becomes progressively more 2D within
more confined systems, the Fermi liquid properties and
spin-fluctuation pairing interactions may be modified, and
eventually impact the stability of the 2D 3He-A as well [46].
Until that limit the quantization of k, should enhance the
quest to detect the emergent chiral-specific phenomena,
such as the quantum Hall effect [2,5] and the edge-bound
chiral Majorana-Weyl states and the corresponding ground-
state edge currents. In addition, confining such a thin He-A
film laterally has been predicted to lead to a sequence of
phase transitions into a pair-density-wave phase and the
polar phase [88].
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